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TUESDAY, APRIL 12, 2016
08:00-09:20 Registration & Refreshments Foyer

09:20-11:00 Plenary Session 1

Chair: Jean Koch

Main A, Main B

09:20 Opening Remarks - Conference Co-Chairmen
Jean Koch - Israel Society for Radiation Protection 
I l an Yaar - Israel Nuclear Society

09:30 Opening Remarks

Zeev Snir - Head, Israel Atomic Energy Commission
09:40 Opening Remarks

Yuval Steinitz - Minister of National Infrastructures, Energy and Water Resources
10:00 Radioactive Waste Management at NRCN - Policy and Strategic Approach

Ehud Netzer
D irector General, Nuclear Research Center Negev, Israel

10:30 Ethics of the System of Radiological Protection

Christopher Clement
S cientific Secretary, International Commission on Radiological Protection, Canada

11:00-11:30 Coffee Break Foyer

11:30-13:00 Nuclear Reactors - Experimental Core Physics

Chairs: Patrick Blaise and Erez Gilad

Main A

11:30 The Role of ZPR for the V&V Process for Neutronics Code Packages: from Integral
Data to Nuclear Data Assimilation and Transposition for the Current and 
Future Nuclear Systems

Patrick Blaise
E xperimental Programs Laboratory, CEA, France

12:00 Exploring Neutron Noise Techniques I: Critical Experiment Analysis

Erez Gilad1, Assaf Kolin2, Oleg Rivin2, Chen Dubi2, Benoit Geslot3, Patrick Blaise3
1 Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel
2 Department of Physics, Nuclear Research Center Negev, Israel
3 DEN/CAD/DER/SPEx/LPE, CEA, Cadarache, France

12:15 Exploring Neutron Noise Techniques II: Subcritical Experiment Analysis

Erez Gilad1, Assaf Kolin2, Oleg Rivin2, Chen Dubi2, Benoit Geslot3, Patrick Blaise3
1 Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel
2 Department of Physics, Nuclear Research Center Negev, Israel
3 DEN/CAD/DER/SPEx/LPE, CEA, Cadarache, France

12:30 Experimental Validation for the Analytic Estimation of the Expected Statistical Error
in Feynman-Method

Chen Dubi1, Patrick Blaise2, Benoit Geslot2, Assaf Kolin1, Oleg Rivin1, Erez Gilad3
1 Physics, Nuclear Research Center Negev, Israel
2 MINERVE, CEA, Cadarache, France
3 Nuclear Engineering, Ben Gurion University of the Negev, Israel

12:45 A Simple NDT Spectrometry Method for Burnup Evaluation of MTR-Type Fuel
Assemblies

Tzach Makmal1,2, Erez Gilad1, Ofer Aviv3
1 Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel
2 Nuclear Physics and Engineering Division, Soreq Nuclear Research Center, Israel
3 Radiation Safety Division, Soreq Nuclear Research Center, Israel
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11:30-13:15 Radiation Protection Main B

Chairs: Christopher Clement and Igal Belaish
11:30 The Standard for Radiation Protection of the IAEC as a Model for a

Comprehensive Revision of the Legal Framework for Radiation Safety in Israel 

Jean Koch
Radiation Safety Division, Soreq Nuclear Research Center, Israel

11:45 Radiological Consequences of the Fukushima Daiichi Accident - the IAEA Report
Gustavo Haquin
Radiation Safety Division, Soreq Nuclear Research Center, Israel

12:00 Establishment of a Routine Individual Monitoring Programme for Internal
Exposure at the NRCN 

Nessia Dukhan, Tuvia Kravchik
Radiation Protection, Nuclear Research Center Negev, Israel

12:15 Strengthening Radiation Protection Education and Training in Israel

Lior Epstein1,3, Ran Ashkenazi2, Igal Belaish3
1 Radiation Safety Division, Soreq Nuclear Research Center, Israel
2 Safety Division, Soreq Nuclear Research Center, Israel
3 Nuclear Licensing and Safety Office, Israel Atomic Energy Commission, Israel

12:30 What We Can Learn From Recent Radiation Safety Events

Rafael Srebro
Radiation Safety, Ben-Gurion University of the Negev, Israel

12:45 Main Considerations in Radiation Safety Inspections of Medical Accelerators

David Benmaman, Lior Epstein, Rodi Weiss
R adiation Safety, Ben-Gurion University of the Negev, Israel

13:00 A Novel Device for Preventing Acute Radiation Syndrome and Reducing
Cumulative Marrow Dose

Itzhak Orion1, Oren Milstein2, Andrey Broisman2,3, Tuvia Schlesinger2
1 Department of Nuclear Engineering, Ben Gurion University of the Negev, Israel
2 Research & Development, StemRad Inc, Palo Alto, USA
3 Department of Physics, Weizmann Institute of Science, Israel

TUESDAY, APRIL 12, 2016

13:00-14:00 Lunch Foyer

14:00-15:45 Nuclear Reactor Safety and Accelerators

Chairs: Pablo Adelfang and Yacov Barnea

Main A

14:00 Regulatory Practices of IAEC for Research Reactors
Yacov Barnea1, Menashe Aboudi1, Maor Avnaim1, Meir Markovits2
1 Research Reactor Safety Department, Nuclear Licensing and Safety Office, 
Israel Atomic Energy Commission, Israel
2 Nuclear Licensing and Safety Office, Israel Atomic Energy Commission, Israel

14:15 A Review of Safety Analysis Philosophies for Nuclear Reactors

Shlomi Schneider, Nitzan Yair
Safety, Nuclear Research Center Negev, Israel

14:30 Integrated Damage Model of Nuclear Power Plant Auxiliary Facilities Due to
External Explosion

I rad Brandys1,2, David Ornai2,3, Yigal Ronen4
1 Nuclear Research Center Negev, Israel
2 Faculty of Engineering Sciences, Ben Gurion University of the Negev, Israel
3 Protective Technologies R&D Center, Ben Gurion University of the Negev, Israel
4 Nuclear Engineering Unit, Ben Gurion University of the Negev, Israel
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14:45 Safety Improvement of IRR2 by Increasing Robustness of Equipment to Ground
Acceleration

Almog Biton, Roy Freud, Yakov Sofer 
IRR2, Nuclear Research Center Negev, Israel

15:00 Review of Scientific Activity at SARAF in 2014-2015 and Prospects for the Future

Asher Shor
Nuclear Physics and Engineering Division, Soreq Nuclear Research Center, Israel

15:15 Feasibility of Underground Siting of a Large NPP in Israel

David Saphier* 1, Arnon Rozen2, Ilan Yaar3, Ayelet Walter3
1 DSNP, Consultant, Israel
2 A. Rozen Engineering Ltd., Kfar Yona, Israel
3 Chief Scientist Office, Ministry of National Infrastructures,

Energy and Water Resources, Israel
15:30 Comparative Ultrasonic Inspection of the IRR2 Research Reactor Tank

Max Ghelman, Y. Drymer, R. Tubul, E. Brosh, T. Mazor, R. Freud, Y. Kadmon 
Nuclear Research Center, Negev, Israel

14:00-15:45 Natural Radioactivity Main B

Chairs: Govert De With and Yair Shamai
14:00 Radon Monitoring Methods in the Netherlands

Govert De With
Consultancy and Services, Nuclear Research and Consultancy Group, Netherlands

14:15 Effect of Particle Size on Radon Emanation in Phosphate Porous Media
Gustavo Haquin1,4, Tamir Kamai2, Hovav Zafrir3, Danielle Ilzycer4,
Zohar Yungrais4, Noam Weisbrod1
1 Zuckerberg Institute for Water Research, Jacob Blaustein Institutes for Desert 
Research, Ben-Gurion University of the Negev, Israel

2 Institute of Soil, Water and Environmental Sciences, Agricultural Research 
Organization, Volcani Center, Israel
3 R&D, Geological Survey of Israel, Israel

4 Radiation Safety Division, Soreq Nuclear Research Center, Israel
14:30 Assessment Model for Exposure to Radiation from Building Materials

Govert De With
Consultancy and Services, Nuclear Research and Consultancy Group, Netherlands

14:45 Contribution of Coal Ash Used as an Additive to Concrete Radiation Levels
Govert De With
Consultancy and Services, Nuclear Research and Consultancy Group, Netherlands

15:00 A Comprehensive Analysis of Indoor Radon Measurements in Israel
Victor Steiner2, Reut Spizer1, Geula Sharf1, Stelian Ghelberg2, Hisham Nasar2
1 Department of Environmental Health Sciences, Hadassah Academic College, Israel
2 Department of Radiation Protection and Noise Abatement, Ministry of 
Environmental Protection, Israel

15:15 The Effect of Climatic Temperature and Pressure on Radon-222 Transport and
Determination of Radon velocity within Deep Subsurface Rocks 

Hovav Zafrir1, Yochai Ben Horin2, Uri Malik1, Chaim Chemo1
1 Geological Survey of Israel, Jerusalem, Israel
2 Soreq Nuclear Research Center, Israel

15:30 The Effect of Climatic and Tectonic Driving Forces on Radon Transportation Within
Deep Subsurface - a Completion 

Hovav Zafrir1, Yochai Ben Horin2, Uri Malik1, Chaim Chemo1
1 Natural Hazards, Geological Survey of Israel, Jerusalem, Israel
2 National Data Center, Soreq Nuclear Research Center, Israel
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TUESDAY, APRIL 12, 2016
15:45-16:15 Coffee Break Foyer

16:15-18:00 Radioactive Waste and the Environment

Chairs: John Rowat and Ofra Klein-BenDavid

Main A

16:15 The Interaction between Spent Fuel Products and Various Rocks of Mt. Scopus
Group; Experimental Study

Ofra Klein-BenDavid1, Yehudit Harlavan2, Ilil Levkov3, Nadya Teutsch2, Jiwchar Ganor3
1 Applied Chemistry, Nuclear Research Center Negev, Israel
2 Analytical Chemistry, Geological Survey of Israel, Israel
3 Geological & Environmental Sciences, Ben-Gurion University of the Negev, Israel

16:30 Incorporation of Cs in Fly-ash Based Geopolymers

Ela Ofer-Rozovsky1, Michal Arbel Haddad2, Gabriela Bar-Nes2, Eithan J.C. Borojovich2, 
Andrei Nikolski2, Amnon Katz1
1 Faculty of Civil and Environmental Engineering, Technion I.I.T., Israel

Chemical Department, Nuclear Research Center - Negev, Israel
16:45 Diffusion Kinetic Modeling of Strontium Leaching from Cementotious Matrices

Erez Boukobza1,2, Benny Carmeli2
1 School of Chemistry, Tel Aviv University, Israel
2 Chemistry, Nuclear Research Center Negev, Israel

17:00 Surface Changes in Coal Fly Ash Occurring Upon Exposure to Aqueous Acidic or
Neutral Solutions and the Correlation to the Fixation Process of Low Level 
Radioactive Wastes

Roy Nir Lieberman1,2,3, Xavier Querol1, Ronen Bar-Ziv5, Haim Cohen3,4 
'Institute of Environmental Assessment and Water Research ff/DCEA), Consej 
Superior de Investigaciones Cientfficas (CSIC), Spain
2 Department of Chemistry, Bar Ilan University, Israel
3 Chemical Sciences Department, Ariel University, Israel
4 Department of Chemistry, Ben-Gurion University of the Negev, Israel
5 Chemistry Department, Nuclear Research Centre Negev, Israel

17:15 How Thick Should Cover Layer be for Waste Disposal Facility?

Avraham Dody1, Ravid Rosenzweig2, Rani Calvo2, Omer Eisenberg1, Eyal Shalev2
1 Environmental Research Unit, Nuclear Research Center Negev, Israel
2 Hydrology, Geological Survey of Israel, Israel

17:30 Cesium and Strontium Immobilization in Portland Cement Pastes Blended with
Pozzolanic Additives

Gabriela Bar-Nes1,Yael Peled1, Zorik Shamish1, Yehuda Zeiri1, Amnon Katz2
1 Department of Chemistry, Nuclear Research Center Negev, Israel
2 Faculty of Civil and Environmental Engineering, Technion - Israel Institute of 
Technology, Israel

17:45 Intrinsic and Carrier Colloid-Facilitated Transport of Lanthanides Through Discrete

Fractures in Chalk
Emily Tran1, Ofra Klein-BenDavid2, Nadya Teutch3, Noam Weisbrod1
1 Zuckerberg Institute for Water Research, The Jacob Blaustein Institutes for Desert
S tudies, Ben Gurion University of the Negev, Israel
2 Applied Chemistry, Nuclear Research Center Negev, Israel
3 Analytical Chemistry, Geological Survey of Israel, Israel

The 28th Conference of the
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16:15-18:00 Nuclear Forensics, Detectors and Nuclear Security 1 Main B

Chairs: Samuel Apikyan and Gustavo Haquin
16:15 Cooling the Nuclear Reactors at the North Korea's Yongbyon Nuclear Research

Center

Chaim Braun
C enter for International Security and Cooperation, California, USA

16:30 A Decade of Nuclear Tests in North Korea

Kobi Kutsher
R adiation Safety Division, Soreq Nuclear Research Center, Israel

16:45 Ancient Lead Provenancing by the XRF and MC-ICP-MS Methods Can Be a Practice
Exercise (“Dry Run”) for Studies of Nuclear Materials

Yoram Nir-El
Lilach Street, Reut, Israel

17:00 Case Study: Detection and Nuclear Forensic Investigation of an Am/Be Source
Found in a Container at Ashdod Port

Michal Brandis1, Zohar Yungrais1, David Benmaman1, Izhak Hershko1, Dan Breitman1, 
Gilad Erlichman2, Limor Vasa1, Jean Koch1
1 Soreq Nuclear Research Center, Israel
2 Israel Atomic Energy Commission, Tel Aviv, Israel

17:15 A Method for Estimating the Abundance of 250Cf in 252Cf Neutron
Sources using Gamma Spectroscopy

Noam Weizman1, Michal Brandis2, Klaus Mayer3, Josef Zsigrai3, Erich Herneck3,
Gustavo Haquin2, Itzhak Orion1
1 Nuclear Engineering, Ben-Gurion University of the Negev, Israel
2 Radiation Safety Division, Soreq Nuclear Research Center, Israel
3 European Commission, Joint Research Center, Institute for Transuranium Elements,
Germany

17:30 Passive Gamma-Ray Spectrometry is a Tool for Nuclear Forensics

Yoram Nir-El
L ilach Street, Reut, Israel

17:45 Neutron Counting as a Specific and Sensitive Method to Measure the Age of a
252Cf Source

Yoram Nir-El
Lilach Street, Reut, Israel
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WEDNESDAY, APRIL 13, 2016
08:00-08:45 Registration & Refreshments Foyer

08:45-09:00 Patient & Staff Radiation Protection in Medicine

Chair: Gabriel Bartal

Main B

08:45 Greetings
Leonid Idelman - Chairman, Israel Medical Association
Varda Edwards - Head, Occupational Safety and Health Administration, Ministry of 
Economy
Natan Peled - Chairman, National Committee for Medical Imaging

09:00-11:00 Plenary Session 2 Main A
Chairs: Ilan Yaar and Gabi Bar Nes

09:00 Nuclear Research - The Transition from a Research Reactor to an Advanced
Research Accelerator

Refael Berkovich
D irector General, Soreq Nuclear Research Center, Israel

09:30 Nuclear Power as a Basics for Future Electricity Generation

Igor Pioro
F aculty of Energy Systems and Nuclear Science, University of Ontario Institute of 
Technology, Canada

10:00 Research and Development of Nuclear Fuel for Research Reactors: Historical
Overview and Perspectives

Pablo Adelfang
C onsultant to Research Reactor Section, Department of Nuclear Energy, IAEA, Austria

10:30 Planning for Research Reactor Decommissioning - IAEA Perspectives

John Rowat
W aste and Environmental Safety Section, Department of Nuclear Safety and Security, 
IAEA, Austria

09:00-11:00 Session 1: Patient Radiation Protection Main B

Chairs: Gabriel Bartal and Natan Peled
09:00 Diagnostic Reference Levels (DRL) in Medicine. Can Dose Recording Software Become 

a Base for DRL?

Eliseo Vano
D epartment of Radiology, San Carlos Hospital Medicine School, Complutense University, 
Madrid, Spain

09:30 Dose Reduction Strategies in CT
Jacob Sosna
H adassah University Hospital, Jerusalem, Israel

09:45 Patient Dose Reduction in Pediatric Population

Natan Peled
C armel MC, Haifa, Israel

10:00 Patient Dose Reduction in Pediatric Nuclear Medicine

Zvi Bar Sever
R abin MC, Petah Tiqva, Israel

10:15 From Passive Radiation Protection to Proactive Dose Management in Fluoroscopy 
Guided Interventions

Gabriel Bartal
M eir Medical Center, Kfar Saba, Israel

10:30 Implementing a Patient Safety Culture in Medical Imaging

Graciano Paulo
Escola Superior de Tecnoiogia da Saude, Institute Politecnico, Coimbra, Portugal

ISRAEL SOCIETY FOR
MEDICAL PHYSICSThe 28th Conference of the
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WEDNESDAY, APRIL 13, 2016
11:00-11:30 Coffee Break Foyer

11:30-13:00 Nuclear Reactors - Thermal-Hydraulics

Chairs: Paul Brand and Yeshayahu Weiss

Main A

11:30 Two Phase Natural Circulation Flow of Water in Three Rods Bundle Near Atmospheric 
Pressure
Yosef Aharon1,2, Igal Hochbaum1
1 Thermal Hydraulics, Nuclear Research Center Negev, Israel
2 Mech. Engineering, Ben Gurion University of the Negev, Israel

11:45 Safety Calculations During LOCA Scenario, in the MADISON Experimental Device, of 
the JHR Reactor

Yeshayahu Weiss1, Serge Bourdon2, Didier Tarabelli2, Pierre Jaecki2, Christian Gonnier2, 
Christophe Blandin2
1 ECMC, Rotem Industries Ltd., Israel
2 DEN/CAD/DER/SRJH, CEA, France

12:00 Oxidation of Degraded Fuel Cladding

Ezra Elias, Dov Hasan, Yuri Nekhamkin
M echanical Engineering, Technion - Israel Institute of Technology, Israel

12:15 Analysis of Protected Fast and Slow LOFA in Plate Type Research Reactors Using 
Coupled Neutronic Thermal-Hydraulics System Code

Marat Margulis, Erez Gilad
N uclear Engineering, Ben Gurion University of the Negev, Israel

12:30 IAEA MTR Benchmark Dynamic Reactivity Insertion Calculations Using THERMO-T 

Code Package
Marat Margulis, Erez Gilad
N uclear Engineering, Ben Gurion University of the Negev, Israel

12:45 The Effects of Thermal Conditions and Jet Dynamic Properties On Steam Explosion 

Idan Baruch1,2, Galit Widenfeld2
1 Nuclear Engineering, Ben Gurion University of the Negev, Israel
2 Nuclear Research Center, Negev, Israel

11:30-13:00 Session 2: Staff Radiation Protection Main B

Chairs: Gabriel Bartal and Tuvia Schlesinger
11:30 Personnel Radiation Exposure - When the Healer Becomes a Patient

Ariel Roguin
Rambam Medical Center, Haifa, Israel

11:45 Patient and Staff Radiation Protection in Image Guided Procedures - A Two-Edged 

Sword
Gabriel Bartal
Meir Medical Center, Kfar Saba, Israel

12:00 Staff Dose Monitoring - Real Time vs. Retrospective (Cumulative) Dose Monitoring 

Hanan Datz
Radiation Safety Division, Soreq Nuclear Research Center, Israel

12:15 Debate: Patient and Staff Dose Reduction in Diagnostic and Therapeutic Nuclear 

Medicine Physician's vs. Medical Physicist's View
Arnon Schwarz1, Sergio Faermann2
1 Meir MC, Kfar Saba
2Consultants in Dosimetry, Israel

12:30 How to Choose Your Next Radiation Safe X-Ray System?

Efraim Yakobovich
Medical Engineering, Clalit, Israel

® 'V' ig» 12-14 April, 2016 "
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WEDNESDAY, APRIL 13, 2016
12:45 Staff Radiation Safety Officer vs. Patient Radiation Safety Officer (Palindrome Experience?)

Sigalit Haruz Washitz
Assaf Harofe MC, Zerifin, Israel

13:00-14:00 Lunch Foyer

14:00-15:30 Nuclear Reactors and Accelerators - Neutronics and Theory

Chairs: Igor Pioro and Asher Shor

Main A

14:00 An Implementation of the Multidimensional Matrices Formalism to Stochastic 
Transport Equation

Chen Dubi, Tal Malinovitch
Physics Department, Nuclear Research Center Negev, Israel

14:15 Reactor Point Kinetics and Stochastic Differential Equations
Chen Dubi2, Rami Atar1
1 Electrical Engineering, Technion, Israel
2 Physics, Nuclear Research Center Negev, Israel

14:30 Development and Validation of a Code which Couples Monte-Carlo Neutron 
Simulations to Nuclide Transmutation for the Computation of Irregularly-Operated 
Research Reactors

Alexander Krakovich, Izhar Neder
N uclear Physics and Engineering Division, Soreq Nuclear Research Center, Israel

14:45 Bismuth Activation with Thermal Neutrons and with Maxwellian Neutrons at kT~30 keV
Asher Shor1, Gitai Feinberg1, Moshe Friedman2, Antonin Krasa3, Arian Plompen3, Moshe 
Tessler2, Michael Paul2, Dan Berkovits1, Leo Weissman1, Michal Brandis1, Ofer Aviv1, Arik 

Kreisel1, Shlomi Halfon1
1 Soreq Nuclear Research Center, Israel
2 Racah Institute of Physics, Hebrew University, Israel
3 Institute for Reference Materials and Measurements, Joint Research Centre, Belgium

15:00 Monte Carlo Analysis of SNEAK-12A Core Disruption in Liquid-Metal Fast Breeder

Reactors - The Path for Innovative Severe Accident Studies in ZPR
Marat Margulis1,2, Erez Gilad2, Patrick Blaise1
1 DEN/CAD/DER/SPEx/LPE, CEA Cadarache, France
2 Nuclear Engineering, Ben Gurion University of the Negev, Israel

15:15 High Flux Thermal Neutron Source Based on Liquid Lithium Target for SARAF Facility 

Guy Shimel, Alex Arenshtam, Ilan Eliyahu, Arik Kreisel, Ido Silverman
S ARAF, Soreq Nuclear Research Center, Israel

14:00-14:30 Radiation Protection in Medicine - Free Paper Session Main B

Chairs: Arnon Schwarz and Hanan Datz
14:00 Minimizing Ionizing Radiation Exposure in Invasive Cardiology - Safety Training for 

Medical Doctors

AricKatz1, Avi Shtub1, Ariel Roguin2
1 Industrial Engineering and Management, Technion, Israel
2 Medicine, Technion, Israel

14:10 Occupational Radiation Dose for the Eye Lens in Israel During the Years 2011-2014 

Hanan Datz, Oshrit Awad, David Benmaman, Netanel Chichportich
Radiation Safety Division, Soreq Nuclear Research Center, Israel

®'« I®The 28th Conference of the
12 Nuclear Societies in Israel



WEDNESDAY, APRIL 13, 2016
14:20 A Study of the External Exposure Decay Curves (Elimination/Retention curves) as

Function of Several Clinical Parameters for Patients Treated with Therapeutic I-131

Sergio Faermann1, Dimitri Ginzburg2, Sofiia Lantsberg3
1 Radiation Safety, Consultants for Dosimetry and Radiation Protection, Israel
2 Radiation Detectors, Rotem Industries Ltd., Israel
3 Nuclear Medicine, Soroka University Medical Center, Israel

14:30-16:00 Interactive Workshop for Radiation Safety Officers and Associated Staff Main B

Moderators: Sigalit Haruz Washitz (Assaf Harofe Medical Center),
Rafael Srebro (Ben Gurion University of the Negev)

15:30-16:00 Coffee Break Foyer

16:00-18:00 Simulations and Numerical Methods

Chairs: Chen Dubi and Itzhak Orion

Main A

16:00 The Alpha Particle Tunneling: Novel Theoretical Considerations
Itzhak Orion
N uclear Engineering, Ben Gurion University of the Negev, Israel

16:15 Thermohydraulic Analysis of a Valve Break in the LORELEI Test Device

Dmitri Gitelman1,2, M. Katz2, H. Shenha1, R. Sarusi2, D. Tarabelli3, L. Ferry3, G. Miron2, A. 
Sasson1
1 Rotem Industries Ltd., ECMC, Israel
2 Nuclear Research Center, Negev, Israel
3 French Atomic Energy Commission (CEA), Cadarache Centre, France

16:30 Monte Carlo Code Development and Implementation for 1-20 keV Electron Transport

in Solids
Jerry Einschenk1, Alon Givon1, Eitan Tiferet2, Itzhak Orion1
1 Nuclear Engineering, Ben Gurion University of the Negev, Israel
2 Materials, Nuclear Research Center Negev, Israel

16:45 Characteristic Times and Fuel Response to a Sudden Increase in Core Reactivity

Tali Bar-Kohany1,2,Yosef Aharon2,3
1 School of Mechanical Engineering, Tel-Aviv University, Israel
2 Mechanical Engineering, Nuclear Research Center Negev, Israel

3 Mechanical Engineering, Ben-Gurion University of the Negev, Israel
17:00 Characterization of a Single-Phase Closed Loop Thermosyphon Flow in Concentric

Vertical Annuli with Distributed Heat Sources 

YaakovTurgeman1,2, Michal Katz1, Moshe Mintz2
1 Nuclear Research Center, Negev, Israel
2 Nuclear Engineering, Ben-Gurion University of the Negev, Israel

17:15 Erosion of a Stably Stratified Layer by a Turbulent Round Jet

Liel Ishay1, Gennady Ziskind1, Ulrich Bieder2, Alex Rashkovan3
1 Heat Transfer Laboratory, Department of Mechanical Engineering, Ben-Gurion 
University of the Negev, Israel
2 CEA-Saclay, DEN, DM2S, STMF, France
3 Physics Department, Nuclear Research Center Negev, Israel

® 'V' ig» 12-14 April, 2016 13
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16:00-18:00 Non-Ionizing Radiation & ISRP Meeting Main B

Chair: Raquel Bar-Deroma
16:00 Israel Society for Radiation Protection, General Assembly
16:45 Personal Monitoring of Exposure to Extremely Low Frequency Magnetic Fields

(ORCHID Project)

Ilan Eliyahu1, Ronen Hareuveny1, Shaiela Kandel2, Moshe Riven2, Leeka Kheifets3
1 Soreq Nuclear Research Center, Israel
2 Consultant, Jerusalem, Israel
3 Epidemiology, University of California, Los Angeles, USA

17:00 Extremely Low Frequency Magnetic Fields from Cars

Ronen Hareuveny1, Madhuri Sudan2, Malka Halgamuge4, Yoav Yaffe1, Yuval Tzabari3,
Daniel Namir3, Leeka Kheifets2
1 Radiation Safety Division, Soreq Nuclear Research Center, Israel
2 Department of Epidemiology, University of California, Los Angeles, USA
3 Rehovot Center for Gifted Children, Rehovot, Israel
4 Department of Electrical and Electronic Engineering, University of Melbourne, Australia

WEDNESDAY, APRIL 13, 2016________________________________
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THURSDAY, APRIL 14, 2016
08:00-09:00 Registration & Refreshments Foyer

09:00-11:00 Plenary Session 3
Chair: Gustavo Haquin

Main A ,MainB

09:00 Are Nuclear Power-Plants the Proper Solution Confronting the Challenges of Nature
Conservation?
Yehoshua Shkedy
Chief Scientist, Israel Nature and Parks Authority, Israel

09:30 Nuclear Security Challenges

Samuel Apikyan
C hairman and CEO, National Center of Security and Protection, USA

10:00 Management of Large-Scale Radiation Incidents Using Biodosimetry

Harold Swartz
T he Geisel School of Medicine, Dartmouth College, USA

10:30 The French Geological Disposal of Radioactive Waste: a TSO R&D Program Focused on
Safety Issues

Jean-Dominique Barnichon
Institute for Radiological Protection and Nuclear Safety, (IRSN), France

11:00-11:30 Coffee Break Foyer

11:30-13:00 Nuclear Reactors and Accelerators - Operation and Fuel Management 

Chairs: Ezra Elias and Barak Tavron

Main A

11:30 Operation of the NIST Reactor Thermal Shield under Vacuum to Mitigate Sustained
Coolant Loss

Paul Brand, Anthony Norbedo, Ricky Sprow, Scott Slaughter
Reactor Operations and Engineering, National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR), USA

11:45 I n-Core Fuel Management Using Genetic Algorithms

Ella Israeli, Erez Gilad
Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel

12:00 Fuel Cycle Optimization of Pebble-Bed Reactors with MEDUL Fuel Management using
Particle Swarm Algorithm 

Barak Tavron2, Eugene Shwageraus1
1 Department of Engineering, University of Cambridge, UK
2 Seismic and Engineering Applications, Israel Electric Corporation, Israel

12:15 Status of SARAF Phase I Linac and Linac Upgrade Towards Phase II

Jacob Rodnizki, Alexander Arenshtam, Dan Berkovits, Yaniv Buzaglo, Yosef Eisen, Ilan 
Eliyahu, Israel Fishman, Izak Gertz, Asher Grin, Shlomi Halfon, Tzviki Hirsh, Zvi Horvits, 
Boaz Kaizer, Daniel Kijel, Joseph Luner, Amichay Perry, Guy Shimel, Asher Shor, Ido 
Silverman, Leo Weissman
SARAF, Soreq Nuclear Research Center, Israel

12:30 Spent Fuel Storage Issues and Options in the Chinese Nuclear Energy System

Chaim Braun, Robert Forrest
C enter for International Security and Cooperation, California, USA

12:45 SARAF Linac Four Rods RFQ Upgrade Towards Phase II

Jacob Rodnizki, Boaz Kaizer, Leo Weissman, Amichay Perry, Zvi Horvitz, Daniel Hirshman 
SARAF, Soreq Nuclear Research Center, Israel

ISRAEL SOCIETY FOR
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11:30-13:15 Radiation Dosimetry Main B

Chair: Harold Swartz and Uzi German
11:30 Comparing the Effectiveness of Biodosimetry Methods for Triage in a Large-scale

Radiation Event: How Feasible is their Throughput and Capacity to Respond?

Ann Flood
E PR Center for the Study of Viable Systems, Dartmouth Institute, USA

11:45 Simulation of Dicentric Formation Due to Exposure to Gamma Radiation
Avi Ben-Shlomo1, Rafi Gonen2, Marcelo Weinstein2, Omer Pelled2
1 Radiation Safety Division, Soreq Nuclear Research Center, Israel
2 Radiation Protection, Nuclear Research Center Negev, Israel

12:00 Israeli Table Salt as Potential Retrospective Dosimeter: Dose Response - Theoretical

Interpretation
Hanan Datz1, Sofia Druzhyna2, Leonid Oster3, Itzhak Orion2, Yigal Horowitz4
1 Radiation Safety Division, Soreq Nuclear Research Center, Israel
2 Department of Nuclear Engineering, Ben Gurion University of the Negev, Israel
3 Physics Unit, Sami Shamoon College of Engineering, Israel
4 Physics Department, Ben Gurion University of the Negev, Israel

12:15 Improving Internal Dose Assesment by Using Daily Urine Excretion Values of NRCN

Male Workers
Esti Katorza,Tuvia Kravchik
Internal Dose Assessments, Nuclear Research Center Negev, Israel

12:30 The Contribution of Ultra -Low Energy Secondary Electrons to Nanoscopic Radial
Dose Profiles in Condensed Phase LiF - facing the Challenge 

Daniel Sattinger1, Adi Abraham1, Itamar Israelashvili2, Avi Sharon3, Yigal Horowitz4
1 Health Physics & Radiation Protection, Nuclear Research Center Negev, Israel
2 Physics, Nuclear Research Center Negev, Israel
3 Environmental Research, Nuclear Research Center Negev, Israel
4 Physics, Ben Gurion University of the Negev, Israel

12:45 Occupational Exposure to 7Be - a Case Sudy

Ofer Aviv1, Shlomi Halfon2, Hanan Datz1, Erez Daniely1, Ohad Algrabli3, Jean Koch1
1 Radiation Safety Division, Soreq Nuclear Research Center, Israel
2 Division of Nuclear Physics and Engineering, Soreq Nuclear Research Center, Israel
3 Emergency Preparedness Department, Soreq Nuclear Research Center, Israel

13:00 I mproved Method for Estimating Dose to the Lens of the Eye Using Hp(10)
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and Hp(0.07) Measurements
Eyal Peri, Adi Abraham, Tuvia Kravchik, Marcelo Weinstein, Daniel Sattinger, Omer Pelled 
Radiation Protection, Nuclear Research Center Negev, Israel

13:15-14:00 Lunch Foyer

14:00-15:30 Nuclear Forensics, Detectors and Nuclear Security 2

Chairs: Chaim Braun and Itzhak Halevy

Main A

14:00 Novel Chelating Units for Uranium and Other Actinides as Tools for Nuclear Forensics
Applications
Revital Sasson1, Adi Dahan1, Carmela Tzur1, Adva Cohen2, Reut Salek2, Michael Gozin2, 
Moshe Portnoy2
1 Chemistry Department, Soreq Nuclear Research Center, Israel
2 Chemistry Department, Tel Aviv University, Israel

14:15 “White City” - Research and Evaluation of Radiological Decontamination

Technologies
Ilan Yaar, Itzhak Halevy, Ronen Bar-Ziv, Noah Vainblat, Yacov Iflach, Rony Chakhmon 
N uclear Research Center, Negev, Israel
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14:30 SNM Detection by Fission Signatures Induced by Low-Energy Neutrons

Guy Heger1, Aharon Ocherashvili1, Arie Beck1. Giovanni Varasano2, Eric Roesgen2, Jean- 
Michel Crochemore2, Tatjana Bogucarska2, Valeriy Mayorov2, Bent Pedersen2
1 Physics Department, Nuclear Research Center Negev, Israel
2 Joint Research Centre, European Commission, Institute for Transuranium Elements (ITU), 
Italy

14:45 Fission Track Detection - from Acquisition to Analysis for Nuclear Forensic

Aryeh Weiss', Uri Admon2, Ernesto Chinea-Cano3, Anna Kogan4, Itzhak Halevy5 *
1 Faculty of Engineering, Bar Ilan University, Israel
2 Department of Materials, Nuclear Research Center Negev, Israel
3 AEA-Seibersdorf, SGAS Laboratories, Austria
4 Department of Chemistry, Nuclear Research Center Negev, Israel
5 Department of Physics, Nuclear Research Center Negev, Israel

15:00 Automatic Detection of Recoil Proton Track and Separation from Gamma Induced
Background

Ilan Mor', David Vartsky1,3, Volker Dangendorf2, Michal Brandis', Kai Tittelmeier2, Mark B. 
Goldberg', Doron Bar'
' Nuclear Physics & Engineering, Soreq Nuclear Research Center, Israel
2 Neutron Physics, Physikalisch-Technische Bundesanstalt (PTB), Germany
3 Particle Physics, Weizmann Institute of Science, Israel

15:15 Identification of the Doppler Broadened y Line of the 10B(n,aY)7 * *Li Reaction for
Thermal Neutron Detection

Yuval Ben Galim', Udi Wengrowicz1,2, Itzhak Orion2, Avi Raveh3
' Nuclear Research Center Negev, Beer-Sheva, Israel
2 Department of Nuclear Engineering, Ben Gurion University of the Negev, Israel
3 Advanced Coatings Center, Rotem Industries Ltd., Israel

14:00-15:30 Medical Physics 1 Main B
Chairs: Sergio Faermann and Raquel Bar-Deroma

14:00 Plan Quality and Efficiency Comparison for Brain Metastasis Treatments between
Gamma Knife and Versa HD Linac 

Alex Nevelsky', Marina Yachina2
' Oncology, Rambam Health Care Campus, Israel
2 Gamma Knife Center, Burdenko Neurosurgery Institute, Russia

14:15 Unflattened Beam Characteristics: A 10X-FFF - Study

Yanai Krutman
Radiation Oncology-Radiotherapy Physics Unit, Rabin Medical Center-Davidoff Cancer
Center, Israel

14:30 Commissioning of the High Dose-Rate 8 MeV Electron Beam for the Total Skin
Electron Irradiation Technique
Shahar Daniel', Chen Avraham2, Reut Guy2, Alexander Nevelsky', Egor Bozorov', Raquel 
Bar-Deroma'
' Oncology, Rambam Medical Center, Israel 
2 Biomedical Engineering, Technion Israel Institute of Technology, Israel

14:45 Room Scatter Effects in Total Skin Electron Therapy: a Monte Carlo Study

Alex Nevelsky, Egor Borzov, Shahar Daniel, Raquel Bar-Deroma
O ncology, Rambam Health Care Campus, Israel
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15:15 I mplementation of the IAEA TRS -398 Protocol to Check 50 kVp X-Rays Calibration

Beam Used in Skin Radiotherapy at Rabin Medical Center - Davidoff Cancer Center 
Using an Advanced Markus 0.02 cc Parallel Plate Ion Chamber (AMIC)

Yanai Krutman
Radiation Oncology-Radiotherapy Physics Unit, Rabin Medical Center-Davidoff Cancer
Center, Israel

15:30-16:00 Coffee Break Foyer

16:00-18:00 Physical Properties of Nuclear Materials

Chair: Eyal Yahel and Silvie Maskova
Main A

16:00 Alloying and Hydrogenation of U-metal as a Probe into the 5f-Magnetism
M. Paukov1, I. Tkach1, N.-T. H. Kim-Ngan2, D. Drozdenko3, Silvie Maskova1, L. Havela1
1 Department of Condensed Matter Physics, Charles University, Czech Republic
2 Institute of Physics, Pedagogical University, Cracow, Poland
3 Department of Physics of Materials, Charles University, Czech Republic

16:30 Experimental Investigation of Aluminum Containing Helium Bubbles at Static High
Pressure in a Diamond Anvil Cell

Itzhak Halevy1,3, Benny Glam2, Silvie Maskova4, Amir Hen5, Amir Broide1, Matt Lucas3, 
Daniel Moreno2, Shalom Eliezer2
1 Physics, Nuclear Research Centre-Negev, Israel
2 Physics, Soreq Nuclear Research Center, Israel
3 Applied Physics and Materials Science, California Institute of Technology, USA
4 Condensed Matter Physics, Charles University, Czech Republic
5 Institute for Transuranium Elements, European Commission, Joint Research Centre, 
Germany

16:45 A New Approach for Radiation Damage Studies by Incorporation of Dilute Self-
Irradiating Defects in Thin Films

TzviTempelman1, Michael Shandalov2, Ithak Kelson3, Yuval Golan1, Eyal Yahel2
1 Department of Materials Engineering and Ilse Katz Institute for Nanoscale Science and 
Technology, Ben-Gurion University of the Negev, Israel
2 Department of Physics, Nuclear Research Center Negev, Israel
3 School of Physics and Astronomy, Tel-Aviv University, Israel

17:00 Surface Characterization and Oxidation of U(AlxSi1-x)3 at Elevated Temperatures

Shai Cohen1, Maayan Matmor2, Gennady Rafailov2, Moshe Vaknin2, Noah Shamir3, 
Shimon Zalkind2
' Health Physics, Nuclear Research Center-Negev, Israel 
Department of Materials, Nuclear Research Center-Negev, Israel 
3 Department of Materials, Ben Gurion University of the Negev, Israel

17:15 Ni Interlayer to Improve Low Pressure Diffusion Bonding of 316L SS Press Fit Tube-to-
Tube Sheet Joints for Coil Tube Gas Heaters

Rony Reuven1,2, Nils Haneklaus2, Cristian Cionea2, Charalampos Andreades2, Grant 
Buster2,3, Peter Hosemann2, Per Peterson2
1 Research & Development, Nuclear Research Center Negev, Israel
2 Nuclear Engineering, University of California Berkeley, USA
3 Research & Development, NuScale Power LLC, USA

17:30 Method and Device for Direct Charge p-Radiation Energy Harvesting
Yedidia Haim1,2, Yossi Marciano2, Gal deBotton1
1 Department of Mechanical Engineering, Ben-Gurion University of the Negev, Israel

2 Nuclear Research Center, Negev, Israel
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16:00-17:45 Medical Physics 2 Main B
Chairs: Alex Nevelsky and Dan Epshtein

16:00 Comparison of Various Techniques in Craniospinal Irradiation
Ella Kuptsov, Shahar Daniel
O ncology, Rambam Health Care Campus, Israel

16:15 Implementation of the IAEA TRS -398 Protocol to Check 50 kVp x-rays Calibration
Beam Used in Skin Radiotherapy at RMC 

Yanai Krutman,Yechiel Leser
R adiation Oncology-Radiotherapy Physics Unit, Rabin Medical Center-Davidoff Cancer 
Center, Israel

16:30 Prospective Trial Evaluating Continuous Positive Airway Pressure (CPAP) on Tumor
and Organ Motion and Dose during Stereotactic Body Radiation Therapy 

Noam Weizman'J, Jeffery Goldstein', Dror Alezra', Itzhak Orion2, Yaacov R. Lawrence', 
Sarit Appel', Efrat Landau', Merav Ben-David', Tanya Rabin', Maoz Benayun', Sergey 
Dubinski', Hili Gnessin', Michael J. Segel', Nir Peled3, Zvi Symon'
' Radiation Oncology, Chaim Sheba Medical Center, Israel
2 Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel
3 Thoracic Cancer Unit, Davidoff Cancer Center, Rabin Medical Center, Israel

16:45 Installation and Operation of a New Low-Energy Linear Accelerator for Intraoperative
Breast Radiotherapy-”Intrabeam”- at the Meir Medical Center 

Sergio Faermann', Zvi Koifman2, Patricia Malinger2, Ilana Hass2, Bella Nissenbaum',
Martin Cederbaum3
' Department of Oncology, Meir Medical Center, Israel
2 Breast Cancer Surgery Unit, Meir Medical Center, Israel
3 Oncology Service, Carmel Medical Center, Israel

17:00 Dosimetry Investigation of an Applicator System for Intraoperative Radiation Therapy
by Monte Carlo Simulations

Alex Nevelsky', Egor Borzov', Raquel Bar-Deroma', Itzhak Orion2
' Oncology, Rambam Health Care Campus, Israel 
2 Nuclear Engineering, Ben Gurion University of the Negev, Israel

17:15 Monte Carlo Modelling of Elekta Agility MLC and Steretactic Cones

Alex Nevelsky, Egor Borzov, Shahar Daniel, Raquel Bar-Deroma
O ncology, Rambam Health Care Campus, Israel

17:30 Perturbation Effects of the Carbon Fiber-PEEK Screws on Radiotherapy dose

Distribution
Alex Nevelsky, Egor Borzov, Shahar Daniel, Raquel Bar-Deroma
Oncology, Rambam Health Care Campus, Israel
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E-Poster

08:00-18:00 E-Posters Foyer

1. IAEA MTR Benchmark Static Calculations Using Serpent and DYN3D Codes 

Marat Margulis, Erez Gilad
Nuclear Engineering, Ben-Gurion University of the Negev, Israel

2. A Decision Support System to Aid Monitoring Radon System in Process 

Shai Peretz
Nuclear Research Center Negev, Israel

3. New Interpretation of the Optical Absorption Spectrum of LiF:Mg,Ti and Investigation of Hole 

Centers Participation in F-Center Bleaching.
Sofia Druzhyna1, Ilan Eliyahu2, Leonid Oster3, Yigal Horowitz4, Shlomo Biderman5, Galina Reshes3, 
Itzhak Orion1
1Department of Nuclear Engineering, Ben-Gurion University of the Negev, Israel 
2Nuclear Physics and Engineering Division, Soreq Nuclear Research Center, Israel 
3Physics Unit, Sami Shamoon College of Engineering, Israel
4Physics Department, Ben-Gurion University of the Negev, Israel 

5Nuclear Research Center Negev, Israel

4. A Multi-Line Neutron Beam Based on a 232Th Filter 

Yuval Ben Galim1, Itzhak Orion2, Raymond Moreh3 
1Nuclear Research Center Negev, Israel
2Department of Nuclear Engineering, Ben-Gurion University of the Negev, Israel 
3Physics Department, Ben-Gurion University of the Negev, Israel

5. In-Situ X-Ray Diffraction Measurements of U-0.1w%Cr Oxidation

Shimon Zalkind, Gennady Rafailov, Itzhak Halevy, Tsachi Livneh, Alon Rubin, Hen Maimon, Daniela 
Schwake
Physics Department, Nuclear Research Center Negev, Israel

6. Validation of PUCHOK-LM Subchannel Thermal-Hydraulic Code as Applied to MBIR Reactor 

Sergey Afonin, Dmitry Afremov, Yuri Lemekhov, Elena Orlova, Vladimir Smirnov, Valery Shishov 
Nuclear Energy, NIKIET (ROSATOM), Russia

7. Advances in Electron Paramagnetic Resonance (EPR) as a Retrospective Dosimetry Tool Using 

Human Teeth
Lotem Buchbinder1,2, Hanan Datz1, Aharon Blank2
1Radiation Safety Division, Soreq Nuclear Research Center, Israel

2Schulich Faculty of Chemistry, Technion - Israel Institute of Technology, Israel

8. Performance Analysis of Radiation Hazard Meters at Radio Frequencies 

Nir Mordechay Yitzhak, Ronen Hareuveny, Itzhak Ben David
Radiation Safety Division, Soreq Nuclear Research Center, Israel

9. The Courts as Regulators: the Case of Cellular Antennas 

Ronen Hareuveny1, Adi Ayal2
1Radiation Safety Division, Soreq Nuclear Research Center, Israel 
2Faculty of Law, Bar Ilan University, Israel

10 Small Modular Reactors and Generation IV Nuclear Reactors: Prospects for Integration within 
Modern Electric Systems
Barak Tavron
Seismical and Engineering Applications, Israel Electric Corporation, Israel
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11. DNA Topoisomerase-IB Inhibition due to Exposure to Gamma Radiation 

Rotem Daudee', Rafi Gonen', Itzhak Orion2, Ester Priel3
'Safety Division, Nuclear Research Center Negev, Israel
2Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel
3Shraga Segal Department of Microbiology, Immunology and Genetics; School of Pharmacy, Ben-

Gurion University of the Negev, Israel

12. Study of Radiation Induced Processes at Surfaces in the Context of Radioactive Waste 

Tomer Zidki', Ronen Bar-Ziv2
'Chemical Sciences Department and the Schlesinger Center for Compact Accelerators and Radiation 
Sources, Ariel University, Israel
2Chemistry Department, Nuclear Research Center Negev, Israel

13. Differences and Similarities in Hydrogen Absorption in 4f- and 5f-Electron Compounds

Silvie Maskova', Khrystyna Miliyanchuk2, Alexander Kolomiets'3, Itzhak Halevy4, Volodymyr Yartys5, 
Ladislav Havela'
'Department of Condensed Matter Physics, Charles University in Prague, Czech Republic 
2Department of Inorganic Chemistry, Ivan Franko National University of Lviv, Ukraine 
3Department of Physics, Lviv Polytechnic National University, Ukraine
4Physics Department, Nuclear Research Center Negev, Israel 
5IFE, Institute for Energy Technology, Norway

14. Resistance Improvement of Aluminum Surface to Corrosion Through Reactions with Fluoride Ions

Magal Saphier', Oron Zamir', Polina Berzansky2, Oshra Saphier3, Dan Meyerstein4 
'Chemistry Department, Nuclear Research Center Negev, Israel 
2Chemistry Department, Ben-Gurion University of the Negev, Israel 
3Chemical Engineering, Sami Shamoon College of Engineering, Israel 
4Biological Chemistry Department, College of Judea and Samaria, Ariel, Israel

15. Outline for Preparing a Fire Safety Plan for Research Reactors 

Tova Yifrah, Nitsan Yair, Shlomi Negev, Roy Freud, Pinhas Ben Naim 
Safety Department, Nuclear Research Center Negev, Israel

16. Implementation of Drive Mechanism for Neutron Emitting Source Used for Monitoring Reactor 
Neutron Flux and for Core Startup

Yaniv Shaposhnik, Almog Biton, Yakov Sofer, Roy Freud 
Nuclear Research Center Negev, Israel

17. Xenon Induced Spatial Oscillations - a Pattern Formation Approach
Nir Kastin', Ehud Meron', Assaf Kolin2, Shai Kinast2
'Physics Department., Ben-Gurion University of the Negev, Israel
2Physics Department., Nuclear Research Center Negev, Israel

18. TELEPOLE II - New Development of Extensible Survey Meter Based on Advanced Technologies 

Yakir Knafo', Rami Seif2, Dima Shmidov', Mordechai Raznov', Vitaly Pushkarsky', Dmitry Ginzburg',
Avi Manor2, Tzachi Mazor2, Yagil Kadmon2
'Radiation Detection Department, Rotem Industries Ltd., Israel 
2Electronics & Control Laboratories, Nuclear Research Center Negev, Israel

19. Formation of Periodic Inhomogeneity of Hardness Under Irradiation 

Pavlo Selyshchev
Physics, University of Pretoria, South Africa

ISRAEL SOCIETY FOR
MEDICAL PHYSICS T2-T4 April, 20'6 2'

Dan Panorama hotel, Tel Aviv, Israel



20. Root Distribution and Soil Water Content Using Thermal Neutron Radiography 

Yehonatan Zait1,2, Iris Sabo-Napadensky3, Uri Dicken1, Ruth Weiss-Babai3, Eli Zilka3, Nir 
Hazenshprung3, Tamir Kamai1
1Institute of Soil, Water and Environmental Sciences, Agricultural Research Organization, Volcani 
Center, Beit Dagan, Israel
2Mechanical Engineering, Tel Aviv University, Israel 
3Soreq Nuclear Research Center, Israel

21. New Design Approaches for Improving Sustainability of Nuclear Energy

Ehud Greenspan, Massimiliano Fratoni, Phillip Gorman, Malwina Gradecka, Jason Hou, Staffan Qvist, 
Guanheng Zhang
Department of Nuclear Engineering, University of California, Berkeley, USA

ISRAEL SOCIETY FOR 
MEDICAL, PHYSICSThe 28th Conference of the

22 Nuclear Societies in Israel



142

Plenary Session 1 (Tuesday, April 12, 2016 09:20)

Radioactive Waste Management at NRCN - Policy and Strategic Approach 

Ehud Netzer
Director General, Nuclear Research Center Negev, Israel

A responsible Radioactive Waste Management policy is an essential ingredient in the nuclear industry - from the state
level to the institute approach. The Nuclear Research Center - Negev (NRCN) produces and treats radioactive waste as
part of its ongoing operations. It is also defined as the national repository for all radioactive wastes produced in Israel - 
from commercial, industrial, medical, and research activities.

In this talk we will give an overview of the policy and strategic approach of the radioactive waste management system
implemented in the NRCN. The basic pillar of this policy is the state (IAEC) and international (IAEA) standards. We will
describe how these standards are translated into activities.

We will describe the present and future challenges in the field - including research and development, tightening
regulations and external control, and greater financing attention. All these, while applying state of the art standards and 
keeping our responsibility for the public safety and environment reservation.

1
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Plenary Session 1 (Tuesday, April 12, 2016 09:20)

Ethics of the System of Radiological Protection

Christopher Clement
Scientific Secretary, International Commission on Radiological Protection, Canada

The aim of radiological protection is to contribute to the protection of people and the environment against the
detrimental effects of radiation exposure. The system of protection is based on three essential pillars: scientific
knowledge, ethical values, and experience. While the scientific basis of the system has been well described in many ICRP
publications, the ethical basis not been described explicitly in detail. Nonetheless, upon careful examination ethical
considerations are found throughout the system of protection. This is not surprising, as science aims to describe what is;
deciding on what should be is an essentially ethical question.
In 2013, ICRP launched its first ever concerted effort to describe the ethical basis of the system of radiological protection. 
The work has used a particularly open and collaborative process, working with many specialists in radiological protection 
and with ethicists from around the world. This has resulted in describing the ethical basis through four core ethical values: 
beneficence / non-maleficence (do good and avoid doing harm), prudence (recognize and follow the most sensible
course of action, especially in the face of uncertainty, avoiding unwarranted risk), justice (fair sharing of benefits and
risks), and dignity (treatment of individuals with unconditional respect, and having the capacity to deliberate, decide and
act without constraint). These core ethical values are already found in the system of radiological protection, similar to
widely accepted principles of biomedical ethics, drawn from western and eastern schools of ethical thought, and part of
the ‘common morality' of cross-cultural ethics.
This presentation will describe the process and results of the effort to develop a draft publication now undergoing a
preliminary review by IRPA Associate Societies.
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Nuclear Reactors - Experimental Core Physics (Tuesday, April 12, 2016 11:30)

The Role of ZPR for the V&V Process for Neutronics Code Packages: from Integral Data to Nuclear Data Assimilation and 
Transposition for the Current and Future Nuclear Systems 

Patrick Blaise
Experimental Programs Laboratory, CEA, France

For several decades, the French Atomic and Alternative Energies Commission - CEA - has been undertaking experimental programs 
aimed at validating the calculation tools used to design standard and advanced LWRs, as well as FBRs. All the major countries involved 
in the nuclear field developed critical facilities, but many of them were shut down ; France made a different choice by maintaining its 
three most multipurpose ZPRs in continuous operation for more than 50 years: EOLE, MINERVE for LWRs studies, and MASURCA for 
Fast Reactors studies.

These facilities belong to the Verification/Validation & Uncertainty Quantification integrated chain currently implemented for the 
global validation of Neutron Code packages in France. The neutronics behavior of various configurations investigated in these ZPRs can 
be directly extrapolated to the physical phenomena encountered in power reactors, by allowing for a representativeness factor. While 
being safe, these mockups are highly flexible, adaptable, easily accessible, and easy to instrument.

The so-called Integral experiments performed therein are useful in many aspects of ND evaluation:
• To validate or identify inconsistencies on Nuclear Data (ND),
• To improve uncertainties and generate realistic covariances on ND,
• To produce new evaluations using Integral Data Assimilation methods,
• To transpose (within bounded applcation range) the obtained C/E to design parameters, for both thermal and fast systems.

The objectives of the V&V and UQ process are to provide a validated (ie reliable) code package, qualified on integral experiments for 
the users The final aim is to check that the average discrepancies on given integral parameters (such as critical masses or pin-by-pin 
power distributions) «calibrated» in a specified range of problems are lower than the target accuracy. One can distinguish different 
steps:

o The Verification step to verify that the numerical resolution of neutronics models and programming of each module are correct 
keeping a non-regression policy with new code versions.

o The first Validation step (also called “numerical Validation”), quantifies the accuracy of the neutronics models used in the code.

o The second Validation step (also called “experimental validation”) corresponds to the comparison of the results of the global 
package (code + reference calculation scheme + nuclear data library) against experimental results from integral measurements:

S A first set of experiments characterized by their fundamental measurements is used to qualify the JEFF3.X nuclear data: 
EOLE / MASURCA critical facilities for material bucklings, actinide fission rate ratios and conversion factors, MINERVE 
zero power reactor for oscillation technique in various spectra as well as clean reactor irradiations such as PROFIL in 
Phenix fast reactor.

S A second set of experiments, devoted to mock-up configurations, is used to qualify the calculation of every LWR or SFR 
parameter: absorber cluster worth, void reactivity coefficient, pin-by-pin power distributions, interfaces, etc...

A set of consistent and representative experiments are selected through the implementation, within the VVQ&UQ methodology, of a 
PIRT approach. This process is integrated in the V&V&Q to identify the needs and lacks of the code package, and the optimized ways 
to achieve desired target accuracy and qualification range for the various applications.

o The Uncertainty Quantification (UQ) is the ultimate step: it is carried out from the qualification process, based on several 
hundreds of integral measurements. The scaling factor for each design parameter, as well as the associated uncertainty, is 
obtained for the code product, through the use of perturbations tools and sensitivity analyses implemented in the codes. Owing 
to the uncoupling of the calculation bias (small and known as the result of the Validation phase) from the calculation error due to 
nuclear data (derived from Calc/Exp comparison in the Qualification phase), this method allows :

1. The feedback to nuclear data evaluation by using data assimilation technique use of the first set of experiments (fundamental 
measurements) in order to ensure, given knows biases, that the (C-E) residual discrepancy is mainly due to nuclear data 
uncertainty. A direct feed back is possible on nuclear reactions models with the available CONRAD tool capabilities.The traditional 
methodology of adjustment, implemented in the 80's, is based on the use of integral information, through Bayes theorem, 
leading to the classical problem of entropy maximization. This is done by finding the minimum of a cost function (a general least 
square°. The so called coupled method implemented in the CONRAD software, enables to directly include both microscopic and 
integral experiments for data assimilation, and improve the nuclear parameters xi through proper sensitivity matrices and 
generalized least square expression:

3
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where y and q are the set of measured (calculated/modeled) microscopic experiments, and My corresponding covariance matrix.
Sq. xq j

The associated sensitivities between differential experiments and the nuclear parameters are then Gj =——------—, calculated by
Sx0,j Qi

where g stands for self-SCCONRAD, and the integral parameter to the nuclear parameter Sij =——
Sx0, j -EE-g k Sa~k , g

SCi Sa~k,g x0, j

Sx0, j Ci

shielded cross section k in group g. These coupled sensitivities are calculated with neutronics codes and NJOY. Direct methods are 
also under investigation.

2. The improvement of the calculation tool predictability, through transposition process by using the second kind of experiments, 
mock-up experiments. Besides the nuclear data assimilation, one can estimate the representativeness of the experimental 
database E versus the studied application A.

(SA • Ma- SEj
The representativity is defined by the correlation coefficient rAE with respect to the application: rAE =----------------- where

eA -£E

eA =(SA • SAand be = (S’E • Da • Seare the application (4) prior uncertainty and the experiment (£) prior

uncertainty respectively. The awaited reduction in the discrepancy of the application 5A is transposed, through the 
representativity, from the (known) discrepancy in the existing experiment by the relation:

C - E 1
SA =ba ■ rAE •w----------where w =----------— is the experiment weight with 5E representing the experimental uncertainty.

Eee 1+ S2I eE

rAE represents the share of information provided by the experiment E common with the parameter A. A value of 0.0 means that 
the experiment and the application are not correlated. Experimental information provided by the experiment E will not be of any 
utility for the validation of the application parameter A. Experimental information will be fully advantageous if rAE is close to 1. 
The share of the experimental information involved in the adjustment is weighted by the parameter w which gives an idea of the 
experiment quality. The lower its measurement uncertainty (relatively to computation uncertainty, w close to 1), the more the 
experiment will influence the uncertainty reduction on the application integral parameter.

The method currently being developed is the application of the representativity approach to multi-parameter optimization of 
future programs in the Cadarache critical facilities.

4
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Exploring Neutron Noise Techniques I: Critical Experiment Analysis

Erez Gilad1, Assaf Kolin2, Oleg Rivin2, Chen Dubi2, Benoit Geslot3, Patrick Blaise3 
1Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel

2Department of Physics, Nuclear Research Center Negev, Israel 
3DEN/CAD/DER/SPEx/LPE, CEA, Cadarache, France

Nuclear Reactors - Experimental Core Physics (Tuesday, April 12, 2016 11:30)

Introduction
A set of neutron noise measurements have been performed at the MINERVE zero power reactor at Cadarache research 
center in France during September 2014. This experimental campaign was conducted in the framework of a tri-partite 
collaboration between CEA, PSI and SCK-CEN(1,2). Measurements were then also processed and analyzed in the framework 
of collaboration between CEA, the Israeli Atomic Energy Commission, and Ben-Gurion University of the Negev. The main 
purpose of the campaign was to obtain the core kinetic parameters using various existing and novel noise techniques and 
compare it with recent measurements. The last time a similar campaign was performed in MINERVE was in 1975 and the
core configuration was different(3). This campaign is a continuation of a previous campaign that aimed at determining the
delayed neutron fraction peff in the MINERVE reactor using in-pile oscillations technique*4).

The MINERVE reactor(5) is a pool-type reactor operating at a maximum power of 100 W with a corresponding thermal flux 
of 109 n/cm2-s. The core is composed of a driver zone, which includes standard highly enriched MTR-type metallic uranium 
alloy plate assemblies surrounded by a graphite reflector. An experimental cavity, in which various UO2 or MOX cladded 
fuel pins can be loaded in different lattices, reproducing various neutron spectra(5,6), is located in the center of the driver 
zone. See Fig. 1.

Figure 1. Schematic layout of the MINERVE reactor core during the noise measurements.

During the measurement campaign, neutron noise experiment have been conducted in a critical state (or very close to 
critical state), and is marked as “Acq12”. The reactor configuration was that of the MAESTRO program(7), representing a 
PWR spectrum in the central experimental cavity. Two large fission chambers with approximately 1g of 235U have been 
installed next to the driver zone. In order to minimize flux disturbances in the detectors during measurement, reactor 
criticality was controlled by control rod B1, which is far from the two detectors. During the measurements, the power was 
regulated by an automatic piloting system. The critical measurement “Acq12” was conducted at a power of 0.2 W with 
detectors' count rate around 5.5x10s cps.

The noise technique implemented for analyzing the experimental measurement is the Cohn-a method*8), which is used to 
obtain the reactor core integral kinetic parameters, i.e. the effective delayed neutron fraction peff and the prompt neutron
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generation time A. The sensitivity of the Cohn-a method to numerical parameters used in the power spectra calculation
procedure, e.g. time bin size and buffer size, is studied and found to be significant. Despite their conspicuous importance,
very little considerations are usually given to their values, which are often determined rather arbitrarily according to the 
acquisition system technical specifications. Moreover, well-defined criteria or methodologies for setting and tuning these 
numerical parameters are generally neglected.

The transfer function of the reactor links the reactor neutron population to the neutron source fluctuations. The zero 
power transfer function can be derived from point kinetic equations, where the source noise is considered to be entirely
due to fluctuations in the core reactivity, in the neutron population and in the precursors concentration(9,10). For large

(3 8 11 12)enough frequencies the transfer function amplitude takes the following form(3,8,11,12)

l +
CPSD 1 
cLc: 2D/F ' (1)

where p is the reactivity of the core, = (peff - p)/A is called the cutoff frequency, c; is the average count rate of 
detector /, D = v(v - l)/v: is the Diven factor*13’, and F is the integral fission rate in the core. The cross-correlation power 
spectral density (CPSD) is defined as the Fourier transform of the cross-correlation between two detectors, i.e.

(2)

where T is the Fourier transform operator, c;(t) stands for the readings of detector / as a function of time, (x,y) is the 
temporal correlation function between x and y, dt represents the time bin size, and T = Ndt represents the buffer size.

Results
The Diven factor for thermal fission of 235U is set to D = 0.8. The integral fission rate F is obtained by calculation of the flux 
distribution in the core and its calibration using the readings of a dedicated fission chamber located at the core center 
during the experiment. All measurements were recorded using the X-MODE acquisition system in time stamping mode 
with resolution of 25 ns. The reactivity worth of the control rod B1 is calculated using rod-drop experiment and inverse 
kinetics analysis using the value of 716 pcm for peff.

The standard Cohn-a procedure usually continues by calculating the CPSD in Eq. (2) from the measurement and then Eq. 
(1) is used to obtain - p and the cutoff frequency - p)/A by Lorenzian curve fitting. An example for this
procedure is shown in Fig. 2, where the first 30 minutes of measurement “Acq12” are analyzed. The obtained kinetic 
parameters are peff = 744 pcm and A = 94 ps.

Figure 2. An example of the Cross-correlation Power Spectral Density (CPSD) of two detectors and the Lorenzian fit (see 
Eq. 1).
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The acquisition method of time stamps records the time of each detection within a resolution of 25 ns. This time 
resolution is too fine and not adequate for power spectral density calculations, since the relevant signal bandwidth is 1
100 Hz so time resolution less than 10 ms is pointless. Therefore, the detector signal is binned on a coarser time 
resolution. Furthermore, the power spectral density is not calculated for the entire signal at once due to computer 
memory limitations. The long signal is divided into shorter segments (or buffers), each of length T = Ndt, where dt is the 
size of the time bin and N is the number of bins considered for a single spectrum calculation (buffer size). For each 
segment, the power spectral density (CPSD) is calculated and averaged with the rest of the spectra calculated for the 
other segments.

This standard calculation method introduces two numerical (and not physical) parameters into the procedure, i.e. the
buffer size N and the time bin size dt, hence the discrete form of the CPSD should be written as CPSD = CPSDGu; JV, dt).
The explicit dependence of the CPSD on these parameters is demonstrated in Eq. (2). In order to evaluate the sensitivity of
the calculated kinetics parameters peff and A to these numerical parameters, the calculation procedure is repeated using
the same data (“Acq12”) but with different numerical parameters. The results are shown in Fig. 3.

0)
N'</)

=5-Q

Figure 3. The sensitivity of the obtained effective delayed neutron fraction peff (left) and the prompt neutron generation 
time A (right) to the buffer size N and the time bin size dt.
It is clear from Fig. 3 that the numerical parameters N and dt have a pronounce effect on the obtained kinetic parameters. 
However, very little considerations are usually given to their values, which are often determined rather arbitrarily. 
Moreover, methodologies for tuning these parameters are not usually addressed. Currently, no compelling physical 
arguments favoring a specific set of values for the buffer size N and the time bin size dt were found. These parameters are 
usually set such that the sensitivity of the obtained results is minimized and the residuals are normally distributed without 
any trend at low or high frequency. Examining Fig. 3 reveals an area in the numerical parameters space where the value of 
Peff is only weakly sensitive to the parameters values, and ranges between 744 < peff < 750 pcm. Thus, the results of peff = 
744 pcm and A = 94 ^s are obtained using buffer size N = 5000 and time bin size dt = 10-3 s, which are representative of 
this relatively insensitive region in the parameters space.

Conclusions
The Cohn-a method is studied and implemented to analyze in-pile noise experiments of critical configuration of the 
MAESTRO core in the MINERVE zero power reactor. The integral kinetic parameters of the core are obtained using this 
method. The pronounced sensitivity of the obtained kinetic parameters to numerical parameters in the Cohn-a method is 
demonstrated.
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Introduction
A set of neutron noise measurements have been performed at the MINERVE zero power reactor at Cadarache research 
center in France during September 2014. This experimental campaign was conducted in the framework of a tri-partite 
collaboration between CEA, PSI and SCK-CEN(1,2). Measurements were then also processed and analyzed in the framework 
of collaboration between CEA, the Israeli Atomic Energy Commission, and Ben-Gurion University of the Negev. The main 
purpose of the campaign was to obtain the core kinetic parameters using various existing and novel noise techniques and 
compare it with recent measurements. The last time a similar campaign was performed in MINERVE was in 1975 and the 
core configuration was different(3). This campaign is a continuation of a previous campaign that aimed at determining the 
delayed neutron fraction peff in the MINERVE reactor using in-pile oscillations technique*4). For more details on the 
MINERVE(5,6) reactor during the 2014 campaign please see ref. (7).

During the measurement campaign, neutron noise experiments have been conducted in two different subcritical states 
marked as “Acq16” and “Acq19”. The different criticality states were obtained by inserting one of the four control rods 
into the core. The reactor configuration was that of the MAESTRO program(7,8). The subcritical measurements “Acq16” and 
“Acq19” have been conducted at zero power with detectors' count rate around 4x104 cps. Both measurements lasted 
5500 seconds and with core negative reactivity of 230 and 117 pcm, respectively.

The noise technique implemented for analyzing the experimental measurement is the Feynman-Y method(9), which is used 
to obtain the reactor core integral kinetic parameters, i.e. the effective delayed neutron fraction peff and the prompt 
neutron generation time A. Various methods are studied and implemented to obtain the variance-to-mean ratio curves 
(i.e. the Feynman-Y curves), which are then fitted using two different models and different fitting procedures. The fitting 
models include a single-mode prompt reactivity model and a multi-mode delayed reactivity model, accounting for 1 
prompt + 6 delayed neutron groups.

Each point on the Feynman-Y curve is obtained in the following manner. Each measurement of a total duration T is 

divided into NT segments of duration T. Define a series of random variables > where (n) is the number of
detections in the nth segment. The expectation value £(A'r} and the variance Var(Xr) are evaluated, and the Feynman- 
Y function is defined by:

yCrt =
E(7r)

- 1 . (1)

In this study, this procedure is repeated for 200 values of T, equally spaced in log scale and sampled on the interval [10
3,1]. Since the measurements are divided into several data batches, the Feynman-Y curve is calculated for each batch and 
the results are then averaged in an appropriate manner. An example for the different batches and their average curve is 
shown in Fig. 1 for two detectors in “Acq16”. Once the Feynman-Y curve is obtained, the data is fitted on an analytic 
expression, from which the reactivity or the delayed neutron fraction is derived. In the literature, two models for the 
Feynman-Y are studied: with and without an explicit reference to the delayed neutrons. To simplify notations we refer to
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the model neglecting the effect of the delayed neutrons as the Prompt Reactivity Analysis (PRA), and to the model 
incorporating the delayed neutrons as the Delayed Reactivity Analysis (DRA).

10'3 10’2 10‘1 10° 

Time Gate T [sec]

Figure 1. An example of different Feynman-Y curves obtained from different batches and their average curve (shown in 
black thick line) for two detectors in Acq16.

RESULTS
The most basic fit model(9,10) is given by (PRA model):

(2)

where np = (i?Efr - )/A is the prompt reactivity, peff is the delayed neutron fraction and A is the prompt neutron
generation time. Eq. (2) is the single energy point-wise prompt neutrons model(11) and it is only applicable for T < 0.1 s. In 
this model, the fit procedure is trivial and ap is evaluated by fitting the expression in Eq. (2) to each data set. The 

parameters pp and peff are obtained from ap by using the known reactivity. The neutron prompt generation time is set to 
A = 93 ps. The fit results for all 4 data sets are shown in Fig. 2 and summarized in Table 1.

Table 1. The obtained ap values using the PRA model.

Data set Fitted ap [Hz] Given pp [pcm] Petf [pcm]

Acq16 det1 106.4 -232 758

Acq16 det2 102.2 -229 721

Acq19 det1 89.5 -117 716

Acq19 det2 89.3 -117 713
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Figure 2. The fit results for all 4 subcritical data sets.

(12,13)A generalization of Eq. (2) to a 1-prompt and 6-delayed neutron groups is (DRA model)

(3)

where the coefficients A are determined by the zero power transfer function

W = ■ =i—/-Iff. + (4)

and the coefficients cc, are the roots of the Inhour equation

(5)

where e, = Thus, assuming that p and are known*14’, the delayed neutron fraction peff can be estimated using
curve fitting. The obtained best fits are shown in Fig. 3 (marked with solid red line) for both detectors in both subcritical 
experiments. The fitted parameters are summarized in Table 2.
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Figure 3. The Feynman-Y curves for both detectors in both subcritical experiments and the corresponding best fitted 
curves (solid red lines) given p.
Table 2. The obtained peff values using the DRA model.

Data set Given pp [pcm] Fitted peff [pcm]

Acq16 det1 -232 819

Acq16 det2 -229 780

Acq19 det1 -117 750

Acq19 det2 -117 755

Conclusions
The Feynman-Y method is implemented to analyze in-pile noise experiments of subcritical configuration of the MAESTRO 
core in the MINERVE zero power reactor. The delayed neutron fraction peff of the core is obtained using this method. Two 
models are used for the fitting procedure, a single-mode prompt reactivity model (PRA model) and a multi-mode delayed 
reactivity model (DRA model).
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The Feynman-a method is perhaps one of the most basic methods to analyze reactor noise. In the method, the a decay 
constant (and later the reactivity p ) is evaluated by fitting the so called Feynman-Y function, given by:

-aT

Y (T) = Y aT
-1

(1)1 - e

On to the ratio between Variance and the mean of the number of detections in a range of time windows T (or the 
"Feynman Y plot") [1].
Although the basic theory of the method was introduce by Feynman in the middle of the previous century ([2],[3]), the 
method is still studied from through both theory ([4],[5]) and application ([7]). In a recent work introduced by the authors
[7], the statistical uncertainty or the Feynman-a method was computed through direct analytic calculations using the 
single energy point wise stochastic transport equation. The analytic model for the statistical error involved two step: in 
the first, explicit formulas for the first four moments of the number of neutron detections were derived, allowing us to 
explicitly determine the statistical variance of the Feynman Y plot. Then, the propagation of the variance of Feynman-Y 
plot to the a decay constant (or the reactivity) is evaluated.
In the present study, the results obtain in [7] are validated through 4 measurements, taken at the MINERVE reactor, in 
CEA-Cadarache. Results indicate high agreement between the measured values and the predicted values.
Results
The measurements were conducted during a reactor noise measurement camping [8], held at the MINERVE research 
rector in CEA-Cadarache. Neutron detections were recorded on 2 separate 3He detector tubes, located at the center of 
the core. The measurements were taken in two subcritical states, with a declared reactivity of p = -160pcm and 

p = — 310 pcm, resulting with a total of 4 signals. To estimate the statistical error in each measurement, and to run a 

comparison with the theoretical results obtained in [7], the following procedure was followed: each of the four 
measurements was truncated after n minutes, with 1 < n < 15, and for each truncated measurement, the decay 
coefficient a was evaluated using the Feynman- a method. In this way, we were able to draw a function of a as a 
function of the measurement time, and observe how the statistical variance is changed as the measurement time 
increases (see figure 1). As expected, as the measurement time increases, the a coefficient stabilizes. Next, to implement 
the formulas obtained in [7], we must evaluate the following parameters: P - the detection efficiency and S - the source

rate. This was done in the following manner: first, the detection efficiency was evaluated using the equality

Y D2 Pdkp 

A(1 — kp )2

Where D ,D are the factorial moments of the fission multiplicity (which are found in the literature) and k the prompt 

multiplication factor, which was evaluated using the fit. To evaluate the source rate, we used the equality:

CPS = S X — X P1— k d

Where CPS is the counts per second, and k is the (total) multiplication factor.
Figure 1 below shows the obtained a value (as a function of time), where the error bar is the error estimated using the 
formulas in [7]:
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Figure 1: results

The first thing to notice is the convergence of the a value as the measurement time Ttotincreases (the red line indicates 

the a value obtained on the full measurement taken over 30 min.). Second thing to notice is a very good correspondence 
between expected statistical error- as predicted by the analytic formulas- and the actual deviation from the full length 
measurement.
Similar results were obtained for all four measurements
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The knowledge of nuclear fuel's burnup data is an essential requirement for the enhancement of the safety, utilization 
and performance of a nuclear reactor. Destructive methods for measuring the burnup of fuel element were characterized 
by good accuracy without the need for historical irradiation data [1]. However, these methods require complex and 
expensive special infrastructure, accounting for risk by high levels of radiation exposure, and involve chemical processes 
and expertise that do not necessarily exist in research reactor facilities and operating teams. Non Destructive assay 
Methods (NDT), on the other hand, are characterized by lower accuracy and require computer simulations and irradiation 
history data [2]. The advantages of the NDT methods is that the experimental and analyses procedures are much simpler, 
inexpensive and safer, their accuracy is usually sufficient, and they can be exercised by the reactor operating team in most 
research reactors.

In this study, a simple method for the evaluation of the burnup of an MTR (Material Testing Reactor) fuel assembly by 
non-destructive gamma-ray spectrometry is presented. The method is applied to an MTR fuel assembly that was 
irradiated in IRR1 (Israeli Research Reactor 1) for a period of 34 years. The experimental results were comprehensively 
verified against computer simulations. Both experimental measurements and computer simulations were utilized to 
investigate the burnup and depletion of a fuel assembly. The experimental approach was based on measurements of the 
gamma-ray spectrum of the fuel assembly using a high-purity germanium (HPGe) detector. Gamma-ray spectra were 
obtained for the entire assembly as well as for different axial segments. The fuel burnup was evaluated from the 
radioactive fission products and the activation products such as 137Cs, 134Cs, and 154Eu (“burnup indicators”).

Materials and Methods
The experiments were carried out in the IRR1 (Israeli Research Reactor 1), located in Soreq Nuclear Research Center. It is a 
5 MW swimming-pool type reactor, operated by the Israel Atomic Energy Commission ( IAEC) since June 1960 [3]. The 
reactor core is fuelled by highly enriched (93%) plate-type Material Testing Reactor (MTR) fuel elements (FEs).
The experimental setup used in this work is presented in FIG.1. The FE was mobilized, using a dedicated tool holder, to a 
fixed position in the measurement region (the pool) in front of a high-resolution detector. The dimensions of the medium 
between the FE and the detector were determined accurately (±1 cm). The detector was positioned in a "Gamma cell", 
which is found in many pool-type research reactors, and is used for gamma measurements using high activity sources, and 
is separated from the pool by a thin aluminum window. A rectangular lead wall was used to improve the signal-to-noise 
ratio by attenuating high energy gamma and beta particles (including scattered events) generated by the high activity fuel 
rod. The detector used in this study was a mobile High Purity Germanium Detector (Canberra, Falcon5000) having a 22% 
relative detection efficiency and 1.9 keV resolution at 1332 keV gamma ray energy.
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FIG. 1. Experimental setup (see text for details).

Two sets of measurements with different geometry configurations were carried out. The first was used to determine the 
total burnup, where the axial position of the detector was centered with respect to the center of the fuel meat. The 
second measurement set was used to determine the fuel rod axial burnup distribution. More details concerning the 
experimental setup can be found in [3].

Analysis and Computational Methology

The burnup is defined as the fraction of initial 235U atoms in the FE which underwent fission. The measured activity of the 
fission product 137Cs was used to determine the burnup of FE #5 as its production rate is proportional to the fission rate of 
235U atoms. The Bibichev correlation function was used to correct for the decay-irradiation periods which were calculated 
from the irradiation history [4].

A key element for experimental methods verification and in the translation of activity measurements to fuel burnup 
(especially for long irradiation periods) is computer simulation. These burnup calculations were performed by dedicated 
software that calculate the neutrons flux and reaction rate distribution, and solve the burnup equations, describing the 
rate of change in the quantity of the different isotopes in the core [5]. In this study the method was carried out using four 
independent calculation tools: GIL [6], ORIGEN2 [7], BGCore [8] and Serpent [9].
Results
The measured and calculated burnup and depletion results for FE #5, based on 137Cs as indicator, are summarized in 
TABLE II.
TABLE II: BURNUP AND DEPLETION RESULTS FOR FE #5 BASED ON 137Cs AS INDICATOR

Method Activity [Ci] Burnup1 [%] Depletion2 [%]
Irradiation history records3 235.0±11.7 47.7±2.4 55.4±2.8
Gamma ray measurement3 242.7±22.5 51.7±8.7 60.1±8.7
GIL 48.6±4.9 57.8±5.7
Serpent 233.9±11.7 49.0±2.5 56.8±2.8
BGCore 231.2±11.7 48.7±2.4 56.7±2.8
ORIGEN2 235.7±11.7 49.0±2.5 57.0±2.9

1 The fraction of 235U atoms consumed by fission
2 The fraction of 235U atoms consumed
3 Assuming 1MWD is equivalent to a calculated value of 1.22 g235U
According to TABLE II, the deviation between the average calculated value and the measured value (for full rod) is 5.6% 
for both burnup and depletion of FE #5, whereas the measured value is higher than the calculated ones. This result is 
consistent with previous studies [4] showing that the Calculated/Experimental ratio deviations of up to 8% while using 
complex experimental settings.
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The axial burnup distributions of FE #5 are shown in FIG.2 in terms of the peak count rate (662 keV, 795 keV, 1274 keV) of 
the corresponding fission and activation products (137Cs, 134Cs and 154Eu) appearing in the measured gamma ray spectra.
All three indicators produce similar non-symmetric cosine-like axial profile, with the burnup peak shifted downwards from 
the FE center by 5 cm. This result is in accordance with IRR1 SAR and is due to the location of the control blades in the 
upper part of the core during reactor operation.

FIG. 2. Detector count rate along FE #5 active length (meat) for different burnup indicators.
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Introduction
The 2014 update of the Standard for Radiation Protection (SRP) of the Israel Atomic Energy Commission ( IAEC) (1) entered 
into force on 1 January 2016. The SRP is largely based on the 2014 update of the International Basic Safety Standards 
(BSS) (2), jointly published by the IAEA and several other international organizations. The SRP is a binding document and 
regulates radiation protection in the two nuclear research centers operated by the IAEC.
Requirement 2 in the BSS states that "The government shall establish and maintain a legal and regulatory framework for 
protection and safety and shall establish an effectively independent regulatory body with specified responsibilities and 
functions." In Israel, a single central regulatory body responsible for controlling the use of ionizing radiation sources does 
not exist. Instead, the different functions needed to ensure the proper use, safety and security of the sources are shared 
between five government ministries and agencies, as presented in the next section.
It is therein proposed that the SRP of the IAEC serves as a model for a comprehensive revision of the legal and regulatory 
framework for radiation safety, for example by establishing a comprehensive "Ionizing Radiation Law", following the 
initiative of the Ministry of Environmental Protection.

THE REGULATORY INFRASTRUCTURE FOR RADIATION PROTECTION
The responsibility for the implementation of radiation protection laws and regulations in Israel is shared among five 
government ministries and agencies:
1. The Ministry of Environmental Protection, through its Radiation Safety and Noise Abatement Department (RSNAD), is 

responsible for issuing licenses to users of radiation sources in all activity sectors, apart from X-ray generators and 
accelerators in the medical sector, and it therefore acts as the "General Licensing Authority". The Ministry of 
Environmental Protection is also responsible for regulating radiation protection of the public and the disposal of 
radioactive waste.

2. The Ministry of Health is responsible for issuing licenses to users of X-ray generators and accelerators for medical use 
through its Radiation Control Unit (RCU) and acts therefore as the "Medical Licensing Authority". It also controls the 
use of ionizing radiation in medicine and regulates protection of the patient in medical exposure.

3. The Ministry of Economy is responsible for regulating occupational exposure, through its Occupational Safety and 
Health Administration (OSHA).

4. The Ministry of Transportation is responsible for the safe transport of hazardous materials, including radioactive 
materials through its Division of Land Carriage and Dangerous Goods (DLCDG).

5. The Israel Atomic Energy Commission (IAEC), through its Nuclear Licensing and Safety Office (NLSO), is responsible for 
regulating, licensing and control of its own facilities and activities, as well as regulating construction and operation of 
nuclear reactors. It acts therefore as the "Nuclear Licensing Authority". It also provides overall professional advice to 
other ministries and is responsible for approving licenses for high-risk sources.

Coordination and cooperation at the national level is established through a |Coordination Forum that comprises high- 
ranking officials from four of the above-mentioned ministries and agencies (apart from the Ministry of Transportation). 
The Coordination Forum nominates experts to serve it as an Advisory Committee.
The involved actors are presented in the following diagram, as well as the existing interactions, either mandated by 
regulations or voluntary.
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THE MAIN FEATURES OF THE SRP OF THE IAEC
The International BSS(2) are structured according to the classification of all situations of exposure into three different types 
of exposure situation: planned exposure situations, emergency exposure situations and existing exposure situations, as 
advocated in the latest (2007) recommendations of the International Commission on Radiological Protection (ICRP)(3). For 
each exposure situation the relevant categories of exposure are then covered: occupational exposure, public exposure 
and (for planned exposure situations only) medical exposure, following the ICRP recommendations.
The SRP adopted the structure of the BSS, without dealing with medical exposure which is not relevant to the activities of 
the IAEC. Some of the new or updated features are presented below, according to the classification into exposure 
situations.
Planned exposure situations
The SRP adopted the new occupational dose limit for the lens of the eye, i.e. an equivalent dose of 20 mSv per year 
averaged over 5 consecutive years (100 mSv in 5 years) and of 50 mSv in any single year, as recommended by the ICRP in
2011(4).

The SRP introduced a distinction between radiation workers, as defined in the regulations of the Ministry of Economy for 
controlling occupational exposure (5), and workers involved in work that may expose them to radiation. This distinction 
resembles the classification of exposed workers as category A workers and category B workers in the European BSS (6).
The SRP extended the level of protection afforded to the embryo or fetus of a pregnant female worker to the infant of a 
breast-feeding female worker (the same broad level of protection as is required for members of the public).
The SRP adopted the criteria for exemption and for clearance of the updated BSS. In so doing, it provides clear criteria to 
exempt practices or sources from the requirements of the Standard for both radioactive materials in a moderate amount 
(at the most of the order of a ton) and materials in bulk amount, as well as criteria to clear from regulatory control 
radioactive materials from both artificial origin and natural origin.
Emergency exposure situations
The SRP established a reference level of 50 mSv (effective dose) expressed in terms of residual dose following the 
implementation of the protection strategy, as well as intervention levels for individual protective measures (sheltering, 
stable iodine administration and evacuation). Those intervention levels are expressed as projected doses, instead of being 
expressed in terms of avertable doses as in the former version of the SRP.
Existing exposure situations
The SRP established a reference level of 300 Bq/m3 (annual average activity concentration) for 222Rn in workplaces.
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THE NEED FOR A COMPREHENSIVE REVISION OF THE LEGAL FRAMEWORK FOR RADIATION SAFETY
The existing legal framework for radiation safety in Israel is of a very heterogeneous nature. It is made of laws, acts, 
orders and regulations enacted during different periods, according to different principles, intended to be implemented by 
different ministries and agencies. Moreover, some of the provisions of those legal instruments are obsolete or quote 
obsolete documents.
Enactment of an "Ionizing Radiation Law", following the initiative of the Ministry of Environmental Protection, would 
therefore be a large "step in the right direction".
It is proposed that the SRP of the IAEC serve as a model for a comprehensive framework law that would be structured 
similarly, i.e. a division into three parts according to exposure situations (planned, emergency, existing) and a subdivision 
of each part according to relevant exposure categories (occupational, public, medical). The adoption of such a structure 
would ensure that no aspect of radiation protection is left untreated.
Requirements with regard to occupational radiation protection would therefore be treated in the three parts: exposure of 
workers in practices involving radiation sources under planned exposure situations, exposure of emergency workers 
under emergency exposure situations and exposure to elevated levels of radon in workplaces, as well as exposure of 
aircrew to cosmic radiation, under existing exposure situations.
Requirements regarding radiation protection of members of the public would also be presented in the three parts: 
exposure of members of the public following discharges of radioactive materials into the environment or the use of 
consumer products containing radioactive materials under planned exposure situations, public exposure following 
radiological or nuclear emergencies under emergency exposure situations and public exposure due to indoor radon and to 
radioactive materials in commodities, such as construction materials, food products and drinking water, under existing 
exposure situations.
Requirements concerning protection of patients in medical exposure, which do not exist in the present legal framework, 
would only be treated under planned exposure situations.

Conclusions
Enactment of a comprehensive "Ionizing Radiation Law", modeled on the SRP of the IAEC and including inter alia the 
above-mentioned features, would permit to unify the legal framework for radiation protection along well accepted 
principles. This would allow to close the different gaps existing today in that framework, for example occupational 
exposure to radon, occupational exposure in NORM industries, public exposure to radon, criteria to define exempt 
radioactive waste. Furthermore, it would imply either creating a central regulatory body or strengthening coordination 
between the existing bodies.
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Introduction

The Great East Japan Earthquake occurred on 11 March 2011, with a magnitude of 9.0 at the interface of the Pacific and 
North American tectonic plates, its epicentre lying approximately 180 km north-east of the Fukushima Daiichi Nuclear 
Power Plant (FDNPP) operated by the Tokyo Electric Power Company (TEPCO). The earthquake caused a mega-tsunami 
which struck a wide area of the north-eastern coast of Japan, where several waves reached heights of more than ten 
metres.
At the FDNPP, the tsunami caused a loss of off-site and on-site electrical power. This resulted in the loss of cooling 
function at the three operating reactor units as well as at the spent fuel pools. The reactor cores in Units 1-3 overheated, 
the nuclear fuel melted, and the three containment vessels were breached, leading to releases of radionuclides to the 
atmosphere, subsequently deposited on land and on the ocean. There were also direct releases into the ocean.
At the International Atomic Energy Agency (IAEA) General Conference in September 2012, the Director General 
announced that the IAEA would prepare a report on the Fukushima Daiichi accident. He later stated that this would be "an 
authoritative, factual and balanced assessment, addressing the causes and consequences of the accident, as well as 
lessons learned" (1).
The report, published on September 2015, is the result of an extensive international collaborative effort involving five 
working groups with about 180 experts from 42 Member States and several international bodies. The full report, which 
underwent internal (IAEA) and external review mechanisms, is composed of five Technical Volumes and a Report by the 
Director General consisting of an Executive Summary and a Summary Report (2).
The Technical Volumes prepared by five working groups are the following: "Description and Context of the Accident" (WG 
1), "Safety Assessment" (WG 2), "Emergency Preparedness and Response" (WG 3), "Radiological Consequences" (WG 4) 
and "Post-accident Recovery" (WG 5).
This paper presents the radiological consequences of the accident as described in the IAEA report (3), with an emphasis on 
the radioactivity in the environment and the doses incurred by workers and members of the public.

TECHNICAL VOLUME 4 - THE RADIOLOGICAL CONSEQUENCES

This volume describes the consequences associated with radioactivity and radiation from the accident at the FDNPP for 
people and the environment (4). The sources of information of the assessments presented in this volume included peer 
reviewed literature, as well as quantitative information arising from both personal and environmental monitoring 
provided by the Government of Japan, including the most recent data available.
Section 4.1 provides the best estimates of the magnitude and form of the radioactive releases to the atmosphere and 
directly into the surrounding sea. It also explains the movement of the discharged radionuclides through air and water 
and the eventual deposition of the atmospheric activity on land in Japan and other countries worldwide, as well as on the 
open ocean. Section 4.2 gives an overview of exposures to the main groups of emergency workers at the FDNPP, to 
groups of off-site workers and to members of the public. Average effective doses and thyroid equivalent doses derived 
from personal measurements are compared with the results of previous assessments for specific locations, population 
groups and time periods. Section 4.3 summarizes relevant aspects of the system of radiation protection in place at the 
time of the accident in Japan and its implementation. Section 4.4 presents a review of post-accident studies of the health 
of members of the public and workers, including the possible radiation induced health effects and psychological 
consequences resulting from the accident. Lastly, section 4.5 covers the impact of the radioactive releases from the 
FDNPP on the environment (more specifically on non-human biota). The International Commission on Radiological
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Protection (ICRP) methodology has been applied to estimate doses and effects to a range of reference animals and plants 
from the marine, terrestrial and freshwater environments.
The volume also includes maps of levels of radioactivity and radionuclides in the environment as well as details of a 
statistical analysis of individual dose data. Twelve annexes provide supporting information used and investigated in the 
production of Volume 4.

RADIOACTIVITY IN THE ENVIRONMENT AND RADIATION EXPOSURE

Releases to the atmosphere and ocean

Key events led to releases of radioactivity to the environment as hydrogen explosions and failure of primary containment 
of Unit 2 as well as venting of different units.

Source term estimations were produced by research groups using two well established approaches: simulation of the 
accident progression and phenomena and reverse or inverse modelling of transported and dispersed radioactivity in the 
environment involving measurements of radioactivity in the environment.

Radioactivity reached the Pacific Ocean by several processes, among them deposition on the ocean of atmospheric 
releases, releases of contaminated water (at low, moderate and high contamination levels) and inflow of contaminated 
water (runoff, inflow of groundwater and treated water). Most estimates of direct releases were based on numerical 
modelling of 137Cs dispersion in the ocean using measurements for validation. The atmospheric deposition on the ocean 
was estimated for 137Cs to be between 0.18 - 10 PBq (60 - 100 PBq for 131I).

Table 1 presents the estimated atmospheric releases and direct release to the ocean of key radionuclides compared to 
those released at the Chernobyl accident and part of the total inventory.

Table 1: Estimated atmospheric releases and direct release to ocean of key radionuclides.

Radionuclide Type Atmospheric releases Direct release
to ocean 
[PBq]

aauiushima
[PBq]

(5) Chernobyl 
[PBq]

Xe133 Noble gas 12,000-6,000 6,500
j131 Volatile 400-100 1,760~ 20 - 10
Cs137 Volatile 20 - 7 85~ b 6 - 1

a excluding early estimates (March - April 2011). 
b IRSN estimate of direct release as high as 27 PBq

Based even on the most conservative estimates, the atmospheric releases of 131I and 137Cs did not exceed 25% and 45% of 
the Chernobyl release, respectively.

Deposition of radioactivity in the terrestrial and oceanic environment

Radionuclides released to the atmosphere following the accident were subjected to a variety of physical and chemical 
processes that determined their eventual fate. Both the meteorological conditions and the release rates of radionuclides 
varied considerably during the period of atmospheric releases, causing wet and dry deposition as illustrated in Fig. 1.
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Figure 1: Timing and locations of the main deposition events (6).

The dispersion of radionuclides in the ocean was mainly influenced by large scale surface currents as the cold Oyashio and 
warm Kuroshio Currents. As the transition area is in the vicinity of the Fukushima NPP, it played an important role in the 
dispersion of the direct releases, the Kuroshio Current acting as a natural barrier minimizing the influence of the releases 
southward to Tokyo Bay.

The deposited radioactive material migrated through the environment and led to elevated activity concentrations in soil 
and marine sediments and in plants and animals, including foods.

Occupational exposure

Approximately 23,000 workers on the site in the period from March 2011 to December 2011 (emergency workers, first 
responders, and other workers) and more than 8,000 members of the Self-Defense Forces (SDF) were involved in the 
emergency response. Only six TEPCO workers exceeded the temporarily revised annual effective dose limit for emergency 
workers of 250 mSv, and 174 workers in total exceeded the initial 100 mSv emergency dose limit during 2011. Internal 
exposure from the inhalation of radionuclides, mainly 131I, was the dominant contributor to doses received by the six on
site workers who exceeded the emergency dose limit in 2011. This was a consequence of challenges associated with 
respiratory protection during the emergency phase of the operations. The highest absorbed doses to the thyroid received 
by two emergency workers at the FDNPP are estimated to be in the region of 10 Gy.
The effective dose of firefighters, police officers and SDF personnel involved in on-site emergency activities did not exceed 
100 mSv and the majority received doses of less than 10 mSv. Of the SDF personnel who worked off-site 5 received 
effective doses in excess of 10 mSv, but less than 20 mSv.

Public exposure

The highest radiation exposures for the public occurred in the first months owing to external irradiation from deposited 
material, inhalation and, possibly, ingestion of foods. At later times, radiation exposure decreased significantly, and 
external irradiation from deposited material became the most significant exposure pathway. For the people who were 
evacuated or who lived in the areas where levels of radionuclides in the environment were highest, effective doses in the 
first year are estimated to range up to 10 mSv, and again, all indications are that doses in subsequent years are 
significantly lower.
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Personal external dosimetry was performed during a few periods in several locations of the Fukushima Prefecture. These 
data can be compared with the projected additional annual effective doses from external pathways, estimated using the 
UNSCEAR methodology.
Although these measurements are very limited in the early period, they are generally in reasonable agreement and in 
several cases lower than the estimates of the 2014 UNSCEAR Report (7).

Conclusions

The Fukushima Daiichi Accident IAEA Report is the most comprehensive report which provides a description of the 
accident, its causes and consequences.
Technical Volume 4 - Radiological Consequences is based on the most updated data and describes in deep the presence of 
radioactivity in the environment, the protection measures implemented, radiation doses incurred, health effects and the 
consequences to non-human biota.
The Fukushima accident was a severe test for radiation protection, which resulted in relatively small radiation doses. No 
early health effect occurred and no late effects are attributable, at this time, to radiation. The radiation protection 
principles seemed to be successful. However, factual information in an understandable and timely manner needs to be 
communicated to individuals in affected areas. The societal and psychological aspects of intervention measures should be 
addressed.
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Introduction
Monitoring of internal exposure to radionuclides is conducted in order to demonstrate compliance with regulatory 
requirements and to assess radiation risks for radiation workers. The assessment of internal dose is based on several 
parameters that need to be considered:
a. Individual monitoring measurements, which might include in vivo measurements, such as whole body counting 

(WBC) and in vitro measurements, such as urine measurements.
b. Additional data concerning the internal exposure, which might include the radionuclide physical and chemical 

characteristics, internal dose pattern (inhalation, ingestion, etc.), exposure date, etc.
c. A biokinetic model, which predicts the internal behavior of the radionuclide, after intake has occurred.

Two types of internal exposures monitoring can be identified: workplace monitoring and individual monitoring. In those 
types there are four categories of monitoring programs that can be defined: routine monitoring, special monitoring, 
confirmatory monitoring and task-related monitoring. This paper is focused on the process of establishing a routine 
individual monitoring programme for internal exposure of the Nuclear Research Centre Negev (NRCN) workers.

Results
Individual monitoring programme of internal exposure (type and frequency) of the NRCN workers is determined according 
to several criteria:

1. The need to recognize and assess any internal dose that is above the recording level, as defined in the IAEC standard 
(1) (1 mSv per year time multiplied by the monitoring interval in years, e.g., 0.25 mSv in 3 months).

2. Applying the ICRP recommendation that the monitoring intervals are selected so that, if intake is assumed to be the 
middle of the monitoring interval, any underestimation of the dose, introduced by the unknown time of intake, is no 
more than a factor of three (2).

3. Applying the requirement of Ordinance No. 6 of the Israeli Safety Regulation, which states that "workers that their 
main work is with radionuclides that are handled in open apparatus, shall be monitored in a frequency that is no less 
than once in three months, unless another frequency is approved by the regulator" (3).

4. Applying monitoring programme that is consistent with that used in other countries (Europe, USA).

These criteria were applied to the individual monitoring of internal exposure to uranium at the NRCN, which is based on 
urine measurements that are analyzed by an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) system at the 
Geological survey of Israel. The criteria were applied to natural uranium with Absorption Type that characterizes NRCN 
("NRCN Type" uranium) (4), and three monitoring intervals were examined: 1, 2 and 3 month, as follows:
1. Table 1 introduces the derived recording level for uranium in urine, as a function of the interval between successive 

measurements, as compared to the minimum detectable amount (MDA) of the ICP-MS system at the Geological 
survey of Israel, which is use for the analysis of uranium in urine samples. As can be seen, the derived recording levels 
are above the MDA for all monitoring intervals and therefore all doses above recording level can be recognized and 
assessed.
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Table 1. Derived recording levels for uranium in urine, as a function of 
the interval between successive measurements

Urine monitoring interval 
(month)

Derived recording level for natural 
uranium in urine (ng/l)

MDA (ng/l)

1 26
52 25

3 29

2. Table 2 introduces dose values that were calculated assuming intake occurred in two periods, within the monitoring 
interval: 1. at the beginning of the interval (the highest dose possible within the monitoring interval). 2. at the middle 
of the interval (according to the ICRP recommendation, in a case where the intake time is unknown). As can be seen, 
the dose ratios are lower than the value of 3 and therefore all three intervals comply with the ICRP recommendation.

Table 2. Ratio between doses that were calculated assuming two different intake periods

Urine monitoring interval 
(month)

Intake period, within the 
monitoring interval

Calculated dose 
(mSv)

Dose ratio

1 beginning 3 2.31
middle 1.3

2 beginning 5.8 1.87
middle 3.1

3 beginning 7.7 1.64
middle 4.7

3. All three monitoring intervals comply with Ordinance No. 6 of the Israeli Safety Regulation requirement on monitoring 
interval.

4. Table 3 introduces typical monitoring intervals used around the world (5-7) for monitoring internal exposure to uranium 
using urine measurements. Monitoring interval of three months is widely used in most nuclear practices.

Table 3. Typical monitoring intervals used in various countries for monitoring internal dose to uranium using urine 
measurements

Country Uranium in urine monitoring interval (days)
France 60, 90
Great Britain 30, 90
Belgium 1, 180
Italy 60, 90
USA 14, 30, 60, 90, 360

Conclusion
Several criteria were applied in establishing routine monitoring of internal exposure to natural uranium at the NRCN. An 
individual monitoring interval of three months between successive urine measurements was found to be compatible with 
all the criteria and therefore was implemented for workers with uranium at the NRCN.
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Strengthening radiation protection education and training in Israel

Introduction
The IAEA sees education and training as a fundamental part of a sustainable safety policy. Maintaining an adequate 
number of competent personnel is an essential element of a national infrastructure for radiation protection (1). In 2013 a 
project aimed at strengthening radiation protection education and training in Israel was initiated by the Nuclear Licensing 
and Safety Office (NLSO) of the Israel Atomic Energy Commission (IAEC). This project is funded by the IAEA Technical 
Cooperation (TC) program which is one of the IAEA mechanisms to deliver services to its member states.
The overall objective of the project is to improve and strengthen the education and training of radiation protection 
practitioners in Israel by enhancing the capabilities of the training institutes for radiation protection in Israel.
There are three training institutes in Israel that train occupationally exposed workers: The National School for Radiation 
Protection at Soreq Nuclear Research Center holds a training course for Radiation Protection Officers every 2 months. In 
each course there are 30-40 participants from industry, research facilities and the medical field that work with radiation 
sources. The Radiation Protection School at the Nuclear Research Center Negev (NRCN) trains its workers and the First 
Responders Training Center of the IAEC trains first responders to deal with radiological events.
As part of the project, the IAEC invited an expert mission to evaluate the education and training infrastructure and local 
needs. Through its TC program, the IAEA offers various training courses, scientific visits and fellowships in relevant 
institutions abroad for leading instructors of the radiation protection training institutes and for regulators. The TC 
program also includes inviting international experts to give seminars for regulators and radiation protection specialists.

Activities
The various activities of the project were approved by the IAEA Board of Governors in November 2013 and the project 
began in January 2014. Since the beginning of the TC project 6 IAEC employees (regulators, scientists, engineers and 
technicians) have been trained in this framework. A leading instructor in one of the radiation protection schools of the 
IAEC visited the Greek Atomic Energy Commission to study the Greek national strategy for education and training. Four 
new instructors in the radiation protection schools were trained in relevant scientific visits and a new regulator 
participated in a US-NRC training course on safe transport of radioactive material.
An EduTA (Education and Training Appraisal) expert mission visited Soreq Nuclear Research Center (SNRC) in May 2015 
with the general objectives to carry out a detailed appraisal of the status of the provisions for education and training in 
radiation protection and the safety of radiation sources in Israel; To identify areas in education and training, where the 
provisions should be improved to meet the IAEA safety standards, the national education and training needs and best 
practices. The expert mission comprised 2 international experts and the IAEA technical officer of the project. 
Representatives from relevant ministries and representatives from the IAEC NLSO, as well as from the radiation protection 
schools took part in the visit. During the visit the regulatory infrastructure for radiation protection in Israel and the 
different radiation protection schools were presented.
The EduTA expert mission report states that Israel has a comprehensive legislative infrastructure that requires employers 
to provide suitable training for occupationally exposed workers. The report also presents several recommendations:
1. Reactivation of the national advisory committee for radiation protection to provide coordination in the fields of 

radiation protection education and training.
2. Development and implementation of radiation protection education and training requirements for health 

professionals, including the specification of minimum educational requirements for each category of health 
professionals and the specification of appropriate radiation protection training syllabi.
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3. Development of legislation to cover the optimization of radiation doses to the patient during medical exposure.
The expert mission also suggested considering setting minimum educational requirements for Certified Radiation 
Inspectors and Radiation Protection Officers.
In October 2015, a seminar was conducted at Soreq Nuclear Research Center on the radiation risk to the lens of the eye 
by Prof. Norman Kleiman from Columbia University, NY, with participants from relevant government ministries, IAEC 
nuclear research centers, hospitals and other radiation protection specialists.
Several activities will be implemented in 2016, including a scientific visit for a leading instructor of first responders to a 
radiological event, to study the training process of first responders in a similar institute.
A continuation project was approved by the IAEA Board of Governors and is expected to start at the beginning of 2017. 
The continuation project will focus on enhancing capabilities of radiation protection practitioners in the medical field, in 
accordance with the recommendations of the May 2015 EduTA expert mission. In addition, the next project will also 
include fellowships and scientific visits on the safe treatment and disposal of radioactive waste.

Summary
As expected, the trained personnel enhanced competence in radiation protection and improved existing education and 
training programs. It also created positive communication between the different radiation protection specialists and 
regulatory bodies in Israel.
This project also gave radiation protection specialists opportunities to meet leading experts in their fields, to learn about 
advanced equipment and techniques and to experience first-hand different approaches to training in radiation protection.

References
7. IAEA. Building Competence in Radiation Protection and the Safe Use of Radiation Sources. IAEA Safety Standards 

Series. No. RS-G-1.4 (2001).

29



32

What We Can Learn From Recent Radiation Safety Events 

Rafael Srebro
Radiation Safety, Ben-Gurion University of the Negev, Israel

In recent years there were some radiation accidents in developed countries like the USA, Italy and England .In my lecture I 
will present those events and the lessons that we in Israel can learn.

Lost Cs-137+AmBe sources almost every day in the USA 

Radiography accidents in the USA

Radiography accident in England

Source in a container in Italy
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Main Considerations in Radiation Safety Inspections of Medical Accelerators
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Introduction
Linear accelerators are widely used for radiotherapy in Israel. A linear accelerator emits high energy photons with 
energies up to 18 MeV. Before first use and on an annual basis, every accelerator should undergo a radiation safety 
inspection ("environmental occupational inspection") by a Certified Radiation Inspector (CRI), as mandated by the 
regulations for occupational radiation protection (1).
The inspection should be repeated whenever operating conditions are changed and can affect radiation levels in 
accessible areas.
This article presents two radiation safety considerations that must be taken into account during the inspections (safety 
systems and dose rate measurements) and explains their influence on the radiation safety assessment of the facility.

SAFETY SYSTEMS
In order to decrease the probability that unwanted exposures could occur, radiation safety systems must be installed in an 
accelerator facility. Table 1 lists the radiation safety measures for medical accelerator facilities, as recommended by the 
IAEA(2).

Table 1- Safety measures for medical accelerator facilities (2).
Safety measure Description
Safety instructions Posted at the entrance to the accelerator room
Warning signs On the entrance door to the room
Red alert
Flashing red light

Two red lights will be placed above the entrance door, one light will function while there 
is power to the accelerator. The other will flash during irradiation. A set of lights should 
also be installed in every room accessible from the accelerator room.

Audible signal An audible signal is continually heard while radiation is being produced
Safety interlocks Two interlocks will be placed at the entrance door to the accelerator room
Emergency shutoff switches Will be placed in the control room, inside the accelerator room and other rooms

accessible from the accelerator room and on the accelerator. Each switch will be labeled
for identification.

Last out switch A last out switch will be installed inside the accelerator room and in other rooms
accessible from the accelerator room. Each switch will be labeled for identification.

Photoelectric cells In facilities that operate in 6 MeV mode, it is possible to operate the accelerator while the 
door is open. A photoelectric cell must be installed at the entrance to the room.

DOSE RATE MEASUREMENTS
The regulations state dose limits for different populations: occupationally exposed workers (1), pregnant female workers 
and members of the public (3). The dose limits are presented in Table 2. In order not to exceed the dose limits, the 
shielding needs to be designed and several other factors need to be considered according to NCRP 151(4). When the CRI 
measures the dose rate around an accelerator room, he needs to consider the same factors. In this section a simplification 
of the calculation of the total dose in areas surrounding an accelerator room is presented.
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Table 2 - Dose limits as in the regulations for radiation protection of workers (1) and members of the public (3).

Population Dose limit (mSv/year) Dose constraint (mSv/year)
Occupationally exposed workers 20

(Average dose on 5 years)
2

Pregnant female workers 1
Members of the public 1 0.3

Another limitation is that the dose rate in accessible areas should not exceed 25 ^Sv/h(2).
The CRI needs to consider 4 main factors when he compares dose rate measurements to the annual dose limits as 
mentioned in the regulations.
1. Workload

The NCRP considers the workload (w) as the absorbed dose delivered to the isocenter in a week. This includes the 
maximum number of patients treated in a week and an estimate of the absorbed dose delivered per patient. It should 
also include an estimate of the maximum weekly absorbed dose delivered during quality control checks, calibrations 
or other physical measurements. According to our experience, the workload can simply be considered as the annual 
working hours of the accelerator. In Israel the workload does not exceed 500 hours per year. This number is based on 
6 patients per hour and one minute irradiation per patient at most, meaning one hour of beam-on per day or 300 
hours in a year.

2. Workload (energy factor)
Three main energies are used in therapeutic accelerators: 6 MeV, 10 MeV and 18 MeV. According to our experience, 
in most of the radiotherapy departments each energy is used 1/3 of the time.

3. Use factor (direction)
Although any direction of the gantry of the accelerator can be used, we only considered the 4 main directions for 
practical reasons: 0°, 90°, 180°, and 270°. According to our experience, it can be assumed that the frequency of 
irradiation in each main direction is 25%.

4. Occupancy factor
NCRP 147 lists 6 values of the occupancy factor, when specific information is not available (5), as can be seen in Table 3

Table 3 - Occupancy factors according to NCRP 147 (5)
Location Occupancy factor

Reception areas, attended waiting room, control rooms, children indoor play areas 1

Rooms used for patient examination and treatment 1/2
Corridors, staff rest rooms 1/5
Corridor doors 1/8
Public toilets, storage rooms, outdoor areas with seating 1/20
Parking areas, stairways, elevators 1/40

Conclusions
The following conclusions and recommendations can be drawn from the present work:
1. To ensure that the probability of an accidental exposure to workers or members of the public is kept as low as 

possible, accelerator facilities must include all the safety systems listed in Table 1.
2. During the annual inspection of a medical accelerator by the CRI, the four discussed factors need to be considered for 

dose assessment.
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A Novel Device for Preventing Acute Radiation Syndrome and Reducing Cumulative Marrow Dose

Itzhak Orion1, Oren Milstein2, Andrey Broisman2,3, Tuvia Schlesinger2 
1Department of Nuclear Engineering, Ben Gurion University of the Negev, Israel 

2Research & Development, StemRad Inc, Palo Alto, USA 
3Department of Physics, Weizmann Institute of Science, Israel

The importance and current feasibility of protecting emergency responders through bone marrow selective shielding is 
highlighted in the recent OECD/NEA report on severe accident management (NEA/CRPPH/R(2014)5). Until recently, there 
was no effective personal protection from externally penetrating gamma radiation. In Chernobyl, first-responders wore 
makeshift lead sheeting for protection. In Fukushima, emergency personnel undertook disaster mitigating activities 
without any protection from gamma radiation. In order to shield as much of the body as possible, older personal shielding 
solutions used only thin layers of inherently heavy radiation-attenuating materials. These types of solutions are 
ineffective in blocking energetic gamma radiation. Receiving a high dose of gamma radiation over a short period of time 
may result in Acute Radiation Syndrome. Protracted exposures to gamma radiation may result in malignancies. In the case 
of high-dose exposure, the survival-limiting factor at doses up to 10 Gy is irreversible bone marrow damage. In the case 
of protracted exposures, bone marrow is very susceptible to carcinogenesis and exposure of large areas of marrow to 
radiation significantly increases the risk of leukemia. Compounding this is the shorter latency time of leukemia compared 
to other radiation induced cancers. This highlights the importance of shielding bone marrow tissue for prevention of both 
deterministic and stochastic effects. Due to the extraordinary regenerative potential of hematopoietic stem cells, to 
effectively protect from the deterministic effects of bone marrow exposure, it is unnecessary to protect all or even most
of the bone marrow tissue. This is exemplified in transplantation, where only a fraction of the donor's marrow (<5%) is
sufficient to rescue a lethally irradiated recipient. This biological principle allows for the provision of a new class of 
personal protection equipment (PPE) providing unprecedented attenuation of external radiation to select marrow-rich 
regions of the body, thus deferring ARS to only much higher doses (>7 Sv vs. as low as 1 Sv today). As approximately 50%
of the of the body's active marrow is contained within the pelvis, shielding this region holds great promise for preventing
the deterministic effects of bone marrow exposure and concomitantly reducing the stochastic effects from any such 
exposure.
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Regulatory Practices of IAEC for Research Reactors

Yacov Barnea1, Menashe Aboudi1, Maor Avnaim1, Meir Markovits2
1Research Reactor Safety Department, Nuclear Licensing and Safety Office, Israel Atomic Energy 

Commission, Israel
2Nuclear Licensing and Safety Office, Israel Atomic Energy Commission, Israel

The ISRAEL Atomic Energy Commission (IAEC) management is committed to safe operation of its two nuclear Research 
Reactors (RRs) in particular and the other Nuclear Installations in general, by implementing comprehensive safety 
practices such as the International Atomic Energy Agency (IAEA) Safety Standards and Technical Guides. These standards 
are studied, validated and adopted by the Nuclear Licensing and Safety Office (NLSO), the professional Regulatory 
Authority of the IAEC nuclear facilities, in order: a) to develop and enact appropriate and clear safety requirements; b) to 
review, assess and verify compliance with these requirements; and c) to perform periodic inspections of the facilities upon 
an agreed modular structure, based on the Safety Analysis Report (SAR) of each facility. The following presentation 
overview various regulatory activities related to the RRs of IAEC as mentioned above. Most of the practices carried on by 
the NLSO were presented and evaluated by an IAEA Integrated Nuclear Safety Assessment of Research Reactors (INSARR) 
international audit mission held in Israel from 7 to 11 July 2013. The purpose of the audit was to conduct a peer-review of 
the safety of the IRR-1 MTR Pool type Research Reactor, located in the Soreq Nuclear Research Center (SNRC). The 
outlined practices reflect a permanent commitment of the NLSO to continuously improve IAEC nuclear facilities safety.
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A Review of Safety Analysis Philosophies for Nuclear Reactors
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Introduction
Various questions can be examined when discussing safety in general. Among these some key issues are the attitude 
towards risk and its acceptance, the ways of identifying, analyzing and quantifying risks, and societal factors and public 
opinion towards risks. The identification and quantification of risks are central in the regulatory framework and decision 
making and will be the focus of this article. Various approaches have been used for safety analysis over the years. This 
paper will survey some of the central attitudes in the nuclear reactor regulation philosophy and discuss the historical 
background surrounding them. Among these we mention the defense-in-depth approach, the design-basis-accident (DBA) 
and beyond-design-basis-accident (BDBA) analyses and discuss the rather subjective nature of their associated decision 
making.
We maintain that it has long been recognized that the natural approach that comes out of the scientific method of inquiry 
is the probabilistic one, which in today's tools is conducted through the probabilistic-safety-analysis (PSA) method. This 
approach unlike the deterministic one, which produced concepts like DBA and defense in depth, enables us to put risks 
into context and to compare different risks such as those posed by different activities in particular or by other industries 
in general. It has consequently been gaining wide acceptance in regulatory bodies around the world as an effective tool in 
the inspection and regulation of nuclear reactors. Yet it is also recognized that despite significant development over the 
past few decades, PSA still suffers from some well-known deficiencies. Its main benefit at this point is its contribution to 
identification and prioritization of design features, maintenance, management and quality assurance (QA) important to 
safety. PSA has mostly been used in the nuclear power industry but in recent years it has also started to be incorporated 
in research reactor (RR) safety analysis, and we therefore cover the subject of PSA usage for this purpose as well.
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INTRODUCTION
Since September 11 attacks, significant research has been conducted regarding Nuclear Power Plants' (NPPs') capacities to 
withstand manmade and natural extreme events such as airplane crash, tornados and missiles. The researches focused 
mainly on the containment building. However, the manmade extreme event of external explosion, resulting from air
bomb or cruise missile, is not considered like the other hazards mentioned by safety guides and manuals[1],[2].
This research deals with two important auxiliary facilities the Westinghouse AP1000 NPP: the control room and the fuel
handling buildings, both of which are made of reinforced concrete (RC). The control room is required for safety shutdown 
of the reactor and monitoring critical parameters, while the fuel handling building provides shielding that prevents 
hazardous radioactive materials release to the atmosphere.

RESEARCH GOAL
Integration of structural damage (Fig. 1a) and in-structure shock analysis (Fig. 1b) of the aforementioned auxiliary facilities 
and their internal systems due to blast loading as a function of the standoff distance (the distance between the weapon's 
explosive center of gravity and the outer surface exposed structure).

Figure 2. (a) Structural damage, (b) in-structure equipment damage, and (c) integrated damage model, versus standoff 
distance

RESEARCH METHOD

The suggested model is based on conservative blast resistant analysis, which may be performed using simplified 
procedures[3].
A shock wave in the free air due to an explosion (Fig. 2a) results an immediate pressure rise to a peak incident pressure,
Pso, which decreases exponentially while crossing the ambient pressure after duration time, to, towards a suction phase
that lasts to" in which the pressure is lower than the ambient pressure. When the shock wave hits normally (0° incidence 
angle measured versus the wall normal) the structure's front wall, it reflects back and reflected pressure, Pr, is applied. Its 
peak equals 2^12 times Pso, where the highest reflected pressure occurs right near the weapon. Both the reflected 
pressure and impulse decrease as the incident angle grows from 0° to 90°. Fig. 2b displays a pressure-time history of 
above ground explosion.
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(a) (b)

Figure 3. (a) Hemispherical blast wave effects on a nuclear facility structure's front wall, and (b) pressure-time variation of 
above-ground explosion
PARAMETRIC STUDY

Structural dynamic analysis of the Westinghouse AP1000 control room response to blast loading had been performed. The 
analysis method is based on the following assumptions, definitions and approximations:
1. The dimensions of a representative vertical typical strip of the control room's external wall[4] are 1x12x0.6 m (width x 

height x thickness). It includes <P35.81@152.4xl52.4 mm (#ll@60x60 in) with nominal strength of 400 MPa 
(equivalent to the U.S. grade 60) steel reinforcement meshes at the front and rear sides of the wall with concrete cover 
of 25 mm.

2. The external wall is made of normal strength concrete (NSC) B-30 (30 MPa compressive strength) according to the 
Israeli building standard.

3. The wall is fixed to the structure's floor and roof. Since the structure's wall height to width ratio is greater than 2, a 
one-way structural scheme was used.

4. The suction phase is ignored[5].
5. No weapon fragmentation was considered. Focusing only on the blast effect.
6. The facility is sealed; the shockwave does not penetrate into the analyzed structures.
7. Normal reflected pressure. was applied on the front wall of the structures. This is considered a conservative and good 

approximation that over-predicts loads, when the angle of incidence is approximately less than 40° [6].

The lack of structural damage demands for the NPP's auxiliary facilities led us to use the DoD structural damage levels[7]. 
Due to the sensitivity of the NPP, no spalling and no breaching were allowed. The defined damage levels, which are mainly 
based on the structure's supports angle of rotation (0) and the ductility ratio (the dynamic to the elastic displacement 
ratio), are displayed in table 1. The conservative definitions are marked with asterisk.
Typical equipment was analyzed under in-structure shock environment; direct-induced ground shock (ground motions 
due to energy transfer to the ground) and air-induced ground shock (ground deflections due to blast wave)[3].

Table 1. Structural damage level of NPP's RC concrete used for the analyzed structure

Damage level
Definition comments

Light/no damage 0=1° or p=1 The approved upper bound
Moderate 0=2°

Spalling*, breaching* and shear* are
forbidden

Severe 0=4°
Destruction/failure 0=12°
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RESULTS AND DISCUSSION

The deflection of the control room's external wall due to an external explosion of Scud B-100 (WTNT=1000 kg) at standoff 
distances ranging between 250m (far range) to contact, have been conducted as a case study. The dynamic analysis is 
based on the single degree of freedom (SDOF) method[8]. The blast positive phase parameters are based on simplified 
equations[9]. The spalling and breaching analysis are based on empirical formulation and diagrams[7]. Monitor and control 
equipment, which is usually used in control rooms, was analyzed under in-structure shock environment[3] by using its 
typical dynamic tolerances[10].
Table 2 and figure 3 present the structural damage caused by the external explosion. The numerical results were 
normalized to damage levels (Fig. 3): no damage and light damage are assumed as 0% damage and failure is assumed as 
100% damage. Moderate and severe damage are assumed as 50% and 75% respectively. Safe standoff distance is at least 
20m. The equipment resistance to in-structure shock is presented in figure 3 and has two regimes: no damage and failure. 
For the example herein, at 30m standoff or less the equipment is expected to fail.

Table 2. Structural damage of the control room based on SDOF analysis

Explosion distance,
R [m]

Estimated support's 
rotation angle, 6 [°]

Estimated
damage

12 2.3 Moderate
15 1.3 Moderate
20 < 1 No damage
25 < 1 No damage

Figure 4. Control room's multi-failure mode damage evaluation model
SUMMARY AND CONCLUSIONS

An integrated damage model of a NPP's auxiliary facilities is presented. This model might be used in wider research 
concerning other NPP facilities and equipment, depend upon their specifications.
Further research may regard the front wall as a two way element, which might reduce the acceptable standoff distance.

REFERENCES
1. IAEA, "External Human Induced Events In Site Evaluation For Nuclear Power Plants," Internatinoal Atomic Energy 

Agency Safety Standard Series, Safety Guide No NS-G-3.1, Vienna, 2002.
2. IAEA, "External Events Excluding Earthquakes in the Design of Nuclear Power Plants," International Atomic Energy 

Agency, Safety Standard Series, Safety Guide No NS-G-1.5, Vienna, 2003.
3. D. O. Dusenberry, Handbook for Blast-Resistant Design of Buildings: John Wiley & Sons, Inc., 2010.
4. USNRC. "AP1000 design control document appendix 3H: auxiliary and shield building critical sections, Rev. 19," in 

"Westinghouse AP1000 design control document". Updated: 21, Jun 2011. Accessed on: 1, Jul 2015; accession 
number: ML11171A500 web: http://pbadupws.nrc.gov/docs/ML1117/ML11171A441.pdf .

5. T. Krauthammer, Modern Protective Structures: CRC Press, 2008.
6. G. S. Vasilis Karlos, Calculation of blast loads for application to structural components, JRC 32253-2011, European 

Commision Joint Research Centre (JRC), 2013.
7. "Structures to resist the effects of accidental explosions," Unified Facilities Criteria, no. UFC 3-340-02, United States of 

America, Department of Defense, 2008.

39

http://pbadupws.nrc.gov/docs/ML1117/ML11171A441.pdf


8. ASCE, Design of Blast Resistant Buildings in Petrochemical Facilities: 2nd edition, American Society of Civil Engineers,
2010.

9. C. Kingery, and G. Bulmash, Airblast Parameters from TNT Spherical Air Burst and Hemispherical Surface Burst, 
Aberdeen Proving Ground, no. ARBRL-TR-02555, U.S.Army Ballistic Research Laboratory, 1984.

10. "Technical manual: fundamentals of protective design for conventional weapons," no. TM 5-855-1, United States of 
America, Department of the Army, 1986.

40



112

Nuclear Reactor Safety and Accelerators (Tuesday, April 12, 2016 14:00)

Safety Improvement of IRR2 by Increasing Robustness of Equipment to Ground Acceleration

Almog Biton, Roy Freud, Yakov Sofer 
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Nuclear facilities and in particular nuclear reactors are designed to withstand ground acceleration due to earthquake and 
to maintain the structures, systems and components safety function. The three main safety functions are shutdown, 
removing of residual heat and indication of these two. Achieving these three functions will be called "Safe path".
The IRR2has many diverse "safe paths" to ensure these three safety function. Each one of them has its level of resistance 
to ground acceleration. A Project of increasing robustness of equipment to ground acceleration was initiated in order to 
improve the safety of the planet and to comply regulator guiding.

Methodology
Kelly [1], Hall [2], and Ebisawa et al [3] proposed the use of base isolation systems for improving the seismic capacity of 
various components. The results of their studies indicate that the use of base isolation in light secondary equipment or a 
large component can be beneficial in reducing the accelerations experienced by the component. Ebisawa et al [3] 
conclude in their study that the seismic base isolation can improve the seismic resistance of nuclear components and 
decrease their functional failure probability.
A seismic analysis of structures, systems and components essential to every "Safe path" was conducted and their level of 
resistance was evaluated. In the next step, modifications were suggested in order to increase the level of resistance. The 
main method was using frame supporting structure anchored to the building. Consequently, all parts of the system 
components are tied together to provide a continuous path that will transfer the inertial forces resulting from ground 
acceleration. In this manner the individual pieces cannot move independently and unable to pull apart, preventing partial 
or total collapse to occur.

The supporting structure included: support channels, side support channels and reinforcement flat panels. These support 
channels provide side-to side resistance to vibration forces, sustain damage when overloaded and continue to carry load 
without failure.

IMPLIMENTATION EXAMPLES
One of the systems that their seismic resistance capacity was increased was the electric system which includes electrical 
cabins and breakers (mostly at the reactor control room and electric breakers hall). Prior to the anchoring process a 
detailed mapping and construction was performed, figure 1 depicts the electric breakers hall model design.
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Figure 5: Electric breakers hall model design

Figure 2 presents the support channels, side support channels and reinforcement flat panels.

Figure 6: the left side of the figure presents the model of the support channels, side support channels and reinforcement 
flat panels and the right side presents the actual implementation

Another safety related system is the emergency backup diesel- generator and UPS batteries. At these system the fuel tank 
as well as the diesel- generator was anchored to the building infrastructure and the UPS batteries were assembled in 
seismically reinforced frames as presented in Figure 3.
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Bottom panel assembly Fuel tankDiesel-generator

Fuel tankUPS batteries seismically reinforced frames

Figure 7: Diesel- generator and seismically reinforced frames for UPS batteries

CONCLUSION
The IRR2 has an ongoing effort to improve safety in many aspects. In the current project safety improvement was 
achieved by increasing the level of resistance to ground acceleration of equipment used to shutdown, removing of 
residual heat and indication of these two.
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Review of Scientific Activity at SARAF in 2014-2015 and Prospects for the Future

Asher Shor
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SARAF (Soreq Applied Research Accelerator Facility) is designed as a high current 40 MeV proton/deuteron acceleration 
facility. Phase I, operational since 2013, has provided proton and deuterons at 4 and 5 MeV, respectively, for basic and 
applied research activities. Together with the LiLiT high power liquid lithium target, SARAF provides high flux Maxwellian 
neutrons at kT 30 keV, enabling studies of s-process reactions relevant to nucleo-synthesis of the heavy elements in giant 
ABS stars(1-3). Measurements performed together with the Hebrew University include activation of zirconium(4), argon 
krypton and xenon gas in titanium spheres (together with ANL and U. Frankfurt), bismuth (together with JlR-IRMM), 
cerium, selenium and gallium samples. Measurements of the reaction 7Be(n,ay)4Be are being performed, (together 
Hebrew Univ., Weizmann Inst., Univ. of Connecticut, PSI and CERN), to ascertain whether this reaction can account for the 
"primordial" lithium problem in big-bang nucleo-synthesis(5,6). A collaboration of SARAF and Tel Aviv Univ. will search for 
WIMPS as a possible source of "dark matter", with solid state detectors calibrated at SARAF. Other studies are performed 
in collaboration with Ben-Gurion Univ.(7,8). Schematic representation of SARAF phase I is shown in figure 1.

Figure 1. Schematic representation of SARAF Phase I showing: ECR Ion Source, Low Energy Beam Transport, Radio
Frequency Quadrupole, Prototype Superconducting Module, Diagnostic-Plate, experimental beam line, and Liquid- 
Lithium-Target.
The beginning stages of SARAF phase I operation were dedicated to commissioning and detailed study of accelerator 
components and systems to make possible understanding and optimizations necessary for effective acceleration of high 
intensity proton and deuteron beams. An example of an experimental run using the SARAF-LiLiT combination is shown in 
figure 2 showing neutron flux vs. time as measured by a fission chamber, where an average proton current of 1.6 mA 
impinging on the LiLiT target producing ~3.7x1010 Maxwellian neutrons/sec. The proton beam and LiLiT target were very 
stable during the 8 hour run.
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Figure 2. Graph of neutrons measured by fission chamber showing smooth operation of SARAF-LiLiT over the ~8 hour 
experimental run
We discuss one example of the astrophysical measurements at the SARAF-LiLiT facility. Activation of zirconium isotopes 
with Maxwellian neutrons, at neutron temperatures similar to those in giant ABS stars, is of important for furthering our 
knowledge of the s-process reactions responsible for nucleo-synthesis of the medium-heavy elements. The much higher 
flux of Maxwellian neutrons available at SARAF-LiLiT, as well as improved tools for simulation and calibration of 
experimental techniques, provide a unique opportunity for significantly improving existing data and for measurements 
hitherto not possible. Figure 3 shows Maxwellian Activations Cross Section (MACS) extracted from the activation of 
zirconium isotopes. The importance of this measurement has warranted publication of the experimental results in a 
recent issue of Physics Letters B(4).

Figure 3. MACS - Maxwellian Activation Cross Sections at kT=30 keV (approx. 300 million °C) for 94Zr and for 96Zr as 
measured at SARAF-LiLiT and published in Physics Letters B(4).
Another interesting experiment presently being performed at SARAF involves measurement of neutron interaction with 
7Be and the “Primordial 7Li Problem”. Big Bang Nucleo-synthesis (BBN) model predicts abundances of light elements 
spanning over 7 orders of magnitude, but over-predicts primordial 7Li/1H by a factor of ~3. For this experiment, we have 
formed an international collaboration involving U. Connecticut, PSI, CERN, Weizmann, Hebrew U. and Soreq. This 
collaboration will measure the direct destruction of 7Be via the 7Be(n,a)4He and 7Be(n,ya)4He reactions to determine 
whether this can account for lower primordial 7Li (most primordial 7Li from electron capture on 7Be).
Applied research at SARAF includes studies of radiation damage, especially of materials to be used as beam dumps, 
development and measurements of instruments for accelerator diagnostics (together with GANIL), test and evaluation of 
novel neutron detectors (together with Frascati, Milano and Torino), and evaluation of neutron spectra at SARAF.
A new target room for SARAF phase I, to be constructed in 2017, will enhance the capabilities of SARAF phase I and will 
enable programs such as of P-v correlation studies as precision test of the "standard model"(9). Copious production of 6He 
(and other exotic radioactive species) at SARAF high power accelerator provide the potential for unprecedented precision 
in p-v correlation with EIBT electrostatic trap developed at the Weizmann Institute. Artist sketch of SARAF building is 
shown in figure 4, with a red circle highlighting the new target room for phase I expected in 2017. The red rectangle 
shows the anticipated area for the target room planned for SARAF phase II.
Finally, SARAF phase II, planned for ~2019, will enable full SARAF capabilities with proton/deuterons at 5 mA and 40 MeV. 
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Figure 4: SARAF facility with the additional target room complex to be built in 2016
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Following the Fukushima and Chernobyl accidents[1] and the fact that Israel since its foundation is under continuous 
military threat, it seems conceivable that if and when a large nuclear power plant (NPP) will be built attempts should be 
made to construct the plant in underground cavities and tunnels. In the present study, the feasibility of siting a large 
power plant, such as AP1000TM[2], in the underground was investigated.

The results of the study show that it is possible to excavate the necessary cavities and tunnels for a NPP if underground 
rock of medium or higher quality can be found in the required depth. The excavated spaces will need to be strengthened 
by rock bolts and rock cables according to the rock local quality. In the present study the Adulam geological construct was 
considered. In addition to many safety benefits a greater public acceptance can be expected for an underground NPP.

Three siting methods were investigated. The 'Cut and Cover' technique which calls for excavating a large 'hole' in the 
ground, building the plant as designed by the vendor at the bottom of the cavity, and covering the 'hole' by the excavated 
rock. Estimates have shown that this method is the most expensive and provides the least protection. The boring 
technique in which tunnels and large cavities are bored with special equipment into the underground rock, is the 
technique most commonly used today to build underground hydro power stations, tunnels, fuel and gas storage[3]. The 
largest artificially bored cavity was excavated in Norway[4] for an Olympic hockey stadium, having a span of 61m. The 
largest cavity span needed for the proposed NPP is 45m.

Two bored siting methods were investigated. The first calls for underground placement of only those components which 
contain radioactive elements - i.e. most of the Nuclear Island, and those components needed for the safe operation and 
shutdown of the plant in case emergency. The rest of the plant, such as the turbine and generator hall, diesel generators, 
storage facilities etc. can be placed on top. The second option calls for locating the whole plant in underground cavities 
and tunnels, except for the cooling towers.

The major advantage of underground siting of NPPs is the reduced or even zero dispersal of radioactivity into the 
atmosphere in case of a major accident, in case of a military or terrorist attack or a large airplane crash on the power 
plant. A large number of underground tests performed in the US[5] and elsewhere have shown that layers of underground 
rock have an excellent retention capability and no radioactive dispersal was experienced above ground.

In the 1960s, several underground experimental reactors and two medium sized NPPs have been built in Europe. The best 
known is the 300MWe PWR plant in Chooz[6] in the Ardenes, between France and Belgium, supplying electricity into the 
grid of both countries. The second NPP was built in Krasnoyarsk[7] in the former Soviet Union. Al these underground 
plants were built in cavities excavated into the mountain rock on the verge of a large body of available cooling water such 
as a river or a lake. No technical problems in construction of these plants or operational difficulties were experienced 
during construction or operation of these plants. The underground reactor near Lucerne experienced a core meltdown 
due to a defective fuel rod, however no radioactivity dispersal was discovered above ground[8], and the incident was not 
attributed to the fact that this was an underground reactor.

In the present study, we have estimated that the additional cost of constructing a partially underground NPP will be 
between 8 to 12% to the total cost of the plant. For a fully underground site the cost increase will be between 12 to 19% 
of the total plant cost. The only cost saving element in building an underground NPP is the elimination of the containment 
shield which is an expensive plant components. The breakdown of the additional cost for a fully underground 1100MWe 
NPP is as follows:

1. Excavation 6-11%
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2. Redesigning some of the plant layout 2-3%

3. Underground construction 2%

4. Prolonged piping 1-2%

5. Licensing of the plant 1%.

These estimates are compatible with additional cost estimates presented in the literature[9] of proposed underground 
NPPs. We estimate that the additional plant construction time for the partially underground plant will be about two years, 
while for the fully underground plant about 4 to 5 additional years will be needed.

There is a significant uncertainty in the construction cost estimate and construction time. The eight AP1000TM power 
plants being built today[10] (4 in the US and 4 in China) are running 3 years behind schedule (Estimate of February 2015), 
the cost escalation at present is about 30% (not final).

The above estimates clearly show why no underground NPPs were built since the 1960s. No commercial enterprise can 
justify the additional cost and uncertainty of constructing an underground NPP, even with the major safety advantage. 
However a small country like Israel located in a permanent war zone might have no alternative if it wishes to construct a 
large NPP.
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As part of the IRR2 reactor preventive maintenance, an ultrasonic scanning system was developed for 
inspection of the reactor tank wall [1], [2]. The first ultrasonic inspection was carried out in 2007. Indications 
found on the second inspection in 2015 were evaluated and compared those found on 2007. While, the 
ultrasonic inspection provides various types of data, much of it had to be evaluated exclusively by human 
inspectors with aid of computed imaging. Special types of thickness variations, defined in computer 
algorithms were regarded as flaws. Designated algorithms successfully managed to locate and define the 
flaws without human assistance. Each flaw was evaluated by a set of measurements and required 
parameters. Consequently quantitatively compared to the results of the first scan, which is essential for the 
monitoring of the tank's state

A few types of measurements errors and saturation of the ultrasonic signals introduced inaccuracies to 
the evaluation of the flaws. Correction technics successfully applied to correct the mentioned and 
additional inaccuracies. The total scanned area is tens of square meters. Total number of indications is over 
44,000, of which over 1,500 were defined as flaws, significant enough for evaluation and comparison. 
This large number of flaws represents rigorous approach, aimed to find all the imperfections, rather than 
problematic findings.
Apart from the evaluation of thickness variation, quantitative approach was followed in the measurement 
of the tank shape. While the tank is nominally a round cylinder, deviations from roundness do exist. 
These deviations were accurately determined and minute changes between the previous scan and the 
present were detected. This task is challenging since the ultrasonic transducer is located the tip of a folding 
arm on a few meters long manipulator, inserted into the tank through a central diameter hole of a few 
millimeters.

1. Introduction

1.1. System and Mechanics

A special apparatus was developed for the ultrasonic inspection of a research reactor tank wall, from 
inside, without removal of the top cover of the vessel (see Fig 1). A manipulator, carrying an ultrasonic 
search-unit is inserted into the tank through a central diameter hole of a few centimeters. The compact search 
unit carries up to 16 ultrasonic transducers, positioned at angular and straight orientations and 
operating both in pulse-echo and pitch-catch modes. The inspection is done by the immersion technique 
using the coolant / moderator water as a medium for ultrasound transmission. The system is designed to scan 
the entire area of the tank wall with high resolution.

1.2. Data Acquisition
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1.3. A system comprised of three computers working in parallel and a 2 TB RAID storage device, as well as a 
dedicated software package were developed for the processing of an enormous amount of data. The 
stored data includes the entire raw data generated ultrasonic scanner [3]. This raw data contains the A- 
Scans with sampled at 50 MHz for of each of 1 mm x 4 mm size pixels. The amount of data is doubled with the 
2015 scan. In 2007 scan, the results of the scan were processed manually by an NDE expert, surveying standard

computerized C-scan images. Due to enormous amount of data, the main focus was on the noticeable flaws. 
Locating all the flaws in this enormous area and comparing flaws of 2007 to flaws of 2015 is a task to be 
carried on by designated algorithms. Retroactively, knowing there are above 44,000 indications, it is obvious 
that the task is not applicable for humans.

Fig. 1: Schematic of the manipulator and the ultrasonic system.

1.3. Validation

The ultrasonic technique was calibrated on specimens with known flaws. These specimens were 
intentionally covered with stone by boiling them in tap-water, in order to simulate the sediment layer in the 
tank.

Fig. 2: A - Specimens with known flaws; B - C-scan of a flaw-containing area (image produced by 6 
pairs of angular 2.25 MHz transducers, in Pitch-Catch configuration).

Partial flaws schematic is presented in Fig 2-A, inner surface flaw represented by red lines and outer 
surface flaws by black lines. In Fig. 2-B a C-scan (transmitted signal in pitch-catch mode) of an area containing 
such validation-flaws is shown. Inner surface flaws are distinguished from outer
surface because each inner-surface flaw produces a doubled image in this type of display, while outer 
surface flaws produce a single image
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2. Methods

2.1. Signal distortions correction

The signals measured by the system are A-scans, which is the voltage proportional to pressure on the 
transducer as a function of time. Fig. 3 shows width measurement of tank wall mad e by central 
perpendicular transducers. The width is proportional to time difference between two following pulses. 
Calculating the time difference between extremum A and extremum B would yield the correct answer.

Fig. 3: A-scan containing distorted signal.

One example of measurements error is getting, due to interference, an extremum at point C instead of 
point B. The time difference is between B and C is the one period of the 5 MHz transmitted transducer 
signal. For aluminum sound velocity of 6.3 km/s the width measurement error is 0.63 mm. This type of error 
is identified by comparison of each pixel to its neighbors. In case of significant distinction from
surrounding pixels, measured values correcting is applied. Graphical example of mentioned and additional 
corrections is presented in the next chapter.

2.2. Saturated and Missing Data Correction

Geometrical flaw parameters (such as area, volume and more) are measured by algorithms applied to A - 
scans of perpendicular transducers. The amplitude of those A-scans depends, besides presence or absence the 
flaw itself, on the surface to transducer angle. Some A-scan signals were attenuated, which does not interfere 
the measurements, while other got to high and became saturated. Saturated signal loses the information 
required for measurements or introduces significant measures errors. For significant angle deviations,
the ultrasonic pulse does not return to the transducer from the tank wall. Furthermore, as expected, flaws

Mrssing data Positive measurement errors

Y [mm)
Negative measurement errors

20 70 170 X|mm] J

distort the signal and sometimes the only information is that there is no signal. With absence if signal it is 
not possible to do measurements. Example of an area with mentioned errors id shown in Fig. 4.

Fig. 4: Width measurements with missing data and errors.
Fig. 5 demonstrates (in 2D cut) original (blue) and corrected (green) measurements from in Fig. 4.



Correction by adaptive interpolation of missing data is seen around 130 mm, and correction of distortion 
influenced measurement at 115 mm. The final 3D result is demonstrated in Fig. 6 

Fig. 5: 2D plot of original and corrected measurements.

Fig. 6: Width measurements with correction of missing data and of errors.

2.3. Data Correction Evaluation

Correction demonstrated in previous chapter was verified by applying artificial measurement errors 
and deleting data from an area free of such distortions, see Fig.7. The amount of distortions added in this 
test was 10 time fold of actual distortion spread. Furthermore, different kinds of distortion were coupled in 
neighbor pixels to make the correction more challenging. Appling correction technics successfully corrected 
the applied distortions. The mean correction error is 0.01 mm, and the maximal error is less than the required 
accuracy of 0.07 mm.

Fig. 7: Area with artificially added measurements e rrors and deleted data.

2.4. Flaw Definition and Comparison

Defining a flaw relatively to a non-perfectly flat 
surface is challenging task. The definition of the "flat 
surface" is based on combination on LPF of the real 
surface. The defined surface is flat enough relatively to 
flaws and varying enough to follow the real surface (Gray 
8). According to this "defined surface" (bold dashed line in 
the flaws were defined (yellow Fig. 8). The depth of the 
M (Fig. 8) is the first criteria by which we address the

Fig. 8: Definition of a surface and a flaw.

the 
Fig. 
Fig. 8) 
flaw 
flaw.

Suspected pixels defined as M THR (THR = 0.2 mm). The basic definition of a flaw is a cluster of above 3 suspect 
pixels.

52



The next step is to define the borders of the flaws. Fig 9. demonstrates a problematic shallow flaw, near to 
the measurements accuracy. Based only 2015 measurements we can assume there are 3 separate the 
flaws, but taking into account the flaw of 2007, it is obvious there is a single flaw, measured differently. 
The reason for this difference is that the noise and accuracy of measurement make some of the 
measurements to be above or below the THR. Therefore, for a final definition of flaws we merge, if 
necessary, the segmented flaws with regard to both the 2007 and the 2015 scans. Finally, each flaw 
obtains unique serial number, see Fig 10 and a set of geometric and relative parameters.

Fig. 9: A-Flaw #749 at 2007, B - Flaw #749 at 2015.

Fig. 10: Example of an area with a few flaws.

Results and Conclusion

This work presents method in which flaws found by ultrasonic or other measurement can be defined 
and measured. A method for data correction proved to be useful in case missing and distorted data presented 
as well. The total number of indications found is 44,028, of which 1527 were defined as flaws, measured and 
compared. None of the flaws found to be growing in the time period between 2007 and 2015, above the 
accuracy of the measurements, which is 0.07 mm.

1336 1385
1406 1489
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INTRODUCTION
Exposure to radon in houses is monitored through physical testing of the individual building materials and measurement 
of radon concentrations in a representative part of the Dutch housing stock. The agreed testing programme is part of a 
covenant between industry and government to monitor radiation levels and maintain zero growth in radiation exposure 
from building materials to the general public.
MONITORING AND MEASUREMENT
Since the 1980's four radon surveys have been executed of which the last survey was completed in 2015 and executed
within the framework of the Dutch covenant.The results from the third survey carried out in 2010 showed a mean radon
concentration of around 15 Bq/m3 in the Dutch housing stock. Recently, a fourth survey has been completed. This survey
has also investigated exposure to thoron, as there were indications that exposure to thoron is more substantial than 
previously thought. The results from radon indicate a mean concentration of around 15-16 Bq/m3 and confirms the
findings from the third survey. An overview of the radon results is shown in Figure 8. The results show increased radon 
levels in the south east of the Netherlands and in the vicinity of the main rivers, due to different geology. In addition the
findings have indicated a reduction in radon concentration in the dwellings build after 2015.
The findings from the thoron measurements indicate a mean thoron progeny concentration of around 0.6 Bq/m3. This 
makes the contribution from thoron to the total radiation dose from both radon and thoron around 30 to 40%.

Figure 8 Overview of the radon concentrations in Dutch dwellings.

Considerable work has been performed on the measurement of the activity concentrations and the radon exhalation from 
building materials. For this purpose two national standards have been developed; these are the NEN 5697(1) to measure 
the activity concentrations and the NEN 5699(2) to determine the radon exhalation rate. The NEN 5697 has been put 
forward as a European harmonised standard (EN) and the NEN 5699 is now accepted as an international ISO standard for 
radon exhalation.
Since 2014 a measurement protocol for determining the thoron exhalation rate from building materials is developed by 
NRG(3). The table below shows the thoron exhalation from a variety of common Dutch building materials.
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Table 3 Overview of the thoron exhalation rate from a number of common Dutch building materials.

Material Exhalation rate (mBq/m2/s)
ETn±u(ETn)

Material Exhalation rate (mBq/m2/s)
ETn±u(ETn)

Concrete 1. 75±6 Gypsum 3. 419±26
Concrete 2. 57±5 Gypsum 4. 10±1
Concrete 3. 14±2 Brick 83±7
Gypsum 1. 399±25 Limestone 49±5
Gypsum 2. 432±26 Mortar 144±10

CONCLUSIONS
Building materials always have received special attention from the Dutch government, illustrated by the number of 
studies that were commissioned to develop a method to calculate and control building material-induced exposure of 
inhabitants. According to the latest national 222Rn survey, covering 2500 newly built houses in the period 1930-2013, the 
mean 222Rn concentration in the living room is around 15-16 Bq/m3. For as far as 220Rn is concerned the last survey has 
estimated the 220Rn concentration to be around 0.5-0.6 Bq/m3. However, to ensure the same level of knowledge on 220Rn 
as 222Rn further work both on material studies as well as on-site measurement is required.
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INTRODUCTION

Radon and its progeny in air are the most important contributors to the health risk, as lung cancer, associated with 
radiation exposure from natural sources (1). Its widespread occurrence in nature and its unique characteristics, among 
them its half-life of 3.82 days, make it particularly suitable for tracking time-varying environmental and geophysical 
phenomena.

Radon (222Rn) is a radioactive noble gas produced by the alpha decay of radium (226Ra), present in almost every mineral 
material, ubiquitous in the natural environment and constantly produced in every rock, soil or aquifer matrix. Radon has 
recoil energy that can facilitate its release from solid grains into the fluid-filled pore space, a process called emanation. 
Only a fraction of the radon atoms generated in soil escapes the grains in which they are generated further migrates by 
diffusion and/or advection to the subsurface air or water phase and to the atmosphere and thus exposes the public to 
ionizing radiation.

In porous media, radon emanation is the fraction of radon that leaves the solid phase to the air phase in the pore. 
Practically, radon emanation represents the source intensity flux of radon that is supplemented to the air phase. 
Consequently, radon emanation is a fundamental property for predicting the transport and fate of radon in the 
subsurface.

Radon emanation is affected by environmental factors such as the water content and by physical properties of the solid 
grains. It is governed by two major sub-processes: diffusion emanation and recoil emanation. Diffusion coefficients of 
radon in solid grains having a specific density of 2.7 g-cm-3 are in the range of 10-31 - 10-69 m-s-1, making alpha recoil the 
major governing sub-process in radon emanation (2).

Based on conservation of linear momentum, radon atoms generated by the alpha decay of 226Ra have initial recoil energy 
of 86 keV. The location of origin of radon atoms within the grain and their recoil direction are the major properties that 
determine whether the radon atom will escape to the pore space or stay in the grains. The distance that radon atoms 
recoil, depends on the specific density and the composition of the mineral. In solids the recoil distance is in the range 20 - 
70 nm, being 34 nm for quartz as a common mineral (3). Radon atoms that escape to the pore space should be at a 
distance from the grain surface shorter than the recoil range. Thus, the radium localization, grain size and specific surface 
area (surface of the grain in contact with the pore) are of crucial importance for the recoil emanation fraction in dry 
minerals.

To date, mechanistic models that were developed for describing the emanation process, generally could not predict the 
emanation fraction because they lack information about the complex geometry of grains and porous size distribution, the 
radium distribution in the solid grains, and the diffusion component of the emanation fraction (4).

A theoretical treatment of the influence of the radium localization on emanation fraction was presented by Morawska 
and Phillips (5). Furthermore, the influence of soil temperature and moisture on the radon emanation fraction has been 
well investigated (4, 6, 7, 8, 9). In contrast, the effect of grain size has not been well understood, and experimental results 
have been inconsistent. These studies provided controversial results. While few experimental and theoretical studies
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found that the radon emanation decreases with grain size (7, 10), other studies found the opposite, explaining that when 
the grain size decreases the emanation fraction increases because of the increase in specific surface area of grains (5, 11, 12). 

The emanation fraction of a mineral material is determined by the ratio of the 222Rn activity emitted and the 222Rn activity 
generated represented by the 226Ra activity in the soil grains:

222 Rn 
V~^Ra

The objective of this study is to quantify radon emanation as function of particle size in a bulk porous media. We present 
measurement results of radon emanation from grinded phosphate rock, which demonstrate an exponential decrease of 
the emanation rates with the increase of grain size.

MATERIALS AND METHODS

Crushed phosphate samples originating from a phosphate ore in the Negev desert were analyzed. The density of the 
phosphate (solids) and the bulk density were determined by the gravimetric methods as 2.70 ± 0.05 and 1.41 ± 0.08 g-cm- 
3, respectively. From these measurements, the porosity of the grinded bulk material is 0.48 ± 0.03.

The particle size distribution of the grinded materials was determined by the laser diffraction technique, using a 
Mastersizer 2000 (Malvern Instruments Ltd., UK) instrument. This technique is based on measuring the angular variation 
in the intensity of scattered light as a laser beam passes through a dispersed particulate sample. The phosphate samples 
were separated to different grain sizes by sieving them through different mesh sizes. The particle size of the phosphate is 
reported here as the volume equivalent sphere diameter (VESD) which is the diameter of a sphere with the same volume 
as the particle.

— f6 r V'3
^vol ^particle /

Each sample was dried at 105oC overnight, and sealed in standard plastic containers for 3 weeks. After this period the 
samples have achieved secular equilibrium of 226Ra and its progeny. The 226Ra activity was measured by high resolution 
gamma spectrometry using a Pb shielded High Purity Germanium (HPGe) detector calibrated using a standard soil source 
(RGU, IAEA). The low yield 186 keV gamma peak of 226Ra and the high yield gamma rays of the 222Rn progenies were used 
for identification and quantification of 226Ra, taking into account corresponding attenuation correction factors.

222Rn measurements were performed using the closed chamber method, where a sample of relatively low thickness (13) is 
enclosed in a sealed container and the 222Rn activity is monitored for a few days. The 222Rn activity cause a concentration 
increases with time in the chamber. The concentration follows an ingrowth equation of the form

C(t) = Cbg(0) - e-** + Cmx - (1 -eT^)

where Cbg(0) is the initial lab 222Rn concentration, Cmax is the saturation 222Rn concentration in the chamber and

= + \ is the combined decay rate of 222Rn from the sealed chamber due to radioactive decay and leakage from the

chamber.

RESULTS AND DISCUSSION

The distribution of VESD ranges between 0.36 and 550 Elm (Fig. 1), with a mass median diameter d(0.5) of 51.618 Elm, 
d(0.1) of 12.578 Elm, and d(0.9) of 204.06 Elm. The soil type fractions for clay, silt and sand were found to be 3.77, 54.23 
and 42.01%, respectively.
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Figure 1: Particle size distribution of the phosphate grinded rock.

Figure 2: 226Ra activity concentration as function of average particle size
The 226Ra activity concentration in the phosphate solids increases with the increase of particle size (Fig. 2). In contrast, the 
emanation fraction decreases with the increase of particle size (Fig. 3). The results in Fig. 3 also demonstrate that 
emanation rates do not increase much at large particle size. The measured emanation fraction lies between the predicted 
values of a uniform 226Ra distribution in the grain according to the single-grain model and a constant value assuming 
surface distribution (5). The measured data fits an exponential equation of the form
jj(x) = 0.0833 + 0.0975 • (e-°-0217x ) (r=0.992).

Figure 3: Emanation fraction of phosphate as a function of particle size.
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CONCLUSIONS

The emanation fraction determines the emitted rate of 222Rn from the solid phase to the air phase. As such, because the 
emanation fraction is the source for 222Rn in the air phase of the porous media, this fraction is important for predicting 
transport and fate of 222Rn in porous media. Environmental factors and physical properties of the solid grains are known 
to have an influence on the emanation fraction.

Measurement of the emanation fraction from sedimentary grinded phosphate demonstrated that the emanation is higher 
for smaller particle sizes and decrease exponentially to a sub-constant value for larger particles. The presented results are 
in agreement with single-grain based models both in the emanation magnitudes and the exponential functional 
dependency with grain size. The results suggest that the major properties that determine the recoil emanation fraction in 
dry minerals are the radium localization, the grain size, and the specific surface area (surface of the grain in contact with 
the pore). The emanation results of this study were limited to one type of phosphate rock mineral. Further investigation is 
required in order to find whether the dependency of the emanation fraction on particle size and specific surface displays 
similar functionality in other type of rocks and materials.
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INTRODUCTION
Assessment of the radiation exposure of inhabitants in dwellings is described in the Dutch technical standard NEN 7181. 
The standard provides a calculation methodology to compute exposure levels based on radiation emission from building 
materials, building geometry and ventilation, as well as other relevant building characteristics. In recent years a three
dimensional numerical assessment model is developed to assess radiation exposure from both radon and thoron.
ASSEMENT METHODOLOGY
The bases for this calculation methodology is the radiation performance index which is computed as follows:

RPi = ACRn;i * DCC + Eext;i

where RPi is the radiation performance (Sv/y) for each room, ACRn;i is the radon concentration difference between indoor 
and outdoor, DCC is the dose conversion coefficient and Eext;i is the effective dose rate from external radiation. The ACRn;i 
is computed for each room in the following manner:

ACRn;i = (Si + Ai /Z A * Sor) / 0.5 * Qi

Where Si is the source term (Bq/s), Ai is the floor area, Z A and Sor are the terms for the other rooms and Qi is the 
ventilation flow. A database with exhalation rates for most regular building materials is available. Alternatively, the source 
term can be computed from available experimental data. Correction factors for age, moisture and place are also available. 
The external radiation exposure Eect,i (Sv/y) for each room is computed as:

Eext,i = Z(An*mn /mref*Fdose) / ZAn * cl-eff

where An is the surface area (m2), m is the mass per m2 and cl-eff is conversion from dose rate to effective dose rate 
(Sv/Gy). The dose factor is computed for each substructure as follows:

Fdose= (kRa-226*aRa-226 + kRa-228*aRa-228 + kK-40*aK-40 ) P / Pq.

The nuclide specific conversion coefficients to compute the dose factor at reference density are provided.
An additional assessment model is developed under the contract of the Dutch ministry for environment and housing, 
which is primarily focussed on the assessment of radiation exposure from thoron (220Rn). The assessment model is based 
on a three-dimensional numerical computation and computes both radon and thoron as well as its progeny products(1, 2). 
The calculation includez attachment to aerosol particles, deposition to room surfaces, decay and ventilation. A snap-shot 
of both radon and thoron concentrations is shown in the attached figure. The figure shows a broadly uniform radon 
distribution, while thoron -due to its half-life of only 56 s- is predominantly found in the vicinity of the wall where the 
thoron is emitted.
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(b)
Figure 9 Plot of the radon concentration (a) and thoron concentration (b) in a reference room.

Recently the model is applied to study the effects from air mixing as a means of mitigating exposure to radon and thoron 
progeny(3). Air mixing is introduced by means of a ceiling ventilator but can also be introduced through e.g. air 
conditioning systems. The findings for radon are consistent with experimental data and demonstrate a reduction in 
progeny concentrations by around 40%. The decrease is caused by enhanced deposition of the progeny as a results of 
increased air velocity in the room. Details of the radon and radon progeny concentrations for both cases scenarios is 
presented in Table 4. Subsequently, the model is applied to thoron demonstrating a reduction in progeny concentration of 
50% under comparable conditions.

Table 4 Radon and radon progeny concentrations in a laboratory room for a scenario with only natural air mixing and 
enhanced air mixing.

Natural air 
mixing

Enhanced air 
mixing

222Rn (Bq^m-3) 537 539

Progeny concentrations

218Po (Bq^m-3) 474 422
214Pb (Bq^m-3) 218 131
214Bi (Bq^m-3) 118 46
EECRn (Bq^m-3) 207 130

CONCLUSIONS
A mainstream assessment model for exposure from external radiation and radon is available in the Netherlands. In
addition a calculation model has been developed to estimate the three-dimensional distribution of radon and its short
lived decay products. Special mitigation scenarios have been successfully investigated with this model.
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INTRODUCTION
As part of the here presented work a total of eight different concrete mixtures have been studied to determine the 
activity concentrations and the radon exhalation as well as an assessment of the radiological dose when these materials 
are used in regular dwellings.
The eight concrete mixtures are coded and six mixtures are containing fly ash, while the remaining two mixtures are 
without fly ash. An overview of the concrete mixtures is shown below:

Table 5 Overview of the sample codes and use of fly ash.
1. Sample code 2. Fly ash 3. Sample code 4. Fly ash

5. 2872 6. - 7. 7335 8. -

9. 5850 10. + 11. 7336 12. +

13. 5852 14. + 15. 7336 16. +

17. 7699 18. + 19. 7338 20. +

MEASUREMENT OF THE CONCRETE MIXTURES
An analysis has been carried out on the radioactivity concentrations of gamma-ray emitting radionuclides in three samples 
for each of the eight concrete mixtures, according to the Dutch standard NEN 5697(1). For the determination of the 222Rn 
exhalation rate a test is carried out for each concrete mixture according to the Dutch standard NEN 5699(2). The results 
from these experiments are as follows:
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Table 6 Sample specifications, activity concentration and standard deviation expressed in Bq/kg.

Sample code Weight

(kg) 226Ra
Activity concentration (Bq-kg-1)

40K228Th 228Ra

a SD a SD a SD a SD
2872-A 1.129 34 2 4.2 0.4 5 1 43 2
2872-B 1.119 33 3 5 1 5 1 42 4
2872-C 1.150 32 1 5.1 0.3 5.5 0.4 42 2
5850-A 1.135 39 3 15 1 15 1 43 5
5850-B 1.129 39 3 14 1 15 1 50 3
5850-C 1.138 40 3 15 1 16 1 48 3
5852-A 1.110 36 3 8 1 8 1 62 4
5852-B 1.113 35 1 8.4 0.4 8 1 58 2
5852-C 1.118 35 3 8 1 8 1 51 6
7699-A 1.146 36 3 8 1 8 1 54 2
7699-B 1.147 36 3 8 1 8 1 61 6
7699-C 1.127 37 3 7.4 0.4 8 1 53 3
7335-A 1.132 29 3 6.1 0.6 6.0 0.7 49 5
7335-B 1.119 29 1 5.3 0.3 5.5 0.5 46 2
7335-C 1.104 30 2 5.3 0.4 5.9 0.4 49 3
7336-A 1.079 36 2 12 1 12 1 63 3
7336-B 1.066 38 3 11 1 12 1 62 2
7336-C 1.040 36 2 13 1 12 1 70 3
7337-A 1.094 36 1 9 1 10 1 68 2
7337-B 1.105 36 3 8.6 0.8 9.0 0.9 68 6
7337-C 1.122 34 2 10 1 10 1 75 3
7338-A 1.032 42 3 17 1 18 1 60 3
7338-B 1.069 41 3 16 1 16 1 52 2
7338-C 1.062 41 4 16 1 16 1 55 5

Table 7 Sample specifications and exhalation rate expressed as juBq/s and juBq/kg/s.

Sa mple code Exhala tion rate

Weight

(kg)

(pBq-s1) (pBq-kg'1-s'1) (%)

SDE SD E SD
2872 14.58 107 6 7.3 0.4 5
5850 14.39 121 14 8 1 12
5852 14.39 104 9 7 1 9
7699 14.55 121 14 8 1 11
7335 14.52 101 4 6.9 0.2 3
7336 14.52 104 2 7.2 0.1 2
7337 14.51 106 8 7.3 0.5 7
7338 14.53 106 6 7.3 0.4 6

DOSE ASSESSMENT
Following the above reported measurements, a dose assessment for both internal and external radiation exposure is 
performed for the eight concrete mixtures. As part of internal dose assessment the radon and radon progeny 
concentrations are computed in a predefined dwelling, using advanced numerical calculation. The computational 
modelling is based on a room of 3x3x2.7 m3 and an air exchange rate of 0.5 h-1. A background concentration of 10 Bq-m-3 
is assumed. For the computation of the external dose a room with dimensions of 5 x 4 m2 and 2.8 m in height is assumed, 
together with a 20 cm thick wall. The time spent indoors is taken as 7000 h per year, which corresponds with 80% of the 
total time. The results for both external and internal dose as well as the total dose are presented below. Computation of 
the external and internal dose for those concrete mixtures results in an estimated yearly external dose of up to 0.29 mSv 
and an internal dose of up to 0.68 mSv.
The results indicate that the lowest dose is computed for the samples without fly ash (2872 and 7335) of 0.82 and 0.79 
mSv respectively. Use of fly ash raises the total dose up to a maximum 0.96 mSv.
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Table 8 Annual dose from radiation exposure.
Sample code External dose (mSv-a'

1)
Internal dose (mSv-a'1) Total dose (mSv-a'1)

2872 0.19 0.63 0.82
5850 0.27 0.68 0.96
5852 0.22 0.62 0.84
7699 0.22 0.68 0.91
7335 0.18 0.61 0.79
7336 0.25 0.62 0.87
7337 0.23 0.63 0.86
7338 0.29 0.63 0.92

CONCLUSIONS

A total of eight concrete mixtures have been studied to determine the activity concentration from naturally occurring 
nuclides as well as its radon exhalation rate. Subsequently the external and internal radiation dose from these mixtures is 
determined. The results demonstrate an increase in total radiation dose from around 0.8 mSv when no fly ash is used to a 
maximum of around 0.96 due to the use of fly ash.
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Introduction
Radon (222Rn) is a natural radioactive isotope with a half-life of 3.823 days produced from the decay of 226Ra,
one of the decay products of natural 238U. It is a noble gas without color and odor found at different
concentrations in all types of soil and in building materials made of soil. Being chemically inert, it easily
penetrates the living spaces in dwellings. When inhaled it leads to a significant internal exposure accounting for
more than half of the total natural dose. Indoor radon concentrations show large variations, depending on the 
226 222226Ra concentration and 222Rn permeability of the soil, the way in which the building is constructed, the building 
materials, the floor level, room type, air exchange level, environmental conditions, etc. [1]. It is particularly 
important to investigate the radon levels in the security shelters, room types specific to Israel, built of thick 
concrete walls and exhibiting reduced air exchange rates. The first radon survey in Israel was carried out in 1998 
[2]. Based on about 1,700 long term measurements in ground level rooms a mean radon concentration of 47 
Bq/m3 was calculated and four radon prone areas (RPA) were identified, all located on phosphate type soil. The 
rest of the territory is considered regular area (RA). A second survey carried out in 2011 found a radon 
concentration of 31 Bq/m3 by considering the distribution of the population in different dwelling types [3]. 
Starting with year 2000 all constructions in the RPA were done with radon mitigation measures and radon 
testing was required. Since 2008 the national building code includes radon mitigation. The action level in Israel 
is 200 Bq/m3, the minimal value recommend by the ICRP [4]. Radon testing is carried out by persons authorized 
by the Ministry of Environmental Protection, using approved detectors and measurement procedures [5]. 
Testing a room in a RPA requires a short term 3-7 day measurement under closed conditions, followed by a long 
term 3-6 months measurement under normal living conditions. In a RA a long term test may be sufficient. When 
the result of a short term or a long term test is above the safe level, radon mitigation is recommended. In this 
analysis we use a much larger database of radon concentration measurements in order to compare the radon 
concentration levels in RPA and RA areas, as a function floor level and room types, and to examine the 
possibility of reducing the action level as recommended by the WHO [6].

Results
Between 1991-2012 the Ministry of Environmental Protection collected more than 25,000 radon concentration 
measurements together with comprehensive measurement conditions including: address, room type, floor 
level, measurement type (short/ long), measurement period, detector type, radon concentration, measurement 
accuracy, etc. The selected measurements covered 315 localities in Israel (27% of all localities) in which 88% of 
the total population resides. In this work we report only long term measurements, which may be related to 
health risk. The statistical analysis was carried out using a spreadsheet. The long term measurements were 
divided into three main groups: all areas, RA and RPA. Each main group was divided into several subgroups 
according to floor level (basement/ ground/ upper) and room type (regular / security). Table 1 shows the 
number of measurements obtained from various data sources, as a function of soil and room type. It is worth 
mentioning that the database operated by the Ministry of Environmental Protection is not to be considered a 
representative sample of all rooms in the country where the population dwells. It is biased towards RPA (due to 
the requirement for radon testing in those areas) and towards security shelters (due to concerned citizens 
ordering such testing).
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Table 1. The data sources used in this analysis.

Data source
Long term measurements

Area Room type Total
RPA RA Security Regular

Licensed technicians 1989 3595 1675 3909 5584
1998 survey 367 1315 0 1682 1682

Local
Municipality

(RPA)

Arad 380 - 82 298 380
Carmiel 440 - 136 304 440
Maale

Adumim 498 - 125 373 498

Total 3674 4910 2018 6566 8584

We differentiated between the small room-type security shelter (RSS) existing in apartments build in the last 
two decades and larger security rooms (LSR) located usually in the basement. We defined several data samples 
by combining the above subgroups (for example RSS and LSR rooms at ground level). For each sample we 
calculated: the arithmetic and geometric means as well as the fractions of measurements above 100, 150 and 
200 Bq/m3. We evaluated the mean concentration by two methods: by averaging all existing measurements and 
by weighting the mean concentration in each locality according to its population.

As shown in Fig. 1, there is a clear difference between the shape of the distributions for RA and RPA and 
components are visible. The overall distribution shape is not lognormal, as found in other studies [3]. We found 
that each component may be fitted by a lognormal distribution, suggesting a superposition of differentiated 
room types. In RPA the low concentration component is wider and the most likely concentration is higher: 65 
Bq/m3 in RPA as compared with 30 Bq/m3 in RA. By fitting lognormal distributions to the low concentration 
component in both RPA and RA, which contain about 70% of all measurements, we evaluated (geometric) mean 
concentrations of 56 Bq/m3 and 36 Bq/m3, respectively.

Our main results are summarized in Table 2. More results may be found in the full length article. The mean 
(geometric) concentration of the measurements included in the database is 72 Bq/m3. The mean concentration 
in RA is 61 Bq/m3, compared to 90 Bq/m3 in RPA. The higher concentration in RPA by 33%, as compared with 
RA, is probably due to penetration from the soil. A higher concentration in the RPA is systematic in all samples, 
except for upper floors. The concentration in the security rooms at upper floors is similar in both areas, as 
expected. A more detailed discussion may be found in the full length article.
In our database 43% of the measurements were in RPA, where only 11% of the population resides. As a result, 
the mean concentration of 72 Bq/m3 shown in Table 2 is biased. We estimated a more realistic mean by 
weighting the mean concentration in the investigated localities with the population fraction and obtained a
geometric mean of 57 Bq/m3.
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Figure 1. Statistical distribution of radon measurements in: (a) all areas, (b) RA, (c) RPA.

Table 2. Summary of the analysis results. Samples, constructed by combining groups, are ordered by increasing 
mean radon concentration.

Nr. Sample Number of
measurements

Geometric
Mean

(Bq/m3)

Measurements
above 200 
Bq/m3 (%)

1 All rooms 8624 72 8
2 Regular rooms 4983 64 7
3 All rooms, except RSS and LSR 6605 66 7
4 Rooms at upper floors 215 69 2
5 All rooms except basements 6259 70 7
6 Rooms at ground floor 6044 70 8
7 RSS and LSR, upper floors 145 74 2
8 Basements 2365 79 9
9 Large security rooms (LSR) 820 83 9

10 RSS and LSR, basements 743 93 10
11 RSS and LSR 2019 95 7
12 RSS and LSR, ground floor 1131 99 11
13 Residential secure spaces (RSS) 1199 104 11

As shown in Fig. 2 the analysis may indicate a general increase of the concentrations over the last 15 years, 
namely by 3.3 Bq/m3 each year. This trend, found in both RA and RPA, is probably related to the known increase 
of the natural radionuclide concentration in building materials and the decrease of the ventilation level, due to 
more efficient insulation technology [3].
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Figure 2. Annual mean concentration as measured during the years 1997 - 2012.

Conclusions
In this comprehensive analysis of the radon measurements included in the database operated by the Ministry of 
Environmental Protection, we investigated the radon concentrations in dwellings in Israel measured during the 
last 15 years, as a function of soil type (regular / radon-prone), floor and room type (regular / security). We 
evaluated a mean of 57 Bq/m3. The radon concentration in security rooms is higher by about 30%, than in 
regular rooms. The radon concentration is systematically higher in RPA by about 30% as compared with RA. The 
percentage of rooms with radon concentrations exceeding the action level of 200 Bq/m3 for the different room 
types (except regular rooms at higher floors), is between 7-11%. By reducing the action level to 150 Bq/m3 or 
100 Bq/m3, the fraction of dwellings requiring mitigation would increase to 11-18% or 21-48%, respectively, 
depending on soil and room classification. Reducing the action level would require implementing mitigation 
measures for an increased percentage of rooms.
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OVERVIEW

The technique of utilizing simultaneous radon monitoring by gamma and alpha detectors to differentiate between the 
radon climatic driving forces and others has been improved and used for deep subsurface investigation. Detailed long
term monitoring served as a proxy for studying radon movement within the shallow and deep subsurface, as well as for 
analyzing the effect of various parameters of the transport pattern.

The main achievements of the investigation are: a) determination, for the first time, of the radon movement velocity 
within rock layers at depths of several tens of meters, namely, 25 m per hour on average; b) distinguishing between the 
diurnal periodical effect of the ambient temperature and the semi-diurnal effect of the ambient pressure on the radon 
temporal spectrum;

Method to differentiate between the radon climatic driving forces and others

The method to differentiate between the impact of ambient temperature and pressure on radon transportation within 
subsurface porous media was presented recently (1). The main findings of the above-mentioned work were:

• Radon movement within a rock media (as measured by gamma detectors) is driven by the surface temperature 
gradient to a depth of 100 m. The radon temporal variation has the same daily cycle of the diurnal temperature 
signal, with a specific time lag.

• Radon movement within the measuring air space of open boreholes (as measured by alpha detectors) is driven by 
pressure.

An improved methodology for studying shallow versus deep subsurface processes

The method is based on the assumption that the climatic influence is limited since its energy decreases with the decrease 
in thickness of the geological cover whereby its effect is reduced to a negligible value at depth.

Lowering gamma and alpha detectors into deep boreholes and monitoring their temporal variations relative to a 
reference couple at shallow depths of 10-40 m eliminates the ambient thermal and pressure-induced contribution from 
the total radon time series. It allows highlighting the residual portion of the radon signals that might be associated with 
the geodynamic processes. The primary technological key is the higher sensitivity of the gamma detectors - in comparison 
to the solid-state alpha detectors, which are also suitable for threading into narrow boreholes (in parallel to the narrow 
gamma sensor).

A further feature of the gamma detector is the capability of monitoring temporal radon variations directly within the 
geological media. This is without the time delay required for the radon to move from the porous rocks and reach 
equilibrium within the air volume (minutes to hours) where the alpha detector is located: cave, tunnel, basement or deep, 
narrow borehole.

EXPERIMENTAL SITES AND SETUP

The enhancement technique was used to differentiate between the radon climatic driving forces and others, by using 
simultaneously radon gamma and alpha detectors at varying depths.
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The first deep radon monitoring system was installed at Sde Eliezer, close to the Hula western border fault (HWBF, Fig. 
1a). It is one of the Dead Sea Fault Zone (DSFZ) segments that bound the Hula Basin to the east and west.

Fig. 1 a) map of the main segments of the DSFZ in northern Israel and southern Lebanon (Sneh and Weinberger, 2003), b) 
the radon system is located at Sde Eliezer site (SE).

The measured parameters of 224 days are presented in Figure 2 including: barometric pressure, radon within the 
surrounding rocks at 10 m's depth as measured by gamma rays, radon within air at 40 m's depth as measured by alpha 
particles, radon within the surrounding rock at 60 m's depth as measured by gamma rays, ambient temperature, and 
temperature at 10 m's depth
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Fig. 2 the radon monitoring setup (a), the output (b), and the gamma detector field of view (c)

70



RESULTS

It was found that the radon responses to the daily temperature periodicity at noon (stars in Fig. 3), and in addition the 
radon is also influenced by the semi-diurnal pressure cycling. The decrease of the barometric pressure to a semi-daily 
minimum is followed by the appearance of early morning semi-diurnal radon signals (arrows in Fig. 3) - radon signals with 
an anti-correlation to the pressure.

The accumulated daily variations of the measured parameters were averaged for 150 days (16/1 to 14/6 2015), and 
normalized in order to present the time lag between the signals (Fig. 4a). The parameters are: radon by gamma detectors 
(BGO at 10 m and 60 m), ambient (PTemp C) and internal temperature (T BGO 10 m and 40 m), radon by alpha detector 
(Barasol 40 m) and ambient barometric pressure (Baro Pressure). The frequency histograms of the daily maxima of radon 
signals and temperature and the frequency histogram of the pressure minimum were processed and are presented too 
(Fig. 4b).

Fig. 3 Radon exhibits early morning semi-diurnal signals by the three detectors with anti-correlations to the pressure (see 
arrows) in addition to its response to the daily temperature periodicity at noon (stars).
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Fig. 4 the daily normalized values a), and the daily distribution histograms of the maximum b)

SUMMARY AND CONCLUSIONS

a. The time shift between the temperature maximum and the radon peaks at depths of 10 and 60 m support the 
assumption that firstly the temperature gradient at the surface reaches its maximum which influences the radon being 
forced to move down. In less than an hour the detector at 10 m depth reaches its maximum value and about two 
hours later the gamma detector at depth of 60 m exhibits its maximum value too (Figures 3 and 4). This is the first 
determination of the radon transportation velocity within rock, by direct field measurement.

b. The lag time of about two hours between the maximum values of the two gamma detectors separated vertically by 50 
m, define the radon vertical velocity as 25 m per hour in the local subsurface porous media.

c. The radon source for the alpha detector at 40 m depth originated from the water in the lower part of the well. It is 
very clear and known that the ambient pressure gradient is the driving force for radon temporal variations in the air 
space. However, the tendency of the semi-daily pressure to reach the minimum (negative pressure gradient) enables 
the radon to migrate from the water into the well air space. This process takes a shorter time for radon than to move 
from the surface through the porous rock into the sensing volume of the first gamma sensor at a 10 m depth (Fig 4b).

1. Zafrir, H., Barbosa, S.M., Malik, U., 2013. Differentiation between the effect of temperature and pressure on radon 
within the subsurface geological media, Radiat. Meas., 49, 39-56.
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The Effect of Climatic and Tectonic Driving Forces on Radon Transport within Deep Subsurface

Hovav Zafrir1, Yochai Ben Horin2, Uri Malik1, Chaim Chemo1
1Natural Hazards, Geological Survey of Israel, Jerusalem, Israel 
2National Data Center, Soreq Nuclear Research Center, Israel

The technique of simultaneous radon monitoring by gamma and alpha detectors to differentiate between the radon 
climatic driving forces and others has been used for deep subsurface investigation at Sde-Eliezer site (see previous paper, 
Zafrir et al., 2016).

The achievements of the investigation besides distinguishing between the diurnal periodical effect of the ambient 
temperature and the semi-diurnal effect of the ambient pressure on the radon temporal spectrum was the identification 
of a radon random pre'seismic anomaly preceding the Nuweiba, M 5.5 earthquake of 27 June 2015 that occurred within 
Dead Sea Fault Zone.

Introduction ' Radon as an earthquake precursor

During the past 50 years, measurements of anomalous radon signals have been identified as a potential technique of 
studying active faults and earthquake precursory signals. It seems that radon fluctuations are probably most frequently 
used for early earthquake warning purposes. For example from Japan (Igarashi et al., 1995):

Fis.1 Ground-water radon anomaly before the Kobe
The current review on using radon as an earthquake precursor (Woith, 2015), indicate the necessity to refining the 
capability to distinguish between significant radon anomalies induced by seismo-tectonically driving forces and radon 
anomalies of non-tectonic origin.

Hence, the applying of the above enhanced technique within deep boreholes (dry or wet) of several tens of meters along 
a geodynamical active zone of the Dead Sea Fault Zone, enables isolating and characterizing the impact of tectonic driving 
forces on radon behavior.

Radon, climatic parameters and earthquakes in the DSFZ region

In order to understand the capability of the radon monitoring system to isolate and characterize the impact of tectonic 
driving forces on radon behavior, the recorded list of 47 earthquakes that occurred during the nine months of 2015 in the 
DSFZ (Dead Sea Fault Zone) region (Figure 2 a), was added to the acquired data from the Sde-Eliezer site (Figure 2 b).

The current 47 earthquakes recorded by the Israel Seismic Network in the Geophysical Institute of Israel, between 16 
January to 10 October 2015 includes all the earthquakes which were located within the area bounded by 28.0 ° N to 35.0
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° N and 34.0 ° E to 38.0 ° E, including events with magnitude M > 2. Only five earthquakes had magnitudes bigger than M 
3.7:

M 3.8 at MS (Mediterranean Sea), M 5.5 at NU (Nuweiba in the Gulf of Elat), M 4.3 at NU, M 4.4 at DS (Dead Sea basin), 
and M 4.0 at AD (Arnona-Dakar in the Gulf of Elat).
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Fig. 2 a) The current 47 earthquakes with magnitude M > 2, b) Radon, climatic parameters and earthquakes in the DSFZ 
region (Sde-Eliezer site).

The measured parameters are presented in Figure 2 b including: ambient pressure, radon within the surrounding rocks at
10 m's depth as measured by gamma rays, radon within air at 40 m's depth as measured by alpha particles, radon within
the surrounding rock at 60 m's depth as measured by gamma rays, ambient temperature, and temperature at 10 m's
depth.

The next stage analyzes short time intervals from the seasonal picture in Figure 2 b. The first time interval in the radon 
time series from 16-1 to 10-10, 2015 that exhibits unusual anomalous behavior, is presented in Figure 3.
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A very pronounced signal that became different in shape appeared one day before the Nuweiba (NU) M 5.5 earthquake of 
27 June, and was observed by the 60 m as well as by the 40 m radon detectors. This radon signal, which was recorded on 
26 June 2015, presents the main feature of this anomalous signal - wider than the expected width of the separate diurnal 
and semi-diurnal signals combined (Figure 4).

The second largest earthquake was the M 4.4 EQ in the Dead Sea basin (DS), on 31 July 2015. Analyzing the time series of 
11 days before the event did not reveal any variation in time, deviating from the atmospheric induced radon signals 
appearing twice a day (Figure 5). Although the Dead Sea is closer to the SE site than Nuweiba (180 km versus 380 km), it 
seems that the magnitude of the Dead Sea EQ was not large enough to stimulate any anomalous signal in the radon 
detectors before or after the event, as did the M 5.5 Nuweiba EQ (Figure 4).

6.5 
6.0
5.5 
5.0
4.5TO O
4.0

CO o 
o CM

a
hi

3.5 
3.0
2.5 
2.0

E 100000

80000TO
60000

40000
IO

20000
Q)

0
o'

-20000TO
-40000

£ -60000
0

-80000

o
"O

Cl<U
Q

240
200
160
120

80
40

0

Day

recorded before the M_4.4, 31 July 2015 EQ at the Dead Sea.

1000

995

990
in

980

X!
E

35
3205
20
15
10
5
0

Fig. 5 The time 
interval of 11 days

□
£

75



Additional extended radon anomalous signals also were observed in the time interval registered on August 2015. But in 
that case, maybe the close EQs within the distance of 10 to 40 km from the SE site, two in the area between the Hula 
valley and the Sea of Galilee (Hu-k), and one in the Golan Heights (GH), (Figure 6) are the possible source for broadening 
the daily and semi daily signals beyond the expected width of their usual temporal appearance and shape.
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Hence, a preliminary test was carried out in order to differentiate between the periodic radon signals and the seismo- 
tectonic anomalies that are expected to be discrete and wider than the regular width of the separated diurnal and semi
diurnal signals.

Fig. 6 Three more radon anomalous signals were recorded close to three seismic events of low magnitudes between M 2 
to M_3.2 that occurred in maximum radii of 40 km from SE.

The procedure to exclude periodical radon signals

One of the possible methods for isolating the components belonging to the periodic signals produced by the climatic 
parameters in the measured time series is the Fourier domain filtering and component isolation procedure (AutoSignal™ 
of Systat Software Inc.). Choosing a frequency cutoff less the diurnal one (1 cycle per day) excludes all the unwanted 
diurnal, semi diurnal and higher periodical signals (maybe harmonics) that are induced by the atmospheric parameters.

The results of the FFT filtering and the time domain reconstruction of the above time intervals (Figures. 3, 5 and 6), show 
that although the procedure does not disable the entire cyclical signature in the original data, it keeps almost the original 
amplitude of the broadened signal and reduces the rest to a low-level fluctuated background of less than 40000 counts 
per 15 min at the 60_m radon gamma detector (Figure 7a, b and c).

This method seems to be quite a good tool for indicating non-periodic components in the radon measured time series. For 
example, in the time interval in Figure 7a, an additional peak on 9 June 2015 is observed, which may indicate another pre
seismic signal 18 days before of the M 5.5 NU (Nuweiba) EQ of 27 June 2015.
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Fig. 7 The reconstruction time domain curves (in black) of the radon 60m time series, after low pass truncation in three
different time intervals, a), b) and c). They show the specific contribution of the widened, anomalous, non-periodic 
radon signals, which enables presenting a discrete, sharp signal with duration of a day as originally observed. The 
discrete radon peaks appear in the reconstructed curves of a) and c) but not in b).
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radon anomaly before the Kobe earthquake. Japan. Science, 269, 60-61.

2. Woith, H., 2015. Radon earthquake precursor: A short review in the Eur. Phys. J. Special Topics 224, 611-627. © 
EDP Sciences, Springer-Verlag DOI: 10.1140/epjst/e2015-02395-9,

3. Zafrir H., Ben Horin Y., Malik U., Chemo C., 2016, The Effect of Climatic Temperature and Pressure on Radon-222 
Transportation and Determination of Radon velocity within Deep Subsurface Rocks, the 26th CISN, Tel Aviv.
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The Interaction between Spent Fuel Products and Various Rocks of Mt. Scopus Group; Experimental Study
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2Analytical Chemistry, Geological Survey of Israel, Israel 
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Due to the long half-lives and chemical toxicity of the irradiation products, spent fuel from nuclear reactors require 
isolation from the hydrosphere and biosphere for tens to hundreds of thousands of years. Geological disposal is the 
internationally agreed upon method for the disposal of spent fuel, trance uranic waste and high level waste. In a 
geological repository, the rock matrix behaves as the final burier retarding the migration of radionuclides from the 
wasteform to the environment. A well-suited rock unit for geological repository of radioactive waste has to be buried at a 
depth of a few hundred meters [1], have low hydraulic conductivity and minimal amount of cracking and faulting, and 
located in a seismically stable area. Additionally, the rock matrix should have high partition coefficient for the various 
radionuclides.
In the prospect of constructing a geological repository in Israel, relevant host rock units have to be considered. However, 
thick and stable rock formations of the common rock types considered for repositories (i.e., salt rock, clay and granite) are 
not available in Israel in relevant depth and condition.
Carbonate rocks which are the most common rock type in Israel, have not been considered by other countries as potential 
rocks for geological disposal. The only active radioactive waste disposal site in Israel is in the Yamin plain in the northern 
Negev. The Mount Scopus Group in this area is located above the regional water table at depths of a few hundred meters, 
and consists of chalky and marly carbonate rocks that commonly have low hydraulic conductivities (10-10 to 10-8 m/sec). 
Moreover, marly rocks contain a relatively high fraction of clays which can retain radionuclides.
The aim of this study is to evaluate the sorption capacity of rocks from the Mount Scopus Group as a target unit for a 
geological repository. Rocks sampled at the Yamin plain were interacted with radionuclides (U), stable isotopes of 
radioactive fission products (Cs, Sr) and a simulant for redox changing actinides (Ce). The results of this study will enable 
evaluation of sorption capacity at different grain sizes, under different atmosphere conditions (air vs. inert) and speciation 
calculation of tracer ions in solution.

METHODS
The experiments were conducted using synthetic rainwater spiked with 9-16 ppm U, Cs, Sr or Ce as the interacting 
medium with five rock types (Table 1).

Table 1: Rocks used for the experiments, type, depth and TOC

< 1 7
T 7 8
1 2 a
1 7 7

3 8 8

In order tL3o study the role itkof surface area, we sirebhntudied the interacti(20on of three size f87ractions of each rock type: A) 200-400 
0m, B) 0.5-1 mm and C) 2-3 mm (for Sr, only fraction B was studied).
To estima5te the possible olhmccurrence of anoxicrbhnconditions around )the repository, the 0.5-1 mm size hfraction was also 
investigated for its sorptioisan capacity under ineart atmospheric conditions (N2). This fraction was alsoaanalyzed under 
atmospheric conditions folhnmr extended time spabns up to 155 days. The interaction experiments weresconducted using the 
"single point batch experimaeo ents" (SPBE) methodology as follows. For each experiment, rock fragmeents were brought to
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equilibrium with synthetic rainwater solution and only then one of the spikes (U, Cs, Sr and Ce) was added. The samples 
were held in a rocking bath at a constant temperature of 25°C. The tubes were sampled immediately after doping and 
then subsequently at 1, 2, 4, 8, 16, 32, 60, 124 and 155 days after doping. In the inert experiments, only 32 days of 
sorption were allowed. For each tube, the solutions were separated and analyzed for pH, general chemistry and 
specifically, the spikes concentrations.

RESULTS

The grain size effect. In general, there is no observed difference between the three size fractions. For example, figure 1 
presents the sorption curves of Ce, Cs and U for rock IL-2 for the three size fractions. Similar results were also obtained for 
all the other rock types. Thus, it can be concluded that for these rocks and in general for carbonate rich rocks, the exposed 
surface area is sufficient for sorption even at large fraction size.

Figure 1: Relative concentrations (Ct/C0)) of Cs, U and Ce in solution vs. time for the three size fraction for rock IL-2.

The inert and atmospheric conditions effect. Due to presence of organic matter (OM), it was expected that the sorption 
will behave differently under atmospheric and inert conditions due to pH and speciation changes resulting from OM 
oxidation. Nevertheless, the results show no difference for both oxidizing and inert conditions for all rock types and for all 
traces (Figs. 2, 3 and 4).

Cesium sorption. The largest fraction of Cs was sorbs by rock IL-1 (~30%), while rocks IL-4 and IL-5 sorb the least (~5%). 
The difference may reflect the different clay content (Table 1). Although IL-1 and IL-3 have similar clay content, the 
sorption is lower in IL-3 probably due to the presence of OM. The concentration reaches a relatively constant value at day 
32 and after then, only minor changes, if any, take place. There is a minor difference within the analytical error, between 
oxidizing and inert atmospheric conditions. Calculating the Cs speciation (MINTEQ 3) indicates that 99.8% of the Cs is in 
the ionic form Cs+1. The calculated Kd values are relatively low and range between 101 to 102 cc/g compared to 102 to 105 
cc/g for clay (montmorillonite and illite [2]).

Figure 2: The relative Cs concentration variation in all five rock types (Ct/C0). right) atmospheric conditions; and left) inert 
condition

Uranium sorption. The sorption of U for all rock types is low (Fig. 3). The maximal sorption is seen in rock IL-3 where 
almost 40% of the U is sorbed compared to no sorption in rock IL-2. The observed positive correlation between percent of
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U sorbed and TOC (Fig. 3) indicates OM as the main candidate for U sorption. The sorption may take place between U ions 
and the thiol (R-SH) groups abundant in the S rich kerogen or through ion-exchange with carboxylic groups. Uncomplexed 
uranyl ion has a greater tendency to form complexes with OM than many other metals (at +2 valence) [3]. The calculated 
U solution speciation indicates that 98.5% of all U is bounded as carbonate species. Calculated Kd values range between 
100-102 cc/g compared to 100-102 cc/g reported in fresh water for natural sandy to clayey rock matrixes [3].

Figure 3: The relative U concentration variation in all five rock types (Ct/C0) from left to right: inert conditions; 
atmospheric conditions; correlation between %U sorbed and TOC.

Cerium sorption. More than 99.9% of the added Ce is removed from the solution within the first few minutes after 
addition (Fig. 4). The XRD analysis and speciation calculations show that all the Ce is precipitated as Ce2(CO3)3-6H2O and 
SEM images indicate single crystals with euhedral rhombohedral shape. Since HCO3 concentration decreases with the 
amount of Ce added, it is the major species responsible for Ce removal. The calculated Kd value is 2.5*106 cc/g.

Figure 4: The relative Ce concentration variation in all five rock types (Ct/C0). right) atmospheric conditions; and left) inert 
condition

Strontium sorption. Between 10 and 30% of the Sr is removed from solution (Fig. 5.) The continuous rise in alkalinity 
throughout the experiment indicates that this removal is not due to carbonate precipitation. The clay fraction is probably 
responsible for Sr sorption and indeed, rock IL-1 (rich in clays but depleted in OM) shows the largest removal of Sr from 
solution. In this case, chemical sorption rather than precipitation is the major removal mechanism for this ion. The 
calculated Kd values range between 70-130. Our Kd values fall within the range 15-300 cc/g for Sr in matrices with 4-20% 
of clay at pH ~8 [3].
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Figure 5: The relative Sr concentration variation in all five rock types (Ct/C0) from left to right: inert conditions;
atmospheric conditions; and alkalinity variation under atmospheric conditions.

1ON1LUSIONS
Grain size and atmosphere (inert vs. oxidizing) have no significant effect on the retardation capacity of all studied rocks. 
The carbonate matrix is effective in retarding Ce as carbonate specie; however, Cs, Sr and U are poorly retarded under 
carbonate rich conditions. Uranium is sorbed mainly to OM in the rocks, whereas Sr and Cs are sorbed to the clay fraction. 
Nevertheless, in presence of OM the sorption capacity of the clay is reduced. The current study indicates that repository 
for spent fuel within carbonate rocks will provide only partial isolation of radionuclides from the environment. Therefore, 
significant engineered barriers will be needed in order to retard the radionuclide migration out of the repository.
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INTRODU1TION
Ordinary Portland Cement (OPC) based materials are commonly used as matrices for the immobilization of low-level 
nuclear wastes. Despite this, their efficiency as immobilization matrices for alkali cations, and more specifically for cesium 
cations which are present in low-level nuclear waste streams, is lacking(1). Low-level nuclear waste streams are highly 
alkaline, and may therefore react readily with pozzolanic raw materials to form geopolymers. While the concentration of 
radioactive species in these waste streams is rather low, they are often highly saline, containing significant concentrations 
of sodium.
The aim of the present work was to study the efficiency of cesium (Cs) immobilization in fly-ash (FA) based geopolymeric 
matrices. Geopolymers were prepared from fly-ash type F (see Table 9, Table 10 for composition and physical properties) 
using alkaline activating solutions (5.5M OH-) prepared from NaOH and CsOH, with Cs comprising 0%, 1% and 50% of the 
total alkalis (Na+Cs). The samples were cured in sealed containers at 40°C for three months. The starting material and 
products were characterized by X-Ray diffractometry (XRD). Leaching tests were performed according to the American 
Nuclear Society procedure ANS-16.1. Chemical analysis of the leaching solutions was performed by Ion Chromatography.

Table 9: Chemical composition of examined fly-ash.

Oxides, weight (%)
SiO2 Al2O3 Fe2O3 CaO TiO2 MgO Na2O K2O P2O5 SO3 LOIa
51.34 27.90 3.28 8.26 1.57 1.40 0.11 0.47 1.13 0.29 4.54

Table 10: Physical properties of the examined fly-ash.

Particle distribution according to volume [^m]
d 0.10 d 0.25 d 0.50 d 0.75 d 0.90 Specific volume (g/ m3)
2.94 6.60 16.12 34.70 69.18 2.14

RESULTS
The XRD patterns of all three geopolymers show peaks of quartz and mullite which are identified as the most prominent 
crystalline phases in the starting material, as well as a wide hump centered around 20=28° which is due to the amorphous 
geopolymeric phase. Two Cs-containing crystalline phases observed before in Cs-Na geopolymers(2), pollucite (CsAlSi2O6) 
and CsAlSiO4-H2O belonging to zeolite D family, were detected in the diffraction pattern of geopolymer prepared with 
50% Cs activating solution. CsAlSiO4-H2O is known as an intermediate product preceding the formation of pollucite(3). 
When Cs concentration decreased to only 1%, the detection of Cs-containing crystalline phase of zeolite D by XRD was less 
obvious but its diffraction pattern still can be observed (identified according to reflection at 20 12.33°, 17.52° and 18.20°, 
27.98°+28.38° (partially overlapping), 29.53°, 31.07°, 37.86° and 51.29°). It is interesting to note that a Cs-bearing phase 
has been identified despite the low concentration of Cs in this formulation. The absence of this phase from the diffraction 
pattern of the Cs-free geopolymer further supports this assignment, where only Na-chabazite was observed. This phase is 
also known as a precursor for pollucite in Cs-rich environment(4).
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Figure 10. XRD patterns of the raw fly-ash, the alkali-activated fly-ash, with and without Cs.

The results from the leaching experiments (Figure 11) indicate the high selectivity of a FA-geopolymeric matrix towards 
Cs. Only 5±1% of the total Cs content was released during the 7 day leaching test, in contrast to 62±8% release of the Na 
content in geopolymers with 1% Cs in the activating solution. Similar leaching level of 60% of the Na content was also 
obtained in Cs-free FA-based geopolymers prepared from a previous batch of F class fly-ash with similar chemical 
composition and physical properties (not presented). In the geopolymers synthesized from an activation solution with a 
high concentration of Cs (50% from the total alkalis) 34±4% of the total Cs content was released, in contrast to 75±8% 
release of the Na content.

A Na leaching 
in presence 
of 1%Cs

■ Cs leaching 
in presence 
of 1%Cs

- A - Na leaching 
in presence 
of 50% Cs

- ■ - Cs leaching 
in presence 
of 50% Cs

Figure 11. Leaching cumulative fraction [(mg Cs or Na in leaching solution)/(mg Cs or Na in the sample)] as a function of 
square root of time.

1ON1LUSIONS
This work shows that FA-geopolymers have high immobilizing efficiency of cesium, with high selectivity of Cs relative to 
Na. Cs leaching was 5±1% % and 34±4% of the total Cs, for material prepared form activation solution containing 1% and 
50% Cs, respectively. Leaching of Na from the geopolymer was as high as 62±8% % and 75±8% % of the total Na, 
respectively. The higher degree of Na release vs. Cs release indicates this selectivity.
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It is postulated that the high retention of Cs by this FA-geopolymeric system is related to the formation of zeolite D 
crystalline phase within the geopolymeric matrix. Zeolite D may further transform to pollucite which is known to 
immobilize Cs efficiently(5). Thus the efficiency of Cs immobilization in the geopolymeric matrix tested may increase with 
time.
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Introduction

Radioactive waste management is a serious endeavor to modern societies, with grave implications for future generations. 
In this vast and rapidly growing field, leaching experiments of hazardous materials from engineered matrices and natural 
geological barriers are an important tool for assessing the dispersion of contaminants into the environment. These small 
scale leaching experiments emulate real life dispersion of buried waste. One of the main challenges that one faces in this 
field, is the huge gap between the experimental leaching time (weeks or months, and seldom a few years), and the actual 
time materials should be contained within an intact matrix (hundreds or thousands of years before they are rendered 
practically unhazardous). In order to bridge this gap computer simulations and chemical physics modeling are introduced 
to simulate leaching experiments and estimate physical constants, which in turn are used for long-time leaching 
predictions with reasonable confidence bounds.
In this work we present a diffusion-kinetic modeling of strontium leaching from carbonated and uncarbonated Portland 
cement paste. We have developed a model that allows us to fit the strontium diffusion constant and the kinetic pseudo 1st 
order rate constant that appear in the analytical expression for the cumulative leached strontium, with experimental 
results [1]. This approach differs from most of the common geophysical leaching models, in which a thermodynamically 
induced concentration change via a vast set of chemical equilibria (quasi steady state), separately follows a diffusion 
induced concentration change.
Leaching experiments were carried out as part of a collaboration between the IAEC and the CEA [1]. In these experiments 
strontium doped cementitious matrices were prepared in a concentration of 3.66 mg Sr in 1 gr cement and were casted as 
cylinders with 0.4 w/c ratio. Two reference samples were isolated from the environment for 6 months, while two samples 
were incubated in atmospheric conditions (~ 0.03% CO2) for 6 months. All samples were exposed to leaching conditions 
according to the ANSI 16.1 protocol, to a total period of three months, in which the fractional leached strontium 
concentration was monitored.
Model. The concentration of available (easily leachable) Sr2+ is modeled by a second order diffusion-kinetic equation 
(kinetic precipitation loss to the condensed phase is first order in the available strontium, and first order in available 
CaCO3 sites for co-precipitation of SrCO3):
c = L>V2C - kC(l-0) (1.1),
where C is the concentration available strontium (mainly pore water) outside the CaCO3 phases, D is the strontium 
diffusion constant, @ is the fraction of occupied CaCO3 sites for joint SrCO3 precipitation, and k is the kinetic loss rate 
constant into the precipitation sites. It can be shown that Eq. (1.1) can be reduced to a pseudo first order diffusion kinetic 
equation:
C = OV2C - kC (1.2),

where k is the pseudo first order rate constant. Physical reasoning for writing Eq. (1.1) as well as Eq. (1.2) will be given 
elsewhere, and are not within the scope of this abstract.
The total precipitated strontium mass at the CaCO3 phases, M, during the leaching process is given by:
M = km (1.3),
where m is the (volume integrated) mass of available strontium.
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Results

The general solution of Eq. (1.2) by separation of variables in a finite cylinder with a uniform angular distribution, but 
without a kinetic loss/source term was presented in [2]. The total available strontium mass, m, is obtained by a volume 
integration of C in Eq. (1.2) and is given by:
m = moe_kfy(t )W(t) (2.1) ,
where is the initial mass of available strontium.

" 1 -(2„+tfV^ , 1
£/(t) =-y

jt2Z,
n=O

(2n + l):
PF(t) = 4^>

H =0
A2 (22)

where H is the cylinder's height, R is the cylinder's radius, and are roots of
!M = o, /.,(*) is the zeroth order Bessel function of the first kind.
A short time analytical expansion of the cumulative leached strontium fraction using Bessel functions and Laplace 
transform identities [3] yields:

T?(t)
2yfD erf(yfkt) 16 D 1 - eG4) (2.3)

yfk nHR k
where Af0 is the initial mass of precipitated strontium. Furthermore, we note that even an uncarbonated cementitious 
matrix must be carbonated to some extent, due to its exposure to CO2 during the cement hardening (about 1 month) and 
due to the fact that some calcite is included in the cement paste. In the limit where 100, equation (2.3) reduces to the 
simple result, describing diffusion without precipitation:

™o + M0

The fitted analytical expressions for the cumulative leached strontium, with a kinetic loss term (Eq. (2.3)) and with a 
kinetic loss term (Eq. (2.4)) for the uncarbonated samples are plotted in Figures 1a and 1b, respectively. It is easily seen 
that a fitted diffusion-kinetic curve is in very good agreement with the experimental results, and with narrower 99% 
confidence bounds, when compared with a diffusion only model.
The fitted analytical expressions for the cumulative leached strontium, with a kinetic loss term (Eq. (2.3)) and without a 
kinetic loss term (Eq. (2.4)) for the carbonated samples are plotted in Figures 2a and 2b, respectively. The fitted diffusion- 
kinetic curve is in better agreement with the experimental results. In the carbonated case, the difference between the 
fitted diffusion-kinetic curve and the fitted diffusion curve with 99% confidence bounds is even more pronounced.

Figure 1. Experimental (red points) and analytically fitted (solid lines) 
cumulative leached strontium as a function of time for uncarbonated 
cementitious paste samples, without (Fig. 2a, D=1.40x10-14m2s-1) and with 
(Fig. 2b, D=1.43x10-12m2s-1, k=9.63x10-11s-1) a kinetic loss term. 99% 
confidence bounds are marked by dashed lines.
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(a)

(b)

1onclusion
In this work we have presented a physical model for strontium leaching with a diffusion-kinetic approach, rather than a 
separated diffusion thermodynamic approach. This study combined a rather straightforward general analytical solution of 
the diffusion equation in a finite cylinder coupled with an overall kinetic accumulation of precipitated strontium in 
thermodynamically favorable calcium carbonate phases. In addition, we derived a simple short time expansion for the 
overall leached strontium. The fitted analytical curves (with 99% confidence bounds) for leached strontium are in very 
good agreement with leaching experimental results for both carbonated and uncarbonated cements.
The modeling scheme presented here can be used for the determination of apparent diffusion coefficients in leaching 
studies that involve simple kinetics in various matrices (engineered and naturally occurring), and are easily implemented 
in leaching studies of radionuclides.
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Coal Fly Ash (FA) is an abundant commodity in many countries using steam coal for power production. In Israel, all the FA 
is utilized whereas in some countries only low percentage is used (e.g. USA). The FA is utilized mainly for civil engineering 
needs, either as an additive for cement or clinker or for concrete production. In Israel 1.3 Mt of coal (FA) have been 
produced (2014), mostly from South African and Colombian coals, in the Israeli electric utilities. A potential future 
application for the FA (which is Type F namely highly basic due to its lime content) could be as an excellent scrubber for 
hazardous acidic wastes from phosphate, oil regeneration industries, or radioactive wastes which might also contain 
several toxic trace elements. It is found that it is an excellent scrubber for these wastes due to strong surface interactions 
of the aluminosilicate surface of the FA particles with trace elements cations in solutions or fine precipitates of ionic solids 
(e.g. SrCO3). The chemical interactions of the FA particles with these toxic wastes result in physical and chemical changes 
at the FA surface. In this study, the chemical composition, mineralogical content and the leaching behavior have been 
carried out in order to understand the changes occurring at the surface of the FA particle. Chemical imaging via SEM and 
TEM, XRD analysis and particle size measurements were carried out in order to have a better understanding of the 
changes occurring to surface of the FA particle.
The results indicate that the changes occurs because an appreciable part of the outer lime layer at the surface of the 
aluminosilicate is dissolved, revealing the Ti, and Fe layers. Moreover, exposure to acidic/neutral environmental causes a 
change in the mineralogy of the FAs, e.g. forming mixed Ettringite/Thaumasite and NaCl particles. Thus, this study can 
lead to a better understanding of the fixation mechanisms of the trace elements and radionuclides by coal FAs.

Keywords: fly ash, radioactive wastes, chemical scrubber, trace elements, XRD TEM SEM analysis

Radioactive Waste and the Environment (Tuesday, April 12, 2016 16:15)

88



25

How Thick Should Cover Layer be for Waste Disposal Facility?
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Introduction
Near-surface waste disposal facilities are sensitive to natural processes, yet they are required to contain the waste for 
long time and to reduce any migration of contaminants to the biosphere. Engineered Barrier systems (EBs) are used by 
many countries to isolate the waste from the biosphere. The longevity of EBs is limited with respect to the risk to future 
generations, and is a function of: climate (rain amount and intensity); geology and type of host rock (porosity, fractures, 
faults, volcanic activity); and geomorphology. Therefore, site characterization is a primary concern when choosing a waste 
disposal site necessitating the operators to know and learn the relevant natural processes affecting the site. At this paper 
we focused on two processes: a. the erosion rate of the cover layer above the waste disposal facility and; b. the vertical 
movement of water driven by gravity and capillary forces. As water is the main agent for contaminants, either in solution 
or as particles, the unsaturated and saturated zones, understanding water flow dynamics is crucial for evaluation of the 
EBs performance.

The study area
The Israeli national radioactive waste disposal site is located in Yamin Plain (YP). In term of geology the YP is a syncline 
between two anticlines Hatira in the west and Hazera in the east. The syncline was filled by alluvial material during the 
Miocene period. The alluvium is mainly composed of quartz sands which is 150 m thick in the middle of the syncline and 
becomes shallow toward the anticline in the edges. The average rain is 72 mm/y and the potential class A pan evaporation 
is 2600 mm/y. The water line divides the plain to two watersheds, Yamin wash (wadi) to the south, and Efe wash to the 
north. Both watershed are drained to the Dead Sea.
The goals
Two natural processes that can potentially affect determination of the thickness of the cover layer over the waste disposal 
site were studied intensely: the erosion rate and the deep percolation in the upper unsaturated zone.

Materials and methods
Experimental
Optical stimulation luminescence (OSL) was used to evaluate the erosion rate. The OSL is used to date minerals such as 
quartz, feldspar and aluminum oxide. The technique indicates the last exposure of the mineral to sunlight.
A Flexible Time Domain Reflectometer (FTDR) device was used to monitor water content in the upper unsaturated zone 
during and after the rain. The key to FTDR success is its ability to accurately determine the soil permittivity (dielectric 
constant) from wave propagation, due to the strong relationship between the permittivity of the soil and its water 
content. The probe is 7 m long and 10 cm in diameter, connected to the FTDR via coaxial cable.
Fig. 1 illustrates schematically the device in the study area. Table 1 presents the diagonal vertical and horizontal 
projections regarding the surface.

Modeling
Infiltration models were used to examine water percolation through the vadose zone into the underlying aquifer. One
dimensional flow was modeled by using Hydrus 1D, an open source code developed by the US salinity lab which solves the
Richard's equation for unsaturated water flow using the finite elements method.
Infiltration scenarios were modeled by considering a 150 m section, representing the depth of the vadose zone. At the top 
boundary, an atmospheric boundary condition representing either precipitation or evaporation rate was defined. The
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bottom boundary represented a free drainage condition, allowing gravitational drainage of water into the underlying 
aquifer. Soil hydraulic properties were taken from a catalog embedded within the software.
Infiltration scenarios were ran for two soils: sand and loam, and for two climatic conditions: the first represents the 
current climate while the second represents future climate in which all the annual waterfall drops in a single rain event. 
Results were then used to calculate the water flux into the aquifer for the different conditions.

Figure 1: Schematic illustration of the FTDR in the study area. 
Table 1: FTDR's sensors location along the sleeve.

Sensor number Location along the 
sleeve (m)

Vertical projection (m) Horizontal projection 
(m)

1 0.75 0.61 0.43

2 2.25 1.84 1.28

3 3.75 3.07 2.14

4 5.25 4.30 2.99

5 6.75 5.53 3.85
Results
OSL
Sandy soils composed mainly of quartz mineral were sampled along five terraces in one of the tributaries of Efe wash. The 
OSL dating showed different erosion rates during the 300,000 years BP, while the last 14,000 years had erosion rates of 
0.3 mm/y.
If we want the cover to be effective along 10,000 years, the cover layer should be at least 3 m thick.
Deep percolation
During the winter of 2014-15, Yamin Plain went through an unusual rain. During four days, between the18th to the 21st of 
February 2015, 48 mm of rain fell in one, mostly low intensity, event. This event was the biggest ever measured since the
late 50's at the YP meteorology station located 10 km south from the study area. Only the upper three FTDR sensors, at
depth of 0.61, 1.84 and 3.07 m, recorded moisture from the event, while no moisture was detected in the two lower 
sensors at depth of 4.30 and 5.53 m.
Therefore, in order to prevent any interaction between the waste and the water, the cover layer should be at least 4 m 
thick at any time in Yamin Plain.

Infiltration models
Similarly to the results of FTDR, model results showed that no water percolation exists under the current climatic 
conditions. This result was also obtained for the loam under the future climatic conditions. Only the scenario in which 
sandy soil and future climatic conditions were considered resulted in a flux of 44 mm/year into the aquifer.
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Immobilization of Cesium (Cs) and Strontium (Sr) ions in cementitious pastes has been extensively studied in the literature 
[1-4]. It is well established that transport behavior through the porous cementitious paste is due to a combination of 
physical transport (i.e. diffusion) and chemical interactions. The highly alkaline nature of the cementitious paste, usually 
results in precipitation of many heavy metal ions as insoluble salts [5]. However, in cases where soluble species such as Cs 
are incorporated, high leach rates have been reported [3]. In order to improve the immobilization of such highly soluble 
ions, pozzolanic additives can be used. These mineral additives can alter both the microstructure and the chemical 
properties of the paste. Such changes affect directly the transport and binding properties of the ions in the matrix. In the 
course of the pozzolanic reaction amorphous silica originating from the additive, reacts with calcium hydroxide, a product 
of cement hydration, to form additional calcium-silicate-hydrate gel. In this present study, the effect of the pozzolanic 
reaction on cement pastes and their ability to efficiently immobilize waste ions was investigated using a series of 
pozzolanic additives to the cementitious paste. Pastes containing Portland cement blended with ground granulated blast 
furnace slag (GGBFS) (50%, 75%), metakaolin (MK) (10%, 20%) or silica fume (SF) (20%), either in its densified or raw form, 
were prepared in a constant water to binder ratio of 0.45. The cement used was ordinary Portland cement (OPC) CEM I 
52.5N conforming EN 197 ("Nesher", Israel). The pozzolanic additives were GGBFS ("Nesher", Israel), MK, DSF and RSF 
("Scanchem", Norway). The transport properties of the immobilized ions, Cs and Sr, through the paste were evaluated 
using leaching tests according to ANSI/ANS-16.1 (1986) procedure with deionized water as the leachant [6]. Analysis of 
the leached Cs and Sr ions was performed using ICP-MS (Inductive Coupled Plasma - Mass Spectroscopy - VG 
PlasmaQuadIII, Environmental Analytical Laboratory, Ben-Gurion University). Single differential thermal analysis (SDTA) 
was used to estimate the extent of the pozzolanic reaction and the pozzolanic reactivity of the different formulations.

RESULTS
The leaching curves obtained for Sr and Cs ions immobilized in the different cementitious paste samples are shown in 
Figures 1 and 2 respectively. The apparent diffusion coefficients, Da, of the different ions in the different paste samples 
were calculated according to the ANSI/ANS-16.1 standard [6] and are presented in Table 1. For both ions, all pozzolanic 
replacements lead to reduction in the amount of released ion fraction obtained in the leaching experiment, resulting in a 
decrease in the values of both Da(Cs) and Da(Sr) compared to the unblended paste.
The retention of Sr ions by the unblended cement paste is quite efficient, with a cumulative leached fraction of around 
0.14 at the end of the three month leaching experiment (Figure 1). The cumulative leached fraction was reduced by a 
factor of 2-4 due to the incorporation of the different pozzolanic additives. The most effective additives for the reduction 
of Sr ion leaching were both silica fume additives which reduced the leached fraction by above 90%. The effect of the 
pozzolanic additives on the immobilization of the ion can be seen from the calculated values of the apparent diffusion 
coefficient Da (Table 1), with a reduction of approximately an order of magnitude in the Da values for RSF and DSF 
blended pastes.
Unlike Sr, the leached fraction of Cs ions from unblended cement pastes is relatively high as seen from the accumulated 
released ion fraction of 0.8 at the end of the experiment (Figure 2). This high leached fraction was reduced by a factor of
2-3 due to the incorporation of GGBFS or MK. The incorporation of RSF and DSF in the cementitious paste leads to a 
remarkable reduction in the leached fraction of the Cs ion. This reduced leached fraction corresponds to approximately 
four orders of magnitude reduction in the Cs apparent diffusion coefficient for the DSF blended paste (Table 1). The effect 
of the additive content on the immobilization of the two ions was studied for both GGBFS and MK. Increasing the GGBFS 
content in the paste from 50% to 75% further reduced the leachability of both ions. Raising the MK content in the paste 
from 10% to 20% showed no significant effects on both ions, within the borders of the experimental error.
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SDTA (using Mettler TGA/SDTA851e) was used to determine the calcium hydroxide (Ca(OH)2) content in each of the cured 
pastes. The Ca(OH)2 content of the different pastes compared to the Ca(OH)2 content in unblended Portland cement 
paste, served as a quantitative estimate for the relative pozzolanicity calculated from equation (1):

[(CHp )- (C.Hr,zz)]
(CHopc )

Where CHOPC represents the integrated area of the Ca(OH)2 peak at ~500°C obtained from the thermal results, normalized 
to the CaO content in the sample and CHpozz represents the likewise normalized integrated area of the Ca(OH)2 peak in the 
pozzolanic blended paste. The measured Ca(OH)2 integral normalized and the calculated relative pozzolanicity of the 
pastes are presented in Table 1.

Table 1. The measured normalized Ca(OH)2 integral, relative pozzolanity and Da values for Cs and Sr ions in the different 
pastes from SDTA measurements and leaching experiments

Normalized
Ca(OH)2 Integral 
[ks0C/gr CaO in 
sample]

Relative
Pozzolanity
[-]

Da (cm2/s) (x108)

Cs Sr

No additives 0.088 0 4.9±0.5 1.6±0.5 x 10-2

GGFS 50% 0.045 0.17 0.6±0.2 5.2±3.2 x 10-3

GGFS 75% 0.013 0.59 0.2±0.1 3.2±1.8 x 10-3
MK 10% 0.056 0.40 0.5±0.1 1.9±0.9 x 10-3
MK 20% 0.022 0.79 0.6±0.1 1.8±0.5 x 10-3
DSF 20% 0.052 0.39 6±3 x 10-4 1.0±0.6 x 10-3
RSF 20% 0.89 0.89 3±2 x 10-3 0.6±0.2 x 10-3
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Figure 1. Cumulative fraction of Sr as a function of time in the leaching experiment
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Figure 2. Cumulative fraction of Cs as a function of time in the leaching experiment
CONCLUSIONS
Pozzolanic additives are capable of improving Cs and Sr ion immobilization in cementitious paste by mechanisms based on 
both physical and chemical interactions with the waste ion. The immobilization mechanism is specific for each ion-paste 
composition pair. The relative pozzolanity of the different pastes was quantified using thermal analysis. The pozzolanic 
reaction, leads to a refinement of the pore structure. This phenomenon represents the physical effect of pozzolanic
additives on the immobilization of the ions. However, the addition of pozzolanic additives can affect the immobilization of 
the ions through specific chemical interactions as well. To quantify the relative effect of the addition of pozzolanic 
additives on the transport properties of the immobilized ions, the apparent diffusion coefficients were calculated and are 
presented in Table 1. For the Strontium ion, the best immobilization system was the 20% Raw Silica Fume (RSF) paste, 
characterized by the highest relative pozzolanity. For Cesium ions however, the most effective additive was the Densified 
Silica Fume (DSF), reducing the apparent diffusion coefficient by four orders of magnitude compared to the unblended 
paste. This immobilization mechanism is highly specific to the Cs and other alkali ions and corresponds to a chemical 
immobilization associated with adsorption to unreacted silica inside the silica fume agglomerates [7].
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INTRODUCTION
Geological disposal of spent fuel and high-level radioactive waste is the long term solution for the disposal of long lived 
radionuclides and spent fuel. However, some radionuclides might be released from these repositories into the subsurface 
as a result of leakage, which ultimately make their way into groundwater.
Colloidal transport of radionuclides is considered one of the major pathways facilitating migration from the repository to 
the environment. Radionuclides leaked into the groundwater may precipitate, forming intrinsic colloids. "Carrier" colloids 
may also increase the mobility of radionuclides from the repository. Engineered bentonite barriers around nuclear waste 
repositories are considered sufficient to impede the transport of radionuclides to the groundwater. However, such 
barriers may decompose over time and release colloid-sized mobile bentonite particles that sorb radionuclides and carry 
them into the environment. Similarly, organic matter (e.g. humic and fulvic acids), present in many sedimentary rocks, 
may adsorb radionuclides and facilitate their transport. Such colloidal transport has come under investigation as a 
potential vector for radionuclides sorbed to them.
As lanthanides are generally accepted as chemical simulants to the more toxic actinide counterparts, lanthanides are 
considered an acceptable substitute for research on radionuclide transportation.
This study aims to evaluate the transport behaviors of lanthanides in colloid-facilitated transport through a fractured 
chalk matrix and under geochemical conditions representative the Negev desert, Israel.

METHODS
Tracer solutions were prepared in artificial rainwater containing salt concentrations mimicking those found in the average 
rainwater of the Negev. Cerium (III) was used as an analogue for valance changing actinides and Br as a conservative 
tracer. Tracer solutions were injected into naturally fractured chalk cores from the Mor Formation area using a peristaltic 
pump at a rate of 1 ml/min. The samples were collected by fraction collector every 5 minutes throughout the 
experiments. Experiments run included those with intrinsic colloids at high (~30ppm) and low (~1ppm) Ce concentrations, 
and those with carrier colloids, including bentonite and humic acid. Samples were analyzed for Ce and Br content using 
ICP-MS at the Geological Survey of Israel. The clay and humic acid content was monitored using spectrophotometry.

Figure 1: Fractured core experimental system
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RESULTS
The results of the experiments investigating migration of Ce(III) as an intrinsic colloid indicate that at variable injection 
concentrations (between 1 and 30 mg/L), nearly all of the recovered Ce takes the form of an intrinsic colloid of 0.45<^m 
diameter, including in those experiments in which the inlet solution was first filtered via 0.45 ^m. In all experiments, these 
intrinsic colloids reached their maximum relative concentrations prior to that of the Br conservative tracer. Total Ce 
recovery from experiments using 0.45 ^m filtered inlet solutions was only about 0.1%, and colloids of >0.45 ^m 
constituted the majority of recovered Ce. About 1% of Ce was recovered when colloids of >0.45 ^m were injected, 
indicating the enhanced mobility and recovery of Ce in the presence of colloids. XRD and SEM analyses revealed that the 
Ce traveled in the form of Ce2(CO3)3-6H2O precipitates plus some amorphous (nonstoichiometric) carbonate solids. This 
precipitation is related to the presence of H2CO3 in the artificial rain water [1].

Figure 2: Breakthrough curves of both total and <0.45 ^m colloidal fractions of Ce in comparison to that of the
conservative tracer, Br. (a) Low concentration (1 ppm) filtered tracer; (b) low-concentration unfiltered tracer; (c) high- 
concentration filtered tracer; and (d) high-concentration (30 ppm) unfiltered tracer. Note the different scales of the y axes 
in the graphs.

Recovery of Ce is far greater in the presence of carrier colloids than in their absence. This is evident from the strong 
relationship between carrier colloid recovery and Ce recovery in individual experiments. In all experiments run with 
carrier colloids, Ce migrated at a rate either equivalent to or slightly faster than the conservative tracer, Br. When only 
bentonite colloids are present, Ce is fractionated between direct sorption onto the bentonite surface and physical 
deposition as a carbonate intrinsic colloid. In these experiments 14-27% of the Ce injected was recovered. In solutions 
containing only humic acid colloids, only the latter mechanism of attachment is observed, and 8-22% of the Ce was 
recovered. Greatest Ce recovery is observed when all components are present: bentonite, HA, and Ce carbonate intrinsic 
colloids, yielding a 25-37% Ce recovery.
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Figure 12: Breakthrough curves from carrier colloid experiments. A) 10 mg/L HA colloids in tracer solution; B) 500 mg/L
bentonite colloids included in tracer solution; C) Both 500 mg/L bentonite and 10 mg/L HA present in tracer solution.

CONCLUSIONS
The migration of Ce through fractures in chalk was studied in artificial rain water. In this bicarbonate-bearing water, Ce
precipitates as an intrinsic colloid and its migration through fractures in chalk in maintained in this form. However, Ce
recovery is relatively low, and most of the Ce remains in the fracture. On the other hand, the migration of Ce is
significantly increased in the presence of carrier colloids such as bentonite and humic acid. Thus, it can be concluded that 
colloidal transport mechanism has a significant effect on radionuclides migration in carbonate fractured rock and should 
be considered in future safety assessments for a geological repository.
[1] E. L. Tran, O. Klein-BenDavid, N. Teutsch, and N. Weisbrod (2015) Influence of Intrinsic Colloid Formation on 
Migration of Cerium through Fractured Carbonate Rock, Environ Sci Technol. 17;49(22):13275-82.
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Cooling the Nuclear Reactors at the North Korea's Yongbyon Nuclear Research Center 

Chaim Braun
Center for International Security and Cooperation, California, USA

North Korea now operates two reactors at its Nuclear Scientific and Research Center at Yongbyon: The IRT-2000 a 
Russian-supplied 8 MWth enriched uranium fueled research reactor used for medical isotopes production, and the 5 
MWe (25 MWth) natural uranium fueled gas cooled reactor used mostly for plutonium production, A third reactor - a 
new experimental light water reactor (ELWR) of 100 MWth size is now nearing completion just south of the 5 MWe 
Reactor. All reactors are cooled using water from the Kuryong River which flows to the east of the reactors section of the 
Yongbyon nuclear center. The exact cooling methods used in cooling these reactors have changed over time. The 
questions of adequate water supply and existence of robust cooling systems have affected the operation of these reactors 
and might cause continuing problems. These reactor cooling issues are discussed in this paper.
The IRT-2000 reactor operates only sporadically and is cooled by once-through river water flow. This reactor is not of 
major nonproliferation concern and is not further discussed here. The 5 MWe Reactor is the plutonium production source 
for at least three of the North Korean nuclear tests and for its remaining plutonium-fueled nuclear weapons. It is of a 
major proliferation concern. This reactor was cooled using a natural draft cooling tower coupled to the condenser in the 
turbine-generator building in a closed loop operation, with make-up river water supply to compensate for evaporative 
losses in the cooling water. A picture of the 5 MWe Reactor and its cooling tower as it operated until June 2008 is shown 
in Figure 1. On June 27, 2008 the cooling tower was destroyed in a controlled explosion as a part of the nonproliferation 
measures agreed to by North Korea and the other members of the Six-Party countries. In March 2009 North Korea 
renounced its nonproliferation agreements, announced the start of construction of a new experimental water reactor and 
declared its intention to start enriching uranium to fuel this putative reactor. North Korea further planned to resume 
operation of the 5 MWe Reactor for further fissile plutonium production however it could not do so due to the lack of 
adequate cooling water supply system.
Absent the cooling tower North Korea could cool the 5 MWe Reactor only by once-through river water flow through the 
condenser tubes, however this method would have required significantly larger cooling water flows since they could not 
rely any more on heat removal through water evaporation in the cooling tower. Once through river water flow operation 
could rely only on sensible heat transfer mechanism which could remove much smaller amount of heat per unit of cooling 
water flow. Larger quantity of river cooling water flow was required and the North Koreans did not pump the requisite 
amount directly from the Kuryong river. Thus the 5 MWe Reactor could not resume operation until mid-2013.

Figure 1 - The 5 MWe Reactor at Yongbyon and its cooling tower as existed before June 2008
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In the meantime the North Koreans proceeded with the construction of the ELWR and as a part of the construction
program have also built a large pump house on the Kuryong river bank to provide river cooling water supply to the
condenser of the ELWR. Evidently the pump house was sized up to provide cooling water for BOTH the ELWR and the 5
MWe Reactor. This is demonstrated by the fact the pump house was likely completed in late 2012, the 5 MWe Reactor
resumed operation in 2013 and the ELWR, due to various other issues, did not start up until now. Possible indications of
the likely hook up of the water pipes from the ELWR's pump house to both reactors is shown in Figure 2. A more detailed 
discussion of the cooling systems of both reactors is provided in the paper.
The coupling of the cooling systems of both reactors through the operation of the ELWR's pump house has however 
created a potential risk of a common mode failure, i.e. failure of the pump house might shut down both reactors. Another
cooling water supply problem that has emerged is the silting of the Kuryong reactor near the pump house.
Figure 2 - Coupling the cooling systems of the 5 MWe Reactor and the ELWR

In fact, unimpeded water flow in the Kuryong river is disrupted by water freezing in winter, silting during the spring and 
fall rain periods, and low water flow during summer. All these effects have created another form of a common mode 
failure associated with water flow in the river. The North Koreans have undertaken several measures to compensate for 
these problems. These measures are further described in the paper.
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A Decade of Nuclear Tests in North Korea 

Kobi Kutsher
Radiation Safety Division, Soreq Nuclear Research Center, Israel
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During the last decade the Democratic People's Republic of Korea (DPRK) conducted a total of four declared underground 
nuclear tests in 2006, 2009, 2013 and 2016. The tests were detected by the International Monitoring System (IMS) 
(seismic, infrasound and radionuclide stations) which is a part of the verification regime of the Comprehensive Test Ban 
Treaty Organization (CTBTO). Based on the analysis of the seismic waveforms from the IMS, the tests were found to be in 
the vicinity of the Punggye-ri area (Figure 1a) and the signals had the characteristics of shallow events[1]. The international 
seismic stations that detected the nuclear test in 2016 are shown on the world map in Figure 1b.

Figure 13: a) Locations of the 2006, 2009, 2013 and 2016 events [1] . b) The 27 primary seismic stations that made the 
initial detection of the nuclear test in 2016 [1]; The red dot indicates the signal source - Punggye-ri test site.

In contrast to the seismic "signature", the radionuclide technology is the only monitoring technology employed by the 
CTBTO that can provide clear evidence of the nuclear nature of an explosion ("smoking gun"). After an underground 
nuclear explosion radioactive fission products can seep through layers of rock and sediment until they escape into the 
atmosphere. The fission products (mostly noble gases) are dispersed in the atmosphere and may be detected thousands 
of kilometers downwind. Indeed, more than 7 weeks after the test in 2013, unusual detections of xenon isotopes were 
reported at the radionuclide station in Takasaki, Japan located at around 1000 km from the DPRK test site.
The purpose of this study is to summarize the main findings about the four nuclear tests in the DPRK based on the nuclear 
monitoring technologies.

OVERVIEW OF THE NUCLEAR TESTS IN THE DPRK
On October 9, 2006, North Korea demonstrated its nuclear capabilities with its first underground nuclear test. Based on 
the event magnitude, the estimated yield was 0.2-1 kiloton. Two weeks after the event, the radionuclide station at 
Yellowknife, Canada, registered a higher concentration of xenon 133. Applying atmospheric transport modeling (ATM) to 
backtrack the dispersion of the gas, its registration at Yellowknife was found to be consistent with a hypothesized release 
from the event in the DPRK. At the time of the announced nuclear explosion by the DPRK, only ten out of the planned 
forty stations with noble gas sampling technology were operational in test-mode [3,4].

On May 25, 2009, North Korea conducted its second underground nuclear test. The seismic analysis showed that the test 
was more powerful than the previous test and was estimated at 2 to 7 kilotons. Noble gases were not detected in the IMS 
following the test [5-7].

On February 11, 2013, North Korea officially reported a successful nuclear test with a lighter but more powerful warhead, 
but did not reveal the exact yield. Several geological and geophysical institutes estimated the yield at 6-10 kilotons, while 
the German Federal Institute for Geosciences and Natural Resources estimated the yield at 40 kilotons [2,8]. More than 7 
weeks after the explosion, unusual detections of xenon isotopes were reported at the radionuclide station in Takasaki,
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Japan. The isotopic ratio of the xenon detected (133/131m) indicates that fission occurred approximately 50 days before 
the detections. Using ATM, which calculates the three-dimensional travel path of airborne radioactivity on the basis of 
meteorological data, the DPRK test site was identified as a possible source for the emission.

On January 6, 2016, the seismic IMS detected an event in North Korea with a magnitude of 4.85. North Korea claimed that 
this test involved a hydrogen bomb. This claim has not yet been verified. Seismic data collected so far suggest a 6-9 
kiloton yield and that magnitude is not consistent with the yield that would be generated by a hydrogen bomb explosion. 
Noble gases were not yet detected in the IMS [1].

SUMMARY

North Korea started its nuclear test program in 2006 and conducted since at least four declared nuclear tests. Based on 
international monitoring technologies it is possible to analyze some features of the tests (such as location, timing and 
magnitude) as shown in Table 1.

(Date and Time (UT Location Delivery Radioactivity
release

Seismic
magnitude

Nominal nield

[kton]

tober 2006 Oc 9
01:35:27

ri -qunbbye
Test Site ,
North Korea

Underground

xenon 133 4.1 1>

May 2009 25
00:54:43

None 4.52 4

February 2013 12
02:57:51

enon 131, 131mx 4.9 7

January 2016 6
10:00:02

None, yet 4.85
claimed to be a hydrogen ) 10~ 
(bomb

Table 1: North Korea's nuclear tests during the last decade
All the nuclear tests of North Korea were detected by the IMS that was therefore able to verify North Korea's 
announcements of the detonations.
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Ancient lead provenancing by the XRF and MC-ICP-MS methods can be a practice exercise ("dry run") for studies of 
nuclear materials

Yoram Nir-El
Lilach Street, Reut, Israel
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Provenancing of ancient metals in archaeology is usually practiced by a combination of two analytical methods. The first 
method is aimed to determine the chemical composition of a sample and particularly the profile of trace elements. The 
second method is applied to determine the atomic concentrations of the 4 stable lead isotopes 204Pb, 206Pb, 207Pb,208Pb 
and their 3 independent ratios. The analytical results are characteristic signatures of the examined sample and by 
comparison to ore deposits in a database, the origin of the sample and other relevant attributes can be found. Methods 
(1) and (2) are usually X-Ray Fluorescence (XRF) and Multiple Collector-Inductively Coupled Plasma-Mass Spectrometry 
(MC-ICP-MS) and can be applied in studies of nuclear materials in the domain of national security and nuclear forensics. A 
“dry run” was performed and included samples of a cargo of lead ingots from an eleventh - thirteenth centuries CE 
shipwreck discovered off the Ashqelon coast, XRF and MC-ICP-MS analyses and a detailed quantitative examination of the 
potential geographical origins of ores according to the OXALID database (Oxford, UK). Analysis of some typical patterns in 
OXALID provided by using the Holmes-Houtermans model (lead-lead dating; the decay progeny 206Pb and 207Pb of 238U and 
235U) the mineral age of galena (PbS) deposits. One isolated group of 11 Italian galena minerals yielded the age 5.12 ± 0.05 
Gy compared to the known age 4.54 ± 0.05 Gy of the Earth.
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Case Study: Detection and Nuclear Forensic Investigation of an Am/Be Source Found in a Container at Ashdod Port
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INTRODUCTION
In Israel, cargo containers entering and leaving the country are scanned to detect radiation emitted from concealed 
radioactive sources. This procedure was first introduced at Haifa Port and was later extended to Ashdod Port, as part of 
the U.S. Megaports intiative.
On 2 August, 2015, radiation was detected at the MegaPorts gate at Ashdod Harbour. The suspected container was 
declared to be filled with scrap metal.
The MegaPorts alert indicated both gamma-rays and neutrons. The container was then tested at a gate with identification 
capabilities, which identified the source as including 241Am, 137Cs and a neutron source. At this point the container was 
quarantined and the port security officer called the relevant authorities. The Ministry of Environmental Protection 
representatives, along with assistance of the Atomic Energy Commission trained personnel arrived at the Harbour. The 
national nuclear forensics laboratory was asked to assist in identification of radioactive materials on the site, as well as in 
radiation protection issues.

IDENTIFICATION OF THE RADIOACTIVE SOURCE
Further measurements conducted using mobile gamma spectrometers (ORTEC Detective-200® and CANBERRA Falcon- 
5000®) identified the source as an Am/Be neutron source.
The earlier erroneous identification of 137Cs was the result of the similarity between the 662.4 keV gamma line emitted 
from 241Am decay with 3.6x10-4% intensity and the 661.6 keV line emitted from 137Cs decay with 85.1% intensity.
In order for a gamma-ray to be detected outside of the container it should have a high enough energy to penetrate the 
large volume of attenuating scrap metal. The high-intensity 241Am gamma-ray, 59.5 keV, is strongly attenuated in the 
scrap metal container. The first high-energy gamma-ray able to penetrate the scrap metal efficiently is the 662.4 keV 
gamma-ray, the last one presented in Table 1.
Therefore, the 661.4 keV gamma-ray emitted from 241Am is detected outside the container, and because its abundance in 
relation to the 59.5 keV was changed by the attenuation in the container, it caused the false identification of 137Cs.
After conducting tests to reduce the probability of the container being rigged with explosives, and other tests to eliminate 
the possibility of radioactive contamination outside of the container and near its door, the container was open and its 
content was spread on the ground to enable effective search for the source, which was promptly found. Photographs of 
the open container and the Am/Be source are presented in Figure 1. The source was then transferred to the national 
nuclear forensics
laboratory at Soreq NRC for further investigation.

Table 1. List of common 241Am gamma-rays, up to 662.4 keV. Gamma-rays with lower intensity are not presented(1).

Energy (keV) I (%) Energy (keV) I (%) Energy (keV) I (%)
59.5 35.9 55.6 1.8E-02 75.8 5.9E-04
26.3 2.27 42.7 5.5E-03 335.4 5.0E-04
33.2 0.126 125.3 4.1E-03 146.6 4.6E-04
43.4 0.073 69.8 2.9E-03 67.5 4.2E-04
99.0 2.0E-02 123.1 1.0E-03 662.4 3.6E-04
103.0 2.0E-02 208.0 7.9E-04
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(A)

Figure 1. (A) The open container containing scrap metal. (B) The source as found in the container.

(B)

NUCLEAR FORENSICS ANALYSIS
The detector was identified as a TROXLER® soil moisture gauge, manufactured by Troxler Electronic Laboratories Inc., as 
indicated on the label. The only information available from the label is the producer - no data was discernible concerning 
the source activity, serial number or production date.
A soil moisture gauge operates by emitting fast neutrons which are scattered by the moisture (Hydrogen nuclei) found in 
the ground and slowed down to thermal energies which are detected in a dedicated detector. Moisture gauges based on 
Am/Be can be used to a depth of up to 25 cm.
Upon arriving to Soreq NRC the gamma and neutron dose rates were measured to be:

• Gamma at contact, at the point with maximal radiation - 110 ^Sv/h
• Neutron rate at contact - 40 ^Sv/h

In order to assess the activity of the radioactive source, gamma spectroscopy was performed, using a detector with higher 
efficiency and lower background than the detector available at the Harbour. The activity was calculated based on gamma 
spectroscopy was 0.93 GBq (25 mCi).
Radiography of the soil moisture gauge at different gamma energies was conducted. The radiographic images, seen in 
Figure 2, show that the source is housed in an attenuating structure. Positive identification of the housing materials is 
impossible without disassembly of the gauge. An educated guess, marked in Figure 2(C), based on attenuating qualities as 
studied in series of radiographic tests, is:

• Inner housing - jagged cylinder in Figure 2(C) - made of Fe
• Outer housing - ring surrounding the jagged cylinder in Figure 2(C) - made of Cu

Considering the attenuation caused by the attenuating layers the corrected activity is 1.1 - 2.6 GBq (30-70 mCi).
The attenuating layers prevent accurate age dating, since gamma-rays at different energies are attenuated differently in 
the attenuating layers. However, the gauge appearance is typical of devices produced in the 1970's.

(A) (B) (C)
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Figure 2. Radiographic images of the Am/Be source. (A) The detector side containing electronics (B) The detector side 
containing the radioactive source housing (C) The radioactive source housing, magnified.

CONCLUSIONS
A limited nuclear forensics investigation of the Am/Be source found at Ashdod Port in August 2015 was conducted. This is 
the second event of this type, the previous one being the event at Haifa Port in 2013. During this time interval, the 
analysis process in the nuclear forensics laboratory has been streamlined, enabling faster analysis of the source. The 
nuclear forensics laboratory involvement contributed to the quick conclusion that the event is unlikely to be related to 
terroristic intentions.
In many countries, including most of EU countries, abandoning a radioactive source of the nuclear gauge type is 
considered a non-criminal offense with the offender required to pay a fine and cover the costs of the source handling. In 
Israel, due to the wider exposure to terrorist attacks, these cases are treated as having security importance.
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INTRODUCTION
One of the primary objectives of nuclear forensics analysis is to determine the attributes of a radioactive specimen: where 
the specimen was produced, date of its chemical purification (age dating), its route, and the intended use of the material. 
One of main materials of interest in nuclear forensics is 252Cf, due to its potential risk and its broad distribution.
252Cf is a neutron source based on spontaneous fission (SF). 252Cf decays by a emission (96.91% probability) and 
spontaneous fission (3.09% probability). It has a half-life of 2.65 years and a neutron emission of 2.3x106 s-1 pg-1, and a 
specific activity of 0.54 mCi/pg. The fission neutrons of 252Cf have an energy ranging from 0 - 13 MeV, a mean energy of
2.1 MeV and a most probable value of 0.7 MeV(1).
252Cf has a large variety of uses as a strong neutron source(1): it is used for startup of some nuclear reactors, neutron 
radiography of weapons components, Prompt Gamma Neutron Activation Analysis for different type of samples such as 
cement, coal, explosives etc.
Currently there are only two places in the world that manufacture 252Cf neutron sources: The Research Institute of Atomic 
Reactors (RIAR) in Dimitrovgrad, Russia and at the Radiochemical Engineering Development Center (REDC) in the Oak 
Ridge National Laboratory. As of 2003, the two sites produce 0.25 grams and 0.025 grams of californium-252 per year, 
respectively(2).

METHODS
A method to evaluate the age of 252Cf source using gamma spectroscopy was suggested in a work done by Gehrke et al.(3), 
Gehrke suggested examining the activity ratio between two isotopes: a short lived Fission Product (FP) and a long lived FP, 
that mostly (sources aged less than ten years) originates from 252Cf by SF. The activity of the long lived isotope continues 
to grow with time while the activity of the short lived isotope correlates with the amount of 252Cf in the source at any 
given time. The two suggested isotopes are detailed in Table 1 - 137Cs and 132I.

Isotope Half life Gamma-ray (keV) Gamma-ray yield

137Cs 30.08 y 661.6 94.3%

132I 2.29 h 667.7 98.7%

Table 1: Isotopes used for calculating the activity ratio, data extracted from JEFF 3.1.1 database (via Janis 
4.0)

The age of the source is calculated from the ratio of activities of the two isotopes(4) assuming that the ancestor fission 
products of 137Cs - 137Te and 137I Have the same decay rate as the source 252Cf and all have a short half-live.

A 252Cf neutron source contains other materials that may contribute to the overall neutron yields via SF:
• 248Cm - the decay product of 252Cf has 8.4% SF decay component. However, the 248Cm contribution is negligible

due to its long half-life (3.48x105).
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• 250Cf - it is present in 252Cf sources since other Cf isotopes are not removed in a chemical purification. It has a
13.08 years half-life and a 0.077% SF component.

In old sources (over ten years), the 250Cf isotope contribution to the overall SF yields is significant The Gehrke et al. 
method assumed that the only 252Cf contributes to the SF, which is accurate for sources younger than 20 years. For a more 
accurate age estimation the 250Cf contribution needs to be considered.
The contribution made by 250Cf to the overall FP yields should be calculated and subtracted from the 252Cf SF yields. 250Cf 
does not emit a detectable gamma ray and therefor it is not possible to estimate its amount using gamma spectroscopy. 
An alternative approach could be using a FP which is emitted only by 250Cf (and not by 252Cf). Fig. 2 shows the FP yield of 
252Cf and 250Cf isotopes. Isotopes with mass numbers ranging between 79 - 86 are produced in 250Cf with higher rate than 
252Cf, but still in an amount that may be detectable. If a FP in that range would emit a detectable gamma ray, it can be 
attributed to 250Cf alone.

Radioactive data/ ENDF/B-VII.1 //Fission data/ Parent cumulative fission yields Spontaneous Mass distribution

Mass of product

Figure 14: The fission yield of 252Cf and 250Cf isotopes and the area relevant to the isotopic separation is between the two 
black bars, Data extracted from ENDF/B - VII.1 database (via Janis 4.0).

RESULTS
To form the gamma/fission parameter, the fission product yield was multiplied by each gamma-ray yield. Promising 
candidates have a high gamma/fission ratio which enable measurement of relevant gamma-rays.
The Ratio (250Cf/252Cf) parameter is the number of gamma-rays expected as a result from 250Cf SF divided by the number of 
gamma-rays expected from 252Cf SF. A high ratio means that we can assume that the gamma-ray is the result of 250Cf SF 
alone.

Isotope (FP) Ey(keV) Gamma/Fission Ratio (250Cf/252Cf)
80Br 1256 7.1E-11 173.4
81Kr 276 4.5E-12 341.3
83Rb 799 5.7E-13 95.6
84Rb 1898 7.0E-11 28.2
82Br 1957 4.7E-09 16.6
79As 993 5.5E-07 9.3
86Rb 1077 3.1E-07 8.5

Table 11: List of isotopes emitting gamma-rays that can be used to estimate the amount of 250Cf.

CONCLUSIONS

A list of gamma-rays that might be used to estimate and the isotopic abundance of 250Cf in 252Cf was suggested. The 
method is based on the different fission yields between 252Cf and 250Cf of fission products with mass numbers between 79 
and 85. Experimental gamma spectroscopy measurements are required to confirm the viability of this method and will be 
performed in the near future.
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Estimation of the 250Cf isotopic ratio in the sources will enable accurate age dating in sources older than 20 years, as well 
as better characterization of 252Cf neutron sources.
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Passive Gamma-Ray Spectrometry is a Tool for Nuclear Forensics

Yoram Nir-El
Lilach Street, Reut, Israel

About 15 years ago, I have published two papers which treat the isotopic analysis of uranium: (1) Y. Nir-El, Isotopic 
analysis of uranium in U3O8 by passive gamma-ray spectrometry, Applied Radiation and Isotopes 52, 2000, pp. 753-757. 
(2) Y. Nir-El, Enrichment analysis of uranium in uranium oxide by gamma-ray spectrometry without using calibration 
standards, Radiochimica Acta 88, 2000, pp. 83-86. The methods described in these papers can be applied in nuclear 
forensics for the task of determining the level of uranium enrichment, a key issue in the national security of a country. 
Among other assumptions, the mentioned papers are based on supposing a short age of the separated uranium, that is 
the amount of Ra-226 formed in the radioactive decay of U-238 is practically zero. It follows that in these two papers, the 
gauge gamma peak at 186 keV is fed only by U-235. In the general case where the short age assumption is not true, the 
186 keV peak can be deconvoluted by the analysis software to render the two independent feedings by U-235 and Ra-226. 
This approach can be tested with e.g. a natural uranium standard, measured on a sensitive HPGe detector with a typical 
energy resolution of about 2 keV. The measured ratio of the number of counts of the 185.72 keV (U-235) and 186.20 keV 
(Ra-226) components is to be computed in the measurement and therefore, the enrichment can be calculated and 
compared to the well known value e = 0.007257 ± 0.000006 [= (0.7204 ± 0.0006)/(99.2742 ± 0.0010)] of natural uranium.

Nuclear Forensics, Detectors and Nuclear Security 1 (Tuesday, April 12, 2016 16:15)
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Neutron counting is a specific and sensitive method to measure the age of a 252Cf source

Yoram Nir-El
Lilach Street, Reut, Israel

Nuclear Forensics, Detectors and Nuclear Security 1 (Tuesday, April 12, 2016 16:15)

In the previous Israel Nuclear Societies Conference (February 11-13, 2014, Daniel Dead Sea Hotel, Israel) the paper 
“Experimental Dating of 252Cf sources” was presented in the session on Nuclear Forensics and Security. The work 
described there, was based on an analysis of a complex gamma-ray spectrum of the many fission products which are 
formed in these sources. A more specific and sensitive approach to date the age of a 252Cf source can be a measurement 
of passive prompt neutrons which are emitted in the spontaneous fission of 252Cf. A literature survey shows that passive 
neutron counting is extensively applied in the research of spontaneous fission materials in the domain of nuclear 
forensics. Taking into account the contribution of spontaneous fission of 250Cf , an equation for the neutron emission rate 
of the source, as a function of time since the separation of Californium, can be written,

t
5 (t ) = 5 (0)e“2252t 1 + Re''f

1 + R
where R is a constant comprising the decay parameters of 250Cf and 252Cf and @eff IS 0252 -0250- The ratio of two precise 
consecutive emission rate measurements 5(t )/ 5(t ) will be used to extract the time t1 (or t2) which is the age of the 

source. Precise measurements are required because the ratio 5(t )/ 5(t ) is approximately 1.02 for a typical Californium 
isotopic composition and t1 = 24 y, t2 = 25 y.
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Nuclear Research - The Transition from a Research Reactor to an Advanced Research Accelerator

Refael Berkovich
Director General, Soreq Nuclear Research Center, Israel

Israel Research Reactor 1 (IRR-1) is a 5 MW pool-type reactor. It was donated by the USA in the framework of President 
Eisenhower's program "Atoms for Peace" and was first operated in 1960. It is mainly used today for neutron radiography 
and diffraction, activation analysis, production of radionuclides for medical R&D, geological dating, as well as for 
educational purposes. IRR-1 was successfully reviewed in 2013 for both safety (Integrated Safety Assessment for Research 
reactors - INSARR - mission by the IAEA) and nuclear security (Security Framework and Procedures for the Safeguarding 
of Nuclear Materials review by the USA). However, its age prompted a search for an alternative source of neutrons that 
already began fifteen years ago.
It was decided to replace the reactor with a high-current accelerator of protons or deuterons. The advantages of 
accelerators over nuclear reactors for neutron production are multiple, among others the possibility of producing 
neutrons ranging in energy from sub-eV up to tens/hundreds of MeV, the decoupling of neutron moderation from 
neutron generation, the possibility to produce pulsed neutron beams, as well as to easily stop and restart neutron 
production, and the fact that no fissile materials are required and radioactive waste is therefore not produced.
The Soreq Applied Research Accelerator Facility (SARAF) project was launched in 2001 to modernize the source of 
neutrons at Soreq NRC and extend neutron-based research and applications, as well as to modernize the experimental 
nuclear science infrastructure, promote nuclear physics research in Israel, and develop and produce radionuclides for bio
medical applications. It is planned to be used for research in particle physics and nuclear astrophysics, as well as for 
applications such as thermal neutron radiography. A liquid lithium target (LiLiT) has already been developed for very high 
neutron fluxes.
Phase I of the SARAF project is completed and the accelerator operates at 4 MeV and 2 mA, generating world class 
research and development (publication of over 160 SARAF-related publications and hosting of a few international 
conferences). Phase II is being planned in cooperation with the French CEA, where the goal is to reach an energy of 40 
MeV with a current of 5 mA. When completed, SARAF is intended to take over major tasks of IRR-1, when it reaches full 
capability.
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Nuclear Power as a Basics for Future Electricity Generation 

Igor Pioro
Faculty of Energy Systems and Nuclear Science, University of Ontario Institute of Technology, Canada

Abstract
It is well known that electrical-power generation is the key factor for advances in industry, agriculture, technology and the 
level of living. Also, strong power industry with diverse energy sources is very important for country independence. In 
general, electrical energy can be generated from: 1) burning mined and refined energy sources such as coal, natural gas, 
oil, and nuclear; and 2) harnessing energy sources such as hydro, biomass, wind, geothermal, solar, and wave power. 
Today, the main sources for electrical-energy generation are: 1) thermal power - primarily using coal and secondarily - 
natural gas; 2) “large” hydraulic power from dams and rivers and 3) nuclear power from various reactor designs. The 
balance of the energy sources is from using oil, biomass, wind, geothermal and solar, and have visible impact just in some 
countries. This chapter presents the current status of electricity generation in the world, various sources of industrial 
electricity generation, role of nuclear-power industry with a comparison of nuclear-energy systems to other energy 
systems.

Statistics on Electricity Generation in the World

It is well known that electric-power generation usage is the key factor for advances in industry, agriculture and the socio
economic level of living (see Table 1 and Fig. 1). Also, strong power industry with diverse energy sources is very important 
for a country's independence. In general, electrical energy can be generated from: 1) burning mined and refined energy 
sources such as coal, natural gas, oil, and nuclear; and 2) harnessing energy sources such as hydro, biomass, wind, 
geothermal, solar, and wave power.
Table 1. Electrical-Energy Consumption (EEC) per capita in selected countries (listed here just for reference purposes)
(CIA, 2016a,b; UN, 2016).

Plenary Session 2 (Wednesday, April 13, 2016 09:00)

No Country Population in 
millions
(July 2015)

Electrical Energy Consumption 
(EEC)

HDI
(2014)

TWh
(2012-2014)

W/Capita Rank Value

1 Norway 5.21 120.5 2,618 1 0.944
2 Australia 22.75 222.6 1,116 2 0.935
3 Germany 80.85 540.1 762 6 0.916
4 United States 321.37 3,832.0 1,360 8 0.915
5 Canada 35.10 524.8 1,706 9 0.913
6 United Kingdom 64.09 319.1 568 14 0.907
7 Israel 8.05 59.8 848 18 0.894
8 Japan 126.92 921.0 828 20 0.891
9 Italy 61.86 303.1 559 27 0.873
10 France 66.55 451.1 773 22 0.888
11 Russia 142.42 1,037.0 831 50 0.798
12 Brazil 204.26 483.5 270 75 0.755
13 Ukraine 44.43 159.8 410 81 0.747
14 China 1,367.49 5,523.0 461 90 0.727
15 World 7,256.49 19,710.0 310 103 0.711
16 South Africa 53.68 211.6 450 116 0.666
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17 India 1,251.70 864.7 79 130 0.609
18 Pakistan 199.09 80.3 46 147 0.538
19 Afghanistan 32.56 3.9 14 171 0.465
20 Chad 11.63 0.2 2 185 0.392
21 Niger 18.05 0.9 6 188 0.348

EEC, w I EEC, ------- ! >
''g JT- Sai, days x 2ih

Capita f Pc pula tian, Millions) x 10s
*

** HDI - Human Development Index by United Nations (UN); HDI is a comparative measure of life expectancy, literacy, 
education and standards of living for countries worldwide. HDI is calculated by the following formula: HDI= VLEIxEIxII, 
where LEI - Life Expectancy Index, EI - Education Index, and II - Income Index. It is used to distinguish whether the country 
is a developed, a developing or an under-developed country, and also to measure the impact of economic policies on 
quality of life. Countries fall into four broad human-development categories, each of which comprises ~42 countries: 1) 
Very high - 42 countries; 2) high - 43; 3) medium - 42; and 4) low - 42 (Wikipedia, 2014).

Energy Consumption, W/Capita Energy Consumption, W/Capita

(a) (b)

Figure 1. Effect of Electrical-Energy Consumption (EEC) on Human Development Index (HDI) for all
countries of the world (based on data from United Nations (2016) and The World Fact Book (2013)):
(a) graph with selected countries shown and (b) HDI correlation (in general, the HDI correlation
might be an exponential rise to maximum (1), but based on the current data it is a straight line in
regular - logarithmic coordinates).
Today, the main sources for global electrical-energy generation are: 1) Thermal power - primarily using coal (39.9%) and 
secondarily - natural gas (22.6%); 2) “Large” hydraulic power from dams and rivers (17.2%); and 3) Nuclear power from 
various reactor designs (11.2%).
The remaining 9.2% of the electrical energy is generated using oil (4.2%) and the rest 5% - with biomass, wind, 
geothermal, and solar energy in selected countries. In addition, energy sources, such as wind (see Fig. 3) and solar (see 
Fig. 4) and some others, like wave-power, are intermittent from depending on Mother Nature.
Thermal Power Plants
The major driving force for all advances in thermal power plants is directed towards increasing thermal efficiency in order 
to reduce operating fuel costs and minimize specific emissions. Typical ranges of thermal efficiencies of modern thermal 
power plants are listed in the paper and can reach 62% in the combined-cycle mode.
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Despite the advances in thermal power-plants design and operation worldwide, they are still considered as not of 
minimum environmental impact due to significant carbon-dioxide emissions1 and air pollution as a result of the 
combustion process. In addition, coal-fired power-plants produce also virtual mountains of slag and ash, and other gas 
emissions may contribute to acid rains.
Modern Nuclear Power Plants
Although nuclear power is often considered to be a non-renewable-energy source as the fossil fuels, like coal and gas, 
nuclear resources can be used for significantly longer or even indefinite time than some fossil fuels, especially, if recycling 
of unused uranium fuel, and thoria-fuel resources and fast reactors are to used. Major advantages of nuclear power are:
1) High capacity factors are achievable, often in excess of 90% with long operating cycles, making the units suitable for 
semi-continuous base-load operation, alongside intermittent windmills backed by gas peaking plants.
2) Essentially negligible operating emissions of carbon dioxide into atmosphere compared to alternate thermal plants;
2) Relatively small amount of fuel required (for example, a 500-MWel coal-fired supercritical-pressure power plant 
requires 1.8 million ton of coal annually, but a fuel load into 1300-MWel PWR is 115 t (3.2% enrichment) or 1330-MWel 

BWR - 170 t (1.9% enrichment)). Therefore, this source of energy is considered as the most viable one for electrical 
generation for the next 50 - 100 years.
In spite of all current advances in nuclear power, NPPs have the following deficiencies: 1) Generate radioactive wastes; 2) 
Have relatively low thermal efficiencies, especially, water-cooled NPPs (up to 1.6 times lower than that for modern 
advanced thermal power plants (see Tables 5 and 6)); 3) Risk of radiation release during severe accidents; and 4) 
Production of nuclear fuel is not an environment-friendly process. Therefore, all these deficiencies should be addressed.

Currently, 31 countries in the world have operating nuclear-power reactors. Analysis of these data shows that 15 
countries plan to build new reactors; 16 countries don't plan to build new reactors; and 4 countries without reactors 
(Bangladesh, Belarus', Turkey and United Arab Emirates (UAE) work towards introducing nuclear energy on their soils.

Important question for a wide-spread of nuclear-based electrical-energy generation is how reactors are safe. The paper 
lists selected accidents with casualties in power and chemical industries, transportation and from firearms. Analysis of 
these data clearly shows that the major cause of huge number of deaths in the world is car accidents, which are 
apparently deemed socially acceptable, because of the necessity for rapid, convenient transport. Nevertheless, the 
international nuclear and political communities have to do everything possible and impossible to prevent any future 
severe accidents at NPPs with radiation release and other consequences.

Next Generation NPPs
The Generation-IV International Forum (GIF) Program has narrowed design options of nuclear reactors to six concepts. 
These concepts are:
1) Gas-cooled Fast Reactor (GFR) or just High Temperature Reactor (HTR),
2) Very High Temperature Reactor (VHTR),
3) Sodium-cooled Fast Reactor (SFR),
4) Lead-cooled Fast Reactor (LFR),
5) Molten Salt Reactor (MSR), and
6) SuperCritical Water-cooled Reactor (SCWR).
Currently, from all six concepts of Generation-IV reactors only an SFR is in operation in Russia (BN-600). The next concept, 
which will be possibly put into operation in Russia, is an LFR (Brest-300). In general, we need to have bright future for the 
most “popular” reactors, i.e., water-cooled ones, which are 96% of the total number of operating power reactors in the 
world. Therefore, an SCWR concept looks quite attractive as the Generation-IV water-cooled reactor with high thermal 
efficiency. This concept is based on materials and technology and direct-cycle turbines already developed and deployed 
worldwide for supercritical coal plants, which have extended their efficiencies using higher temperatures and pressures in 
order to improve costs and reduce specific emissions. However, more research is required, especially, in material science

1 For example, the largest in the world 5,780-MWel Taichung coal-fired power plant (Taiwan) is the world's largest emitter of carbon 
dioxide with over 40 million tons per year.
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to define candidate materials for reactor-core elements, which will be subjected to very aggressive medium such as 
supercritical water, high pressures and temperatures, and high neutron flux.
The intent of all the newer concepts is to have a recyclable fuel, and often to extend the resource use to include thorium- 
based cycles.
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Research and Development of Nuclear Fuel for Research Reactors: Historical Overview and Perspectives 

Pablo Adelfang
Consultant to Research Reactor Section, Department of Nuclear Energy, IAEA, Austria

INTRODUCTION
At the beginning of the nuclear era research and development on research reactor (RR) fuel was essentially driven by 
the need to optimize design and operation of different purpose-oriented facilities. Over the years, due to increasing 
security and non-proliferation concerns, the motivation for research and development on RR fuel changed drastically.
The focus of research moved to development of higher density fuels to allow operation of existing and future facilities 
without the use of Highly Enriched Uranium (HEU). From that time on the paradigm orientating RR fuel development 
has been to reduce fuel enrichment to below 20% 235U while minimizing the impact on performance and economic 
metrics of the RR.

HISTORICAL OVERVIEW
The history of research and development of nuclear fuel for RRs can be broken down in three different periods based on 
the density of the fuels:
• Uranium-aluminium alloy fuels
Material Testing Reactors (MTR) were incepted in the early 50s to quickly test nuclear fuels and materials requiring a fuel 
from which the heat generated by fission could be efficiently extracted. The fuel material and cladding needed to be thin 
and have high thermal conductivity; alloys of uranium and aluminum met these criteria.

• Medium-density dispersion fuels
The need for higher uranium loadings for very small cores and high-power RRs led to the development of U3O8 dispersion 
fuel at 1.3 gU/cm3 and uranium aluminide (UAlx) dispersion fuel at 1.7 gU/cm3. Uranium aluminide dispersion fuel became 
the standard fuel for RRs that used MTR type fuel assemblies.

• High-density dispersion fuels
The U.S. Reduced Enrichment for Research and Test Reactors (RERTR) program was established in 1978 to address 
concerns about the civilian use of HEU, its goal was to convert RRs to LEU by developing higher-density fuels. UAlx and 
U3O8 dispersion fuels were developed to densities up to 2.3 gU/cm3 and 3.2 gU/cm3, respectively. As these uranium 
densities were not enough to convert most RRs, special emphasis was put on U3Si2-Al fuel which was subsequently 
qualified and used to convert many RRs with powers up to 50 MW.

• Very high-density dispersion and monolithic fuels (UMo fuels)
By the end of the 1990s, after the first conversions using LEU U3Si2-Al, focus moved to the remaining High Performance 
RRs (HPRRs) that were unable to use U3Si2-Al without severe performance losses. A number of high-density uranium 
compounds were subjected to irradiation testing from which the UMox alloys were selected. The UMo fuels are presently 
being developed as both dispersion and monolithic fuel. After occurrence of irradiation failures, caused by large voids 
resulting from excessive interaction between the UMo particles and the Al matrix in dispersion UMo fuel new research 
was initiated to find solutions to the issue. Some promising remedies have been found and are being tested at present. 
Monolithic UMo fuel was selected by the U.S. to convert some of the USHPRRs because of its much higher uranium 
density (15.9 gU/cm3 versus 8.5 gU/cm3). High failure rates occurred in the initial irradiation experiments. After further 
research a number of technical solutions were found and fabrication methods were improved.
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CONCLUSIONS
Appropriate fuels to operate different types of RRs have been made available by international fuel development efforts. 
Besides allowing conversion of RRs from HEU to LEU increased fuel density may contribute to improve the economy of the 
fuel cycle in RRs already operating on LEU.
This paper presents a historical overview of RR fuel development and discusses perspectives of ongoing research on 
advanced very high-density UMo fuels.
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Planning for Research Reactor Decommissioning - IAEA Perspectives 
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The IAEA has the statutory obligation to establish standards of safety, to provide for the application of these standards 
and to foster the exchange of scientific and technical information. This presentation will describe how these obligations, 
as they apply to research reactor decommissioning, are addressed by the Agency as well as some more practical 
considerations for research reactor decommissioning.

In the IAEA safety standards, the terms siting, design, construction, commissioning, operation and decommissioning are 
normally used to delineate the six major stages in the lifetime of an authorized facility and of the associated licensing 
process. The term decommissioning refers to

the administrative and technical actions taken to allow the removal of some or all of the regulatory controls from 
a facility (except for the part of a disposal facility in which the radioactive waste is emplaced, for which the term 
‘closure' instead of ‘decommissioning' is used).

According to the IAEA Safety Standards, aspects of decommissioning have to be considered throughout the lifetime of a 
facility, and an initial decommissioning plan should be submitted as part of the authorization process for any new facility. 
The initial decommissioning plan should be updated periodically throughout the life of the facility.

The IAEA's requirements-level safety standard for decommissioning - Decommissioning of Facilities, IAEA Safety 
Standards Series GSR Part 6 (2014) - includes 15 overarching safety requirements that address all aspects of 
decommissioning. Aspects such as roles and responsibilities, planning, financing and conduct of decommissioning, and 
termination of authorization. GSR Part 6 identifies two strategies for decommissioning: immediate dismantling and 
deferred dismantling. Immediate dismantling is the preferred strategy. GSR Part 6 includes provision for what was 
formerly a third strategy, entombment, that is an option of last resort (e.g., for highly damaged facilities).

Development of an initial decommissioning plan is an IAEA safety requirement for authorization of construction and 
operation of new facilities. This requirement builds decommissioning considerations into the process for facility design, 
into the conduct of operations and provides a basis for estimating financial resources needed for eventual 
decommissioning.

Work on the final decommissioning plan usually begins about the time when the decision for permanent shutdown is 
decided. The final decommissioning plan covers a much broader range of issues than the initial decommissioning plan and 
covers them in greater depth. It is the basis for regulatory authorization for commencement of decommissioning 
activities. Among the issues to be considered when planning for decommissioning are:

• Is the regulatory process clear?
• What is the decommissioning strategy and what is the end state for the facility.
• Is there sufficient technical infrastructure?
• Has sufficient funding been set aside for decommissioning?
• Have the facility records captured the relevant information for decommissioning?
• Who will conduct the decommissioning? (Operations staff or will there be outsourcing to specialists?
• What are the types and quantities of radioactive waste arisings to be expected, and what amount of materials will 

be cleared.
• Is there national guidance to implement clearance of materials?
• Are there adequate storage and disposal routes for the radioactive wastes and other materials that will be 

generated by decommissioning?
The presentation will take up in detail the issues described above, and will close with a brief description of IAEA 
decommissioning activities that are ongoing or being planned.
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INTRODUCTION
The Jules Horowitz Reactor (JHR) is a Material Testing Reactor (MTR) under construction at the CEA/Cadarache (France) 
and will be an important international user facility for R&D in support to the nuclear industry, research organizations, 
regulatory bodies and Technical Support Organization (TSO), and academic institutions 2, 3. CEA is developing a set of test 
devices aiming at testing materials and fuels under irradiation [1].
The MADISON loop [4] is one of the experimental systems of the JHR research reactor, and is now in the detailed design 
phase. The objective of the MADISON experimental device is to test and qualify fuel and clad at nominal working 
conditions mainly for Pressurized Water Reactors (PWR) and Boiling Water Reactors (BWR). The MADISON experimental 
device is planned to be located in the reflector of the JHR core on a moving device that allows changing fuel power as a 
function of the distance from the core. Additional heating of the system is due to the gamma flux (mainly generated by 
the core) into the different material parts of the test device.
The system can be divided in two major parts: the in-reflector device (or In-Pile part) and the circuit in the cubicle as can 
be seen in Figure 15. The In-Pile device (see Figure 16) contains the fuel samples and is located in a dedicated channel of 
the beryllium reflector in the reactor pool. The cubicle contains the other parts of the high-pressure circuit of the loop 
(heat exchangers, main pump, heaters, control and maintenance valves) and the purification loop (low-pressure service 
loop of the system). The fuel channel diameter of the test device is designed to potentially test any number of fuel 
samples ranging from one to eight, arranged in several geometry combinations. This work will present the results 
obtained with the fuel channel first design, of four fuel samples arranged in a row (see Figure 16).
By regulating the flow-partition between the main loop heat exchanger and its bypass (in the high-pressure loop), one can 
adjust the working temperature condition at the fuel channel inlet (see Figure 16). An electrical heater (as illustrated in 
the high-pressure loop in Figure 15) also enables to adjust the inlet temperature. The loop pressure is regulated by valves 
that control the net flow rate exchange between the high-pressure circuit and the purification circuit (low-pressure
circuit) via a “feed and bleed” system.
The goal of this work is to present the thermo-hydraulic first safety studies during an accidental LOCA scenario resulting 
from a hypothetical large break in the loop, at the cubicle, while working in PWR conditions.
These studies use two types of calculation codes: CATHARE2 (Code for Analyzing Thermo-Hydraulics during an Accidental 
Reactor and safety Evaluation) [5] for the integrated system calculations and COMSOL for specific local two dimensional 
calculations at the core mid-plane. The results indicate that it is possible to cool the fuel rods during the dry-out period of 
this transient without any active safety injection features and systems.
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Main loop (high pressure) Purification loop (low pressure)

Figure 15, The MADISON experimental system

Figure 16, In-Pile schematic description and typical fuel channel cross section first design.

RESULTS
The high-pressure loop and the low-pressure circuit parts (see Figure 15) were simulated using the CATHARE2 code. By 
default, the code handles two-phase flow and heat transfer simulation. A fuel model (fuel-clad heat transfer, cladding 
oxidation, clad ballooning and burst) is implemented in the code to take into account the thermo-mechanic behavior of 
the fuel (ballooning and burst). A dedicated subroutine was developed to calculate the radiative heat transfers between 
fuel rods and the shroud (mad of Zircaloy) during the dry-out phases of the LOCA scenario.
The fuel and clad parameters are described in Table 1. Reactor shutdown was triggered by the detection of low pressure 
in the test device (113 bar) and a function determining the evolution of neutron and gamma power after the LOCA were 
introduced in the CATHARE model.
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Fuel Parameter Value
Clad outside diameter 9.5 mm
Clad thickness 0.57 mm
Clad Inside pressure 58.5 bar
Gap between the fuel and clad 0.001mm
Initial inside oxidation layer 0.1|im
Initial outside oxidation layer 0.63^m

Table 12, fuel parameters that was implemented in the CATHARE model

Figure 17, typical temperature behavior during LOCA scenario calculated by CATHRE with comparison to the COMSOL 
results.

The radiation subroutine models the radiative heat transfers between all parts of the in pile device. The radiation model 
between the fuel samples and its surrounding fuel channel (shroud) was determined by an equivalent thermal resistors 
network, which enabled to write a set of algebraic equations for the unknown gray body potentials (the radiosity).
The set of algebraic equations were solved symbolically for the gray body potentials of each surface in the fuel channel, 
and were implemented in the radiation subroutine. The equivalent network describes the relations between the black 
body potential and the radiosity of gray body surfaces. The model takes into account the view factors between five 
existing surfaces (4 fuel samples in a row and the shroud as the fifth area). Figure 17 presents the preliminary results 
obtained. The coupled calculation between the thermal-hydraulic two-phase calculation during depressurization and the 
radiation heat exchange shows that there is a satisfactory margin preventing runaway oxidation of the cladding in 
zirconium alloys (best estimate correlation).
As a crosscheck, a 2D model was built in COMSOL Multiphysics®. The model is built as a cross section at the core mid-plane 
of the in-pile device. This transient model takes into account thermal radiation exchanges between all the surfaces as well 
as the oxidation kinetics between steam and Zircaloy, solved by adding a dedicated differential equation. Fuel ballooning 
is not modeled but can be simulated by changing the input geometry. The emissivity of the clad is taken to be about 0.8 
(oxidized Zircaloy) and the oxidized Stainless steel (S.S) emissivity of about 0.5.
The CATHARE2 results are compared to the COMSOL model in Figure 17. As can be seen, the results are in good 
agreement for the first 20 s as the clad geometry is preserved (no ballooning line). COMSOL model with the ballooned 
geometry of about 40% increases the heat-transfer and oxidation area, without taking in account the thermo-hydraulic 
effect of the shroud cooling during depressurization, results in higher temperature levels of the clad for the short period 
of the scenario.
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CONCLUSIONS
It was found using the CATHARE2 code that the clad temperature during a LOCA scenario is sufficient for the range of 
foreseen operating conditions and that the proposed channel updated design is robust.
Cross checking the results with a FEA calculation, it was found that the clad temperature is higher as an outcome of 
uncoupling with the two-phase cooling effects. The shroud cooling during depressurization in the CATHARE model, 
coupled to the radiation heat exchange and fuel thermo-mechanics behavior predicts a more realistic picture of the 
problem. The conservative COMSOL model shows that for the short and the long period of the scenario there is a 
satisfactory margin preventing runaway oxidation of the fuel.
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INTRODUCTION
Recent interest in zirconium oxidation has concentrated on the exothermic nature of the reaction and the hypothetical 
possibility of reaching runaway conditions during a severe accident, which might occur in nuclear reactors (1-4). It seems to 
be qualitatively agreed-upon that at temperatures below ca 800 oC oxidation may be considered as a heterogeneous 
surface phenomenon in which a dense oxide layer is formed which physically hinders the oxidant from reaching the 
reacting metal (parabolic law) (2-6). Hence, critical conditions for thermal runaway oxidation in metal currently rely on 
simultaneously solving the transient mass and heat balance equations in the oxide layer (6, 7).

Clad heating and enhanced hydrogen generation under severe accident conditions may well be related to a number of 
physiochemical phenomena, such as cracking, decomposition, melting and swelling typically accompanying metal 
oxidation during a severe accident (1, 2, 8). High temperature quenching experiments (8) have revealed a multitude of 
through-cladding crack formations, which could not be accounted for by the surface oxidation models of intact cladding. 
Under certain conditions relevant to severe accident conditions, thermo-chemical reactions could take place in pores and 
cracks inside the metal volume and may lead to uncontrolled ignition of the oxidizing specimen. Full quantitative 
understanding of degraded metal oxidation is still at large, yet it could be mathematically based on existing models of 
homogeneous oxidation (9, 10) as shown in the following sections.

THE IGNITION MODEL

We consider a section of thin fuel-rod cladding self-heated volumetrically by thermochemical oxidation reactions. The 
cladding may also be heated at its inner surface by the decay products in the nuclear fuel and cooled by steam at its outer 
surface. The one-dimensional steady-state heat balance equation with an exothermic chemical heat generation term is,

dT ( E jz_=_G.Pexpi__ j .a < <a (1)

Where T(x) is the metal temperature, 2a the sample thickness, Q the heat released during a reaction, 2 the thermal 

conductivity, E the activation energy, and R is the gas constant and p is the density rate of thermochemical reactions. 

Equation (1) is a nonlinear steady-state differential equation, which could be expressed by the following non-dimensional
form (9, 10),

dd d—- = -aed -1 < z < 1dz2
E

d =---- (T - T ) andRT 2 0

where

7 = Q apxP (-E / RTo)
(2)

Where T is the surface temperature, z = x / a is a dimensionless coordinate and 7 is an internal heating parameter. 

The analytical solution of eq. (2) is,

d( z) = ln c_
2//

1- tanh (3)2 (c + z)
V J
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The coefficients c and c in eq. (3) are calculated by using appropriate boundary conditions (BCs). For instance, when a

symmetric temperature profile is assumed then c = 0. At a critical value of q = 5.757 the parameter ] reaches a

maximum value, ] = 0.87846, above which the conduction equation has no solution. Thus ] defines a criterion for 
thermal ignition. Appropriate BCs for hypothetical severe accident conditions comprise of steam cooling at the outer 
surface (z = 1) and decay power heating at the inner surface, (z = — 1), i.e,

dd_
dz z=—1

(4)= % and #| = 0

Where £ is related to the decay heat flux at z = —1. In that case the maximum values of ] for which a steady state 

solution exists (the critical ignition temperature), becomes dependent on £ .

ZIRCONIUM OXIDATION

To demonstrate the utility of the parameter T for estimating ignition conditions in a typical fuel cladding, we assume that 

oxidation of degraded cladding basically takes place on the large effective surface of the cracks inside the metal, according 
to the parabolic reaction rates for Zircaloy(12,13). However, due to the fact that in a cracked cladding the oxidation area is 
not apriori known, we introduce a new specific area parameter, a , defined as the surface area of oxide per unit volume 
of the metal specimen. Hence, density rate of thermochemical reactions, p in eq. (1) becomes,

A3
p = a----------- t---------------- r kg / m ■ s (5)

25 (MZr I MZr^ )
where 5 is the oxide layer thickness prior to ignition, p is density, MZr IMZrt9 = 91/123 the molecular mass ratio and 

A [kg2 Im4 • s] is parabolic law pre-exponent. Using eq. (5), the parameter ] in eq. (2) becomes,

t=^~E2a'pexp2—E1 RT0 =22pexp2—E1RT2 p(6)

where p is a dimensionless cracking parameter. Figure 1 demonstrates the effect of p on the ignition temperature using 
MELCOR(12) data for zirconium and zirconia,

0Tt. Fetug thFi1 i v T ret. a a1F1 igiF p .Fig. 2 Ignition temperature vs

The critical value of ] for an insulated left surface (£ = 0) is indicated in Fig. 1 as a horizontal line. Clearly the critical 
ignition temperature due to volumetric self-heating decreases as the dimensionless cracking parameter, p , increases. 

Fig. 2 depicts the ignition temperature as a function of cracking parameter, p, for £ = 0. At small p values, i.e., 
insignificant cracking, ignition temperature is higher as the volumetric heating due to the reduced oxidation in cracks. 
Runaway conditions in that case may be determined by the classical parabolic law (3, 5). Large p values indicate extensive 

cracking with thin oxide layer on the inner surfaces.
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CONCLUSIONS

The effect of volumetric oxidation on the critical ignition temperature of zirconium was investigated. Volumetric chemical 
reactions may be an important factor in the oxidation of degraded fuel cladding during severe accidents in nuclear 
reactors. A new dimensional parameter, l/.s, was defined to specify the cracks density and the thickness of the oxide layer 
on the inner area of the cracks. It is shown that the critical ignition temperature decreases as increases.
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INTRODUCTION
The main goal of this work is to evaluate the THERMO-T code(1) capabilities as a transient thermal-hydraulic-neutronic
solver for MTR plate-type cores. The calculation scheme utilizes the Serpent(2) code for prediction of the 3D power
distribution and shape in core calculations. The obtained 3D power distribution is then passed to THERMO-T for
calculation of various parameters prediction. The amplitude of the power profile is changed by a coupled point-kinetics
(PK) model. The benchmark problem is specified in the IAEA-TECDOC-643(3).
This article reports on the first stage in the development of a transient thermal-hydraulic system code for research reactor 
accidents analysis - THERMO-T, which eventually will interface with DYN3D(4), a 3D multi-group nodal diffusion neutron 
flux solver, to form a 3D TH-NK transient package for research reactors. In this paper an examination of the LOFA transient 
analysis is presented.

THERMO-T
THERMO-T is a multi-physics multi-channel TH-NK time dependent module. The TH module solves the three conservation 
(mass-momentum-energy) equation module by utilizing the semi-implicit method for pressure linked equations (SIMPLE). 
The solution of the energy balance equation is made in three regions - fuel, clad and coolant. The NK is based on a seven 
equation PK model for six delayed neutron groups and seven group equation for the decay heat model, presented in Eq. 1 
and 2.

Pi z .
_ = -P,(0-W0

dcDi(t)
dt ~ ^Di^F CZ>i(C)

-1

(1.1)

(1.2)

(2.1)

(2.2)

BENCHMARK PROBLEM
In this paper both highly enriched (HEU) and low enriched (LEU) uranium cores are considered. The detailed description is
given IAEA-TECDOC-643(3) .The core grid size is 6x7, containing 21 fuel elements, 4 control elements and a central flux 
trap. The core is surrounded by a radial reflector made of graphite and water and a 15 cm of axial reflector made of 
mixture of Al-H2O. The active core height is 60 cm, making the total core height 90 cm. The core is considered operating at 
a constant coolant and fuel temperatures set to 20oC and pressure of 1.7 bar. The core power is set to 10 MWth.
The benchmark proposes two types of loss of flow accident slow (flow decay over 25 seconds) and fast (flow decay over 1 
second). The flow decays exponentially as show in Eq. 3. The initial power in all the cases is set to 12MW and the scram 
set point is at 85% of the initial flow, with delay of 0.02 seconds and continues to decay till 15% of the initial value, where 
it stays. The scram negative reactivity insertion is set to -10$ in 0.5 sec. The outline of the core is presented in FIG. 1.
<? = Qo^~t/T (3)
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FIG. 1. Power distribution for different core configuration calculated by Serpent.

RESULTS
The fast loss of flow accident for HEU and LEU cores is shown in FIG. 2. It can be seen that as the flow start to decay the 
temperature of all the components start to rise. This leads to a negative reactivity feedback that causes the initial drop of 
in the cores power. At the point of 85% of the initial flow the scram is activated and the power drops rapidly. Later in the 
transient a second peak is observed, this peak is a result of a combined effect of constant decay heat and continuous 
reduction of the core coolant flow. The same phenomenon repeats in the slow LOFA insertion as can be seen in FIG. 3.
In both cases of the fast and slow LOFA the MCHFR remains higher then unity, thus indicating that no boiling was 
observed. The MCHFR was calculating using the 2006 look-up tables(5).
The results presented here where compared to several state of the art codes, such as - RELAP5/3.2, PARET and RETRAC- 
PC, which are shown in Tables I and II. As it can be seen from Tables I and II the results for THERMO-T have a fairly good 
agreement with the different codes. The slight differences could be addressed by different model utilized by the codes.

Table I. Fast LOFA comparison between THERMO-T and different reference codes
CODE THERMO-T RELAP5 PARET RETRAC-PC

Fast LOFA for HEU and LEU cores

Power at trip, MW
HEU 11.8 11.9 11.8 NA
LEU 11.7 11.8 11.7 NA

Clad surface temp., oC
HEU 93.4 (0.38) 91.3 (0.41) 88.6 (0.38) 87.5 (0.38)
LEU 93.0 (0.38) 92.6 (0.40) 88.5 (0.39) 87.5 (0.37)

Coolant outlet temp., oC
HEU 57.1 (0.45) 59.5 (0.50) 60.0 (0.47) 60.3 (0.45)
LEU 56.9 (0.44) 59.5 (0.50) 60.0 (0.48) 60.3 (0.45)

Temperature at 15% of flow

Coolant outlet temp., oC
HEU 49.2 46.8 NA 46.6
LEU 49.2 46.7 NA 46.5
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b. Coolant outlet temperature

FIG. 3. HEU and LEU slow reactivity insertion transient result

Table II. Slow LOFA comparison between THERMO-T and different reference codes
CODE THERMO-T RELAP5 PARET RETRAC-PC

Slow LOFA for HEU and LEU cores

Power at trip, MW
HEU 11.8 11.6 11.6 NA
LEU 11.7 11.6 11.6 NA

Clad surface temp., oC HEU 90.3 (4.27) 88.7 (4.31) 84.5 (4.30) 83.9 (4.29)
128



LEU 89.9 (4.26) 88.4 (4.30) 84.4 (4.07) 83.7 (4.29)

Coolant outlet temp., oC
HEU 55.6 (4.29) 58.8 (4.31) 58.7 (4.27) 58.9 (4.29)
LEU 55.5 (4.28) 58.0 (4.30) 58.7 (4.09) 58.8 (4.29)

Temperature at 15% of flow

Coolant outlet temp., oC
HEU 42.2 43.4 42.2 43.3
LEU 41.8 43.5 NA 43.3

CONCLUSIONS
This work presents the first steps on a way for developing a 3D time dependent multi-physics package based on THERMO- 
T and DYN3D codes. In the present work a representation of the fast and slow LOFA benchmarked described in the IAEA- 
TECHDOC-643. The results where compared to several well established codes (RELAP5, PARET and RETRAC-PC). The 
comparison show a fairly good agreement. This indicates that the implemented models in THERMO-T are sufficient to 
predict the behavior of a MTR type reactor in RIA scenarios analysis.
However, in spite of the good agreement with the different codes, there is still a need to validate the code against 
experimental data. Such comparison would give a stronger validity for the utilization of THERMO-T as a modeling tool for 
transient analysis in the final Serpent-DYN3D-THERMO-T package.
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INTRODUCTION
The main goal of this work is to evaluate the THERMO-T code(1) capabilities as a transient thermal-hydraulic-neutronic
solver for MTR plate-type cores. The calculation scheme utilizes the Serpent(2) code for prediction of the 3D power
distribution and shape in core calculations. The obtained 3D power distribution is then passed to THERMO-T for
calculation of various parameters prediction. The amplitude of the power profile is changed by a coupled point-kinetics
(PK) model. The benchmark problem is specified in the IAEA-TECDOC-643(3).
This article reports on the first stage in the development of a transient thermal-hydraulic system code for research reactor 
accidents analysis - THERMO-T, which eventually will interface with DYN3D(4), a 3D multi-group nodal diffusion neutron 
flux solver, to form a 3D TH-NK transient package for research reactors. In this paper an examination of the LOFA transient 
analysis is presented.

THERMO-T
THERMO-T is a multi-physics multi-channel TH-NK time dependent module. The TH module solves the three conservation 
(mass-momentum-energy) equation module by utilizing the semi-implicit method for pressure linked equations (SIMPLE). 
The solution of the energy balance equation is made in three regions - fuel, clad and coolant. The NK is based on a seven 
equation PK model for six delayed neutron groups and seven group equation for the decay heat model, presented in Eq. 1 
and 2.

cWt) Pi z S
_ = -P,W-WO

dt
~ ^Di(^F cDi(t^')

(1.1)

(1.2)

(2.1)

(2.2)

BENCHMARK PROBLEM
In this paper both highly enriched (HEU) and low enriched (LEU) uranium cores are considered. The detailed description is
given IAEA-TECDOC-643(3) .The core grid size is 6x7, containing 21 fuel elements, 4 control elements and a central flux 
trap. The core is surrounded by a radial reflector made of graphite and water and a 15 cm of axial reflector made of 
mixture of Al-H2O. The active core height is 60 cm, making the total core height 90 cm. The core is considered operating at 
a constant coolant and fuel temperatures set to 20oC and pressure of 1.7 bar. The core power is set to 10 MWth.
The benchmark proposes two types of loss of flow accident slow (flow decay over 25 seconds) and fast (flow decay over 1 
second). The flow decays exponentially as show in Eq. 3. The initial power in all the cases is set to 12MW and the scram 
set point is at 85% of the initial flow, with delay of 0.02 seconds and continues to decay till 15% of the initial value, where 
it stays. The scram negative reactivity insertion is set to -10$ in 0.5 sec. The outline of the core is presented in FIG. 1.
<? = C?De“t/T (3)
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FIG. 1. Power distribution for different core configuration calculated by Serpent.

RESULTS
The fast loss of flow accident for HEU and LEU cores is shown in FIG. 2. It can be seen that as the flow start to decay the 
temperature of all the components start to rise. This leads to a negative reactivity feedback that causes the initial drop of 
in the cores power. At the point of 85% of the initial flow the scram is activated and the power drops rapidly. Later in the 
transient a second peak is observed, this peak is a result of a combined effect of constant decay heat and continuous 
reduction of the core coolant flow. The same phenomenon repeats in the slow LOFA insertion as can be seen in FIG. 3.
In both cases of the fast and slow LOFA the MCHFR remains higher then unity, thus indicating that no boiling was 
observed. The MCHFR was calculating using the 2006 look-up tables(5).
The results presented here where compared to several state of the art codes, such as - RELAP5/3.2, PARET and RETRAC- 
PC, which are shown in Tables I and II. As it can be seen from Tables I and II the results for THERMO-T have a fairly good 
agreement with the different codes. The slight differences could be addressed by different model utilized by the codes.

Table I. Fast LOFA comparison between THERMO-T and different reference codes
CODE THERMO-T RELAP5 PARET RETRAC-PC

Fast LOFA for HEU and LEU cores

Power at trip, MW
HEU 11.8 11.9 11.8 NA
LEU 11.7 11.8 11.7 NA

Clad surface temp., oC
HEU 93.4 (0.38) 91.3 (0.41) 88.6 (0.38) 87.5 (0.38)
LEU 93.0 (0.38) 92.6 (0.40) 88.5 (0.39) 87.5 (0.37)

Coolant outlet temp., oC
HEU 57.1 (0.45) 59.5 (0.50) 60.0 (0.47) 60.3 (0.45)
LEU 56.9 (0.44) 59.5 (0.50) 60.0 (0.48) 60.3 (0.45)

Temperature at 15% of flow

Coolant outlet temp., oC
HEU 49.2 46.8 NA 46.6
LEU 49.2 46.7 NA 46.5
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b. Coolant outlet temperature

FIG. 3. HEU and LEU slow reactivity insertion transient result

Table II. Slow LOFA comparison between THERMO-T and different reference codes
CODE THERMO-T RELAP5 PARET RETRAC-PC

Slow LOFA for HEU and LEU cores

Power at trip, MW
HEU 11.8 11.6 11.6 NA
LEU 11.7 11.6 11.6 NA

Clad surface temp., oC HEU 90.3 (4.27) 88.7 (4.31) 84.5 (4.30) 83.9 (4.29)
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LEU 89.9 (4.26) 88.4 (4.30) 84.4 (4.07) 83.7 (4.29)

Coolant outlet temp., oC
HEU 55.6 (4.29) 58.8 (4.31) 58.7 (4.27) 58.9 (4.29)
LEU 55.5 (4.28) 58.0 (4.30) 58.7 (4.09) 58.8 (4.29)

Temperature at 15% of flow

Coolant outlet temp., oC
HEU 42.2 43.4 42.2 43.3
LEU 41.8 43.5 NA 43.3

CONCLUSIONS
This work presents the first steps on a way for developing a 3D time dependent multi-physics package based on THERMO- 
T and DYN3D codes. In the present work a representation of the fast and slow LOFA benchmarked described in the IAEA- 
TECHDOC-643. The results where compared to several well established codes (RELAP5, PARET and RETRAC-PC). The 
comparison show a fairly good agreement. This indicates that the implemented models in THERMO-T are sufficient to 
predict the behavior of a MTR type reactor in RIA scenarios analysis.
However, in spite of the good agreement with the different codes, there is still a need to validate the code against 
experimental data. Such comparison would give a stronger validity for the utilization of THERMO-T as a modeling tool for 
transient analysis in the final Serpent-DYN3D-THERMO-T package.
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Coolant injection (CI) into a pool of molten metal might leads to Steam Explosion (SE). This study, experimentally 
investigates the effects of thermal conditions and jet dynamic properties on the SE phenomenon in coolant injection 
mode of contact. The experiments conducted in a close vessel using a water jet injected into 2 to 4.5 kg of pure 
molten metals, such as: Aluminium (Al), Tin (Sn) and Bismuth (Bi). The melt initial temperatures ranged between 
300 [°C] - 900 [°C], and the water temperatures varied from 25 [°C] to 70 [°C], The affect of the melt and water 
initial temperatures, was first investigated by using Thermal Interaction Zone (TIZ) map as Dullfore et al[1] suggested. 
However, experiments inside the TIZ boundaries did not end up in explosion, as been expected. Moreover, outside 
the TIZ boundaries in some cases explosions did occur. These observations indicate that other parameters, that did 
not took into account in the TIZ map (Dullfore et al[1]), are affecting the likelihood of the phenomena to occur, such 
as: the jet dynamic properties and the injection method (thin spray or jet). The current study presents a new method 
to predict steam explosion by using TIZ boundaries together with the dynamic properties.

1. INTRODUCTION

Violent thermal interactions resulting from the sudden contact of a cold vaporizable liquid and a hot liquid may cause 
high-pressure explosions. Understanding the Steam explosion phenomena derives from the risk that such an 
explosive interaction might cause to the reactor structure and the containment integrity. Cooling the melt using 
water injection might cause strong steam explosion in given conditions.

Fuel Coolant Interaction (FCI) can be form in one of these scenarios: Melt Injection (MI), Coolant Injection (CI), and 
Free Fall Melt Drop (FFMD) into coolant. Each scenario has different method of the contact between the melt and 
coolant. TIZ (Thermal Interaction Zone) map is the most conventional method to display the initial conditions leading 
to SE (see fig. 1) [1]. These maps depict the areas where SE occur or does not occur depending on the initial melt and 
water temperatures. TIZ theoretical boundaries commonly defined as the melting point (MP) temperature or the 
homogenous nucleation (HN) temperature and the minimum film boiling (MFB) temperature, at the interface 
temperature (Ti) between the liquids. Where Ti expressed as,

l(k-p ■ Cp)~ (1)

Tc and Th present the jet and the melt temperature respectively.

The minimum film boiling temperature (TMFB) expressed as V. K. Dhir and G. P. Purohit[2] suggested: 

Tmeb = 201 + 8(1^ — Tjet) (2)

This form is commonly used in many researches ([1, 3, 5]) to estimate the minimum film boiling temperature.

134



Due to the complexity of the CI experimental system, there is a lack of experimental data in the literature. 
Therefore, CI experiments results usually have been compared with the TIZ boundaries that were found for a melt 
dropped into water. Although the TIZ map analysis is commonly used, this map does not provide sufficient 
information of other parameters affecting the feasibility for SE to occur in CI mode. Parameters like jet diameter and 
velocity, coolant and melt thermal conductivity, specific heat, melting temperature, density, surface tension, latent 
heat, melting point and more, do not take into consideration.

2. EXPERIMENTAL ARRANGEMENT

In order to understand the effect of each one of those parameters, an experimental apparatus was used with three 
different well-known materials (Aluminium, Bismuth and Tin) in wide range of temperatures, jet velocities and 
diameters with different methods of coolant injection.
A schematic view of the experimental apparatus is present in fig 2. The apparatus include a furnace (up to 1470 K), a 
grey cast iron crucible, a pressure vessel and water injection system.

Fig. 2: Schematic view of the experiment system.

The tested metal was placed inside a grey cast iron crucible (inner diameter 100 mm, height 80 mm, wall thickens 
6mm). In order to measure the temperature of the molten metal inside that crucible, 4 thermocouples (type K) were 
located along a stainless steel (3 mm) wire.

The experimental conditions are shown in Table 1.
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Table 1: Experimental conditions

Metal Melt
temperature

Melt
mass

Water
temperature

Water
flow rate

Injection methods

Tin
360 to 580

“C
2

to 4 kg
25 to 70 “C

1 to 5 
liter/min

single water jet, two 
parallel jets, water spray

Bismut
h

320 to 670
“C

1
to 4.5
kg

25 to 60 “C
1 to 5 

liter/min

Alumini
um

750 to 850
“C

0.8
to 2.5
kg

25 to 30 “C
1 to 5 

liter/min

single water jet, two 
parallel jets, water spray, 
alternately injections

4. EXPERIMENTAL RESULTS AND DISCUSSION
The indicators of explosion include the pressure pulse and the debris size and structure. Results shows that the jet 

dynamic properties affect the probability for SE to occur. The jet velocity have great influence on the mixing phase, 
low velocity jets did not penetrate the melt surface and prevent the essential pre mixing phase. This behaviour

jD Vr" Li!
indicates that there is a dynamic limit for SE to occur in Cl configuration. Weber number (Weiet = ------, Where p -

water density, V - jet velocity, d - jet diameter and cr - water surface tension) describe the ratio between the fluid 
inertia to surface tension, or in other words the tendency of the fluid to break into drops compared to the tendency 
to keep the fluid unite. Analysing the Weber number effect on the feasibility for SE to occur, reveal a conditional 
Weber value for SE to occur. Figure 3 shows a plot of two areas: spontaneous explosions area and the other where 
explosions do not occur. Those areas describe the thermal and dynamic initial conditions.

(a) (b)
Fig.3. Thermal and Dynamic conditions map for Tin (a) and Bismuth (b).
These maps reveal another dimension of conditions to the commonly use TIZ map and explain the reason that 

experiments inside the TIZ boundaries did not lead to SE.

The use of three different materials enables us to investigate the effects of material properties on the 
phenomena. Materials with higher melting points than the minimum film boiling temperature may classify as non
self-triggered materials, at the tested temperature range. The fact that the metal freezes before the film boiling 
collapse prevent a direct contact of the liquids, and the quenching process formed over the solid surface.
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5. CONCLUSIONS

Coolant injection (CI) into a pool of molten metal might leads to Steam Explosion (SE). The commonly use TIZ 
boundaries did not well describe the explosion thermal conditions for Bismuth and Tin in CI mode. In order to 
improve the prediction of SE occurrence a new thermal - dynamic conditions map is suggested. This map was 
developed based on experimental study presented in this work. The following conclusions were made:

• The injection method significantly affects the pre mixing phase. Spray injection enable safe cooling of the 
melts without the risk of explosion, mainly due to the poor pre-mixing.

• The velocity and jet diameter affects the ability of the water to penetrate the molten metal. Low velocity jets 
breaks up upon the melt surface, preventing the liquids pre-mixing phase.

• All experiments conducted with Aluminium did not lead to SE. The jet velocity and diameter did not affect the 
system response. The jet flow rate affect only the cooling rate and the maximum pressure built up inside the 
experiment vessel.

• Material with higher melting temperatures than the minimum film boiling temperatures may classified as 
non-self-triggered materials at temperatures less than 10QQDC, mainly due to the early solidification process 
that limits the increase of heat transfer area.
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(1,2)

INTRODUCTION
In recent years a new formalism has been developed, called Multidimensional Matrices mathematics, and its subsets 
Multidimensional Matrices algebra and calculus. The algebra and calculus were developed by Ashu M. G. Solo in the series 
of papers (1,2). In those papers, Solo defines the terminology, notation, basic operation (addition, subtraction and 
multiplication by scalar), and inner and outer multiplications. The idea was further developed in a follow-up papers (3,4,5), 
which dealt with the inverse operation on four dimensional matrices, the determinant and inverse operations on four 
dimensional matrices, and the Singular Value Decomposition for multidimensional matrices. This formalism is used mainly

(3,4,5)

in the field of public policy, as published (6).
In a seemingly unrelated topic, the stochastic transport equation, describing the dynamics in time of the neutron 
population in a nuclear system, is used to gain knowledge about the higher moments of neutron population. Unlike the 
Boltzmann equation, where the conservation laws are given in term of the average neutron population, the stochastic 
equation describes the system in terms of the complete probability theorem for all the neutron interaction in each time 
step.
Understanding the higher moments of the neutron population is a basic question in nuclear science and engineering, with 
applications in in-pile noise experiments (7), Neutron Multiplicity Counting (NMC) for fissile mass estimation, and many 
more.
Due to the high complexity of the stochastic transport equation, it is often customary to assume a single-region one- 

energy-group approximation, allowing us to consider, eventually, a single set of reaction probabilities, a single detection 
efficiency and a single die away time (as suggested in the original work of Feynman).
Recently, a multi-region multi-energy formalism was suggested (8) for the stochastic transport equation, and was 
implemented in the context of Feynamn-alpha experiments. In that paper (8), only the first two moments of the system 
were derived.
In the present study, we further generalize the results mentioned and derive an equation for the general nth moment, 
using the Multidimensional Matrices formalism.

RESULTS
As shown in pervious works (8), The stochastic transport equation can be written in the following manner, using the 
probability generating function, marked with G:

Here 2; is the total cross section, 2“ is the absorption cross section, 2^ is the fission cross section,, 2^_,- is the scattering 

cross section, q,(x) is the probability generating function of the multiplicity of the fissions, is the source intensity and 

:: is the probability generating function of the multiplicity of the source events.
When driving the nth moment, we may write the equation as follows:
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Where uj , , is the sought mixed moment, v. . . is the mixed moment of the fission multiplicity, r/; , isthe

mixed moment of the source event multiplicity, and the sums of o are just the sums of all the divisions of n numbers to 2 
groups, when one contains ? elements. The equation can be represented using the multidimensional matrices formalism
in the following simple manner:

Where the operations are inner product of the indexed inner dimensions, and T markes swapping the indexed 
dimensions (where o is as mentioned before).
In this representation, we could see that the equation is just a symmetrized equation on the matrix , with an outer
source and an additional source a terms emerging from the lower moments of the system via the multiplicity of the 
fissions.

CONCLUSIONS
We've shown that the equations for the general moments of the neutron population, using the stochastic transport
equation, can be written simply with the use of multidimensional matrices. This representation emphases the inner
symmetry of the problem and the exact structure of the equation.
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Reactor point kinetics and stochastic differential equations 
1. Introduction

Mathematical models in neutron transport theory may be roughly divided into two categories: Deterministic transport 
models, in which the mean field of the neutron population's spatial and energetic distribution is studied (in either time 
dependent setting or in steady state), and stochastic transport models, which aim to describe the distribution in its 
entirety .Due to the high complexity of the stochastic transport equation, most models are often simplified, assuming a 
steady state mean field, neglecting many physical phenomena such as reactivity feedback, energetic and spatial 
distribution, random reactivity noise and more.
One of the most basic tools in the deterministic theory of reactor kinetic is the Reactor Point Kinetics (RPK) equation. This 
equation is used in in-pile experiments (experiments conducted on a full reactor core) such as reactivity oscillations, 
pulsed source, cross correlation power spectral density and inverse kinetics.
In an entirely different setting, starting in the mid 20th century, the theory of Stochastic Differential Equations (SDE) was 
developed, to address differential equations perturbed by noise. The so called Ito Calculus gave both the theoretical 
setting and the technical tools to solve or quantify solutions of SDE. Since it was introduced, the theory of SDE's has found 
many applications in mathematical finance, electrical engineering, theoretical physics and more.
The outline our study is to implement SDE to study the RPK equation. Our starting point is the observation that SDE 
indeed arise when one applies the functional central limit theorem (FCLT) to the exact, physical neutron population 
dynamics model.

Nuclear Reactors and Accelerators - Neutronics and Theory (Wednesday, April 13, 2016 14:00)

2. The RPK equation and its stochastic form

The deterministic RPK equation, describing a first-order approximation for the dynamics of the neutron flux in a reactor 
under the single energy point model is given by:
Equation 1

d$(t) p — Peff
*})+'£A,C, (t)+s(t)Adt i=1

dC, (t) 0,

-CT =T *(t)—j (t)
Here 0(t) is the neutron flux, C (t) is the concentration of the jth delayed neutron group pre-cursers2, and S(t) an

external neutron source.
Eq. 1, by definition, is a deterministic differential equation, describing only the mean field of the flux as a function of time 
(and the kinetic parameters of the system). However, the true nature of the neutron flux is stochastic, and the number of 
neutrons at time t is a stochastic process. The stochastic behavior of the flux is governed by two "types" of stochastic 
noises:

1. Internal "noises": Referring to the variance in the neutron flux due to the stochastic nature of the nuclear 
reactions in the atomic level.

2 The choice of 7 delayed neutron groups is a standard assumption in the literature
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2. External "noises": Referring to noises in the macroscopic scale, due to statistical variance in the temperature, fluid 
cycle, electronic monitoring of the regulation system etc.

At present, the treatment for each of these categories uses very classical tools: Internal noises are typically modeled using 
the Kolmogorov equation, and external noises are generally analyzed through the Langevin technique and the point 
model transfer function.
Our proposed approach is to analyze all stochastic phenomena by an SDE obtained by applying FCLT to the exact 
microscopic physical model. This SDE turns out to have the form of the deterministic RPK equation alluded to above, with 
an additive term represented in terms of a Brownian motion. In the most general form, the SDE is of the form

2 Equation

P Peff

A
d$(t) =

6

<p(t )dt + j C (t )dt + dS (t) + a z dW + aE i0(t )dWt
i=1

PjdC (t) = - 0(t')dt - A C. (t)dt + aj2dWt + aj 2$(t')dWt
A

Where a ,aj are the amplitudes of the internal noises, and a ,aj are the amplitude of the external noises.

In the presentation we will show how to substantiate Eq. 2, as the rigorous FCLT limit of the physical model, and estimate 

the coefficients aI,1,aIj,2,aE,1,aEj,2 .

Then, we will demonstrate the applicability of the model by a direct computation of the Feynman Variance to Mean ratio, 
and discuss the application of the model in the context of noise modeling and in pile experiments.
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INTRODUCTION
Soreq Nuclear Research Center (SNRC) is currently participating in the IAEA CRP T12029 on "Benchmarks of computational 
tools against experimental data on fuel burnup and material activation for utilization, operation and safety analysis of 
research reactors". Within this framework, a wrapper code was developed in PYTHON to couple MCNP (Monte-Carlo N 
Particle) [1] and DRAGON's depletion module [2], using the WLUP (WIMS Library Update Project, 2005) depletion chains 
with 69 energy-group cross-sections [3].
The development process followed a methodology that was based on validation of results against both numerical 
simulations as well as experimental data, starting from the IAEA MTR theoretical model (10MW, U-Al HEU MTR) [4] and 
continuing to actual experimental data and computational simulations of the Ohio-State University Research Reactor 
(OSURR, 0.5 MW, LEU U3Si2 MTR) [5, 6]. The validation process included the comparison of the multiplication factors, 
power distribution, the depletion/creation of the main nuclides and the reactivity worth of control and regulating rods.
An important feature of the code is the use of several depletion zones in each rod, which is expected to improve the 
accuracy of the core description and will allow the comparison against gamma spectroscopy experiments of fuel rods in 
IRR1, which show axial distribution of the fuel depletion [7].

RESULTS
First, infinite lattice multiplication factor and nuclides transmutation was computed with the coupled code for the IAEA 
HEU MTR fuel assembly [4]. The infinite multiplication factor is presented in Figure 1. It can be seen that the results match 
to the results reported by the different participants of the benchmark up to high burnups (>50% U235 depletion). For fuel 
depletion up to 50%, nuclide concentrations of important neutron absorbers, namely Xe135 and Sm149 were verified 
against analytical solutions and compared to benchmark results and were found to be correct, within 5% difference, 
compared to results of ANL, EIR and INTERATOM (not shown). Three whole-core configurations were then computed; 
Fresh, in the Beginning of the core life (BOL), and in the end of the core life,(EOL), and compared to the Monte-Carlo 
results of ANL as depicted in Figure 2. A comparison of the effective multiplication factor is shown in Table 1. The 
difference in multiplication factor between our calculation and the benchmark, when computed with only two poisons, 
Xe135 and Sm149 (as was done by ANL), is about 1200 pcm (fresh core) 1800 pcm (EOL core), and is mainly due to the use 
of different cross-section libraries. However, when using the entire WLUP-based nuclides list (91 nuclides) in the Monte- 
Carlo calculation at EOL, the difference increases significantly to 5830 pcm.
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Figure 1. Infinite multiplication factor of the IAEA HEU MTR fuel assembly [4] as a function of fuel burnup. Comparison 
between the coupled code (red line) and the participants in the benchmark (black line. error bars denote the min/max 
values reported by the different participants)

fuel graphitez / J
D irrad. position

Figure 2. Whole-core configurations at BOL and EOL used in the ANL Monte-Carlo simulation in [4]

Table 1. Comparison between effective multiplication factors for Fresh, BOL and EOL IAEA 10 MW HEU core
Fresh BOL EOL Notes

(1) This work 1.175 ± 0.0008 1.014 ± 0.0007 0.985 ± 0.0007 With 91 nuclides
(WLUP-based)

(2) This work 1.175 ± 0.0008 1.048 ± 0.0007 1.028 ± 0.0007 W/ Al27, U235,U236, 
U238, Xe135, Pm149

(3) ANL-MC2 1.189 ± 0.0033 1.045 ± 0.0034 W/ Al27, U235,U236, 
U238, Xe135, Pm149

5k/k -1180 pcm -1750 pcm Relative difference:
(2) - (3)
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The Ohio-State University Research Reactor (OSURR) is a 0.5 MW converted to LEU U3Si2 MTR fuel in 1988. It is operated 
irregularly, in varying core layouts, similarly to IRR1. The reactor layouts and operational histories are described by 
Bratton in [5]. In Bratton's report, calculation of the fuel depletion in 5 axial zones was performed using MCNP with a 
built-in depletion module (based on CINDER'90). Comparison of the multiplication factor for each core layout at BOC and 
EOC (Beginning and End Of Cycle) as well as fuel depletion for some of the rods are shown in Figures 3 and 4. It should be 
noted that the LEU fuel has a strong self-shielding effect, mainly for the U238 (n,y) reaction. In order to account for this 
effect, the microscopic cross-section used for the burnup included a revised 69-groups cross-section, obtained from the 
MCNP multi-group flux (^?) and reaction rate (/?/?) tallies of fresh OSURR infinite lattice cell:

= i= l,...r69

Figure 3. Effective Multiplication factor for BOC and for EOC for each core layout of OSURR

Bratton (2012)
This work

□H-OQ B DH-016

□M-OD CP-02

□M-007 OH-014

OH-00 9 OH-021

0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
U235 depletion [%] U2J5 depletion [%]

Figure 4. Comparison of U235 depletion at last EOC (Core 6)
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Furthermore, thereactivity worth of the regulating and control rods was compared against experimental results as well as 
against Monte-Carlo simulations using the VIM code, as reported in the OSURR Safety Analysis Report (SAR) [6]. 
Comparisons are depicted in Figure 5. It is seen that the discrepancies are less than 10% for both experimental and other 
numerical computations of the reactivity worth.

Figure 5. Integral values of rod worths. Comparison between the results of our computational system and the 
experimental and computational data in the OSURR SAR [6].

CONCLUSIONS
In order to accurately estimate the current fuel composition in IRR1, several follow-up studies are to be conducted, 
including the effects of history-data collapse (caused by the necessity to reduce the amount of total burnup steps into 
reasonably-computable amount of burnup steps summarizing many years of reactor operation), varying control rod 
heights and accumulating operational uncertainties (e.g., power level uncertainty during operation is about ±5%).
It is anticipated that this work will allow for the first time to accurately compute the depletion of the IRR1 fuel rods and 
also to improve its safe management and effective utilization, based on the current fuel load, which underwent several 
decades of irradiation in the reactor.
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INTRODUCTION
We report on new measurements of bismuth activation with thermal neutrons and also activation with Maxwellian 

neutrons at kT~30 keV. This project is a collaboration of the EC-JRC-IRMM, Soreq-IAEC, and Racah Institute of the Hebrew 
University. Accurate measurement of bismuth activation is important for better design considerations of reactor coolants 
using eutectic Pb-Bi, and of Pb-Bi targets for high powered accelerators planned for ADC-accelerator driven systems. 
Neutron activation of bismuth is also of importance in nuclear astro-physics since it signifies the end of the cycle of the s- 
process reactions in stellar nucleo-synthesis.

Bismuth activation with thermal neutrons was performed at the Soreq research reactor(1). Figure 1a shows the possible 
activation of 210Bi, to the ground state 210gBi or to the metastable state 210mBi, and the subsequent decay schemes. 
Activation to the 210gBi ground state was measured with decay of a-particle from the 210Bi^210Po^206Pb decay and with 
the 803 keV gamma line from the 210Po^206*Pb decay. Detection of the 265 keV and 305 keV gamma lines provide 
measurements of activation to the metastable 210mBi state via the reaction 209Bi(n, g)210mBi^206Tl. These two lines are very 
faint due to the 3 million year half-life. Our preliminary measurements are shown in figure 1b and they agree well with 
previous measurements. We also performed measurements with epi-thermal neutrons using a cadmium shield 
surrounding the activated samples. These activations are currently being analyzed.

Figure 1. Activation of 210Bi:
Fig. 1a: Activation to 210gBi and 210mBi and subsequent decay schemes.
Fig. 1b: Measured ratios of activation to 210gBi (og) and 210mBi (om), including our measurement

Neutron Energy / eV

Measurement of bismuth activation at various values of the neutron temperatures (or energies) is essential for an 
accurate assessment of activation of Pb-Bi eutectic coolant or target given the range of neutron energies in a reactor or 
spallation environment. Of particular interest is the ratio of neutron activation of bismuth to either the ground state or 
the metastable state of 210Bi, given the long half-life for the 210mBi reaction product. This measurement is possible for 
thermal neutrons but is more difficult for higher neutron temperatures because of the lower neutron fluxes and lower 
activation cross sections.

A technique used by the n-TOF collaboration at the CERN pulsed spallation source, involves using TOF techniques to 
measure neutron energy following production, and measuring the prompt gammas produced by the activation. This
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technique measures the total cross section for the 210Bi activation(2). Convoluting measurements at several neutron 
energies to provide a Maxwellian spectrum of neutrons at kT ~ 30 keV, they report a total MACS cross section of 3.7 mili- 
barns. A measurement performed by the group of Kaeppeler at the Karlsruhe VdG facility with a Maxwellian beam of 
neutrons produced via the p+7Li reaction near threshold, report on the activation of 210gBi to the ground state by 
measuring P's from the 210gBi decay. Following decay of P's from the activated sample over the course of ~3 days, they 
arrive at an activation cross section of 2.5 mili-barns. This would give a ratio of ag/am of 1.9, which is surprising since at 
thermal energies, this ratio is approximately 1, and expected to decrease at higher neutron energies.
RESULTS

We performed a new MACS measurement for bismuth activation with high flux Maxwellian neutrons at kT~30 keV using 
the SARAF-LiLiT high intensity linac and high power liquid lithium target facility at Soreq. Details of this new facility are 
presented elsewhere in these proceedings(2). Activation to the ground state 209Bi(n, g)210gBi was measured via P's from the 
210gBi decay, a's from the 210Po decay, and y's from the 210Po^206*Pb decay. Measurements of the a's and P's from an 
activated 1.4 pm foil (on a 0.25mm mylar backing) were taken over the course of 30 days using a shielded 50 mm2 silicon 
detector. Measurements of the y's from a 2 mm activated bismuth sheet were made with the low-background HPGe 
detector at Soreq Radiation Safety Dept.

Figure 2 shows the a activity from the activated bismuth foil measured over the course of 30 days. The alpha activity fit, 
using t1/2 of 138 day for the 210Po^206Pb reaction, is excellent. This data is currently being analyzed and will be reported 
on in the conference.

alpha and beta activity - bismuth foil irradiated with Maxwellian neutrons @ SARAF-LiLiT 10.5 mA-hr 31-8-150.91----------- i-------------------------------- |---------- |---------- |----
0.8

0.1----------------------1----------------------- 1-------------------------1-------------------------1------------------------ 1-------------------------1------------
0 5 10 15 20 25 30

days

Figure 2. a activity of activated bismuth foil measured over 30 days.
Figure 3 shows the P activity over the course of 30 days of the activated bismuth foil. At first. the overwhelming P

activity revealed a P source with a 2.7 day half-life. We measured the foil with a HPGe detector, and saw the 564.2 keV 
line from 122Sb, which has a 2.7 day half-life and is a P emitter. Although the bismuth sample had typical rating of 99.7% 
purity, antimony has similar chemical properties and may have been difficult to avoid. The existence of 122Sb in the 
activated sample meant that there must also be 124Sb from activation of natural antimony, also a P emitter with a beta- 
decay half-life of about 60 days. Both antimony isotopes have similar P endpoint to that of 210Bi. We therefore fit the P 
activity plot with three sources, of 2.7. 5.0, and 60 day half-life belonging to the 122Sb, 210Bi, and 124Sb nuclides. The yield 
for the P was consistent with the level of the 564.2 keV line observed with the HPGe detector. This data is currently being 
analyzed and the MACS cross section will be reported on at the conference.

Figure 3. P activity of activated bismuth foil measured over 30 days.
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210 210We also activated a 2 mm thick bismuth sheet during the same experimental run. Decay of the 210Bi to 210Po, with 
subsequent decay to 206*Pb and emission of the 803 keV gamma line has a 10-5 branching ratio. Nonetheless, we were able 
to measure this line with the low-background HPGe, and the results will be reported on in the conference.
CONCLUSIONS

We have argued that accurate measurements of neutron activation of bismuth is important for careful planning of 
GENIV reactors, especially with regard to eutectic Pb-Bi coolants. Furthermore, refined activation measurements with 
Maxwellian neutrons at temperatures similar to those found in giant stars are important for understanding nucleo
synthesis of medium-heavy elements, especially for bismuth which signifies the end of the cycle for s-process reactions. 
Results of these measurements will be reported on at the conference
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INTRODUCTION
Severe core accident (SCA) in Liquid Metal-cooled Fast Breeder Reactors (LMFBRs) could occur either due to
prompt/super-prompt recriticality or serious loss of heat sink [1]. The progression of a SCA in fast breeder reactors (FBRs) 
is significantly influenced by the core neutron physics, which is the primary focus of this work. The examination of a SCA 
due to loss of heat sink is not considered in this work. Since a FBR core loaded with MOX fuel is not in its most reactive 
configuration, redistribution processes of the core materials (fuel, sodium, absorbers and structural materials) have the 
potential of leading to positive reactivity insertion and unexpected high power excursions. Therefore, the study of SCA 
progression requires an adequate description of the core's neutronic behavior during the different stages of the SCA. 
Reactivity changes in the core could result from many different reasons, whereas the main contributors are:
Loss of coolant - this type of accident leads to neutron spectrum hardening and increased neutron leakage. Change in 
material arrangement - could either increase or decrease neutron streaming. Relocation of fuel and structural materials - 
could lead to changes in the neutron direct and adjoint fluxes. Accumulation of relocated fuel in certain regions of the 
core - could lead to an increase in the core multiplication factor.
In this paper we present a new benchmark problem based on the SNEAK-12A critical assembly experiments [2, 3]. During 
the program validation of several neutronic codes such as SNOW [4], TP2 [5], and the neutronic solver of SIMMER-II [6] 
were validated against the experimental program results.
The benchmark problem is introduced by the Commissariat a l'Energie Atomique et aux Energies Alternatives (CEA) and 
Ben-Gurion University of the Negev (BGU), and is calculated using TRIPOLI 4.9 [7] and Serpent [8] neutron transport 
Monte Carlo codes, as part of a future experimental program to be implemented in a zero power experimental reactor 
program, aimed to study recriticality possibilities in both light water reactors (LWR) and fast reactors (FR).

SNEAK-12A - BENCHMARK SPESIFICATION
The SNEAK-12A [9] core consists of horizontal fuel plates assemblies, and is cooled by air, which flows through the gaps 
between the fuel assemblies. The total core width including unused areas (filled with air) is 326.4x326.4 cm2 and total 
height of about 240 cm. The active core occupies a region of 130.56x130.56 cm2 and active height of about 80 cm 
surrounded by 30 cm of upper and lower reflectors, which makes a total of 140 cm. The radial blanket fuel assemblies are 
slightly longer than the fissile fuel assemblies, leading to a total height of about 150 cm. The core consists of three main 
radial zones: the radial blanket, the fissile active zone and the test zone that changes from a grid of 4x4 to 6x6, as can be 
seen in FIG 1.
The fuel assembly is a 5.44x5.44 cm rectangular filled with horizontal plates of fuel and sodium, with air flowing between 
them as coolant. Most of the fuel assemblies in the core are composed of 35% and 20% enriched uranium metal slabs.
The blanket and the axial reflectors consist of depleted uranium di-oxide.
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FIG. 1. SNEAK-12A core layout. Blue square indicate shim rod position (left - XY cross section, right - XZ cross section)

RESULTS
The clear criticality core outline is shown in FIG.1. The results are summarized in Table I, where the diagonal entries are 
the eigenvalues and the off-diagonal entries are the relative errors in pcm between the different codes and experiment. 
The results show excellent agreement between Serpent, TRIPOLI and the experimental results. The next set of calculation 
was made on a molten pool representative configurations. The molten pool formed by accumulating fissile material next 
to one of the axial reflectors. The molten pool start with relatively small region at the core center and gradually grows in 
several steps from 4 to 36 affected elements. The reactivity change due to molten pool formation are shown in FIG. 2. The 
experimental and the calculated reactivity decreases for small amounts of molten fissile materials but increases for larger 
molten pool radii. It finally turns positive with respect to the initial configuration at later steps. This behavior is a result of 
relocation of small amounts of material to low flux importance zone in the core, as well as increase in the axial leakage. 
This is not the case for large relocation, due to significant increase in fissile material accumulated in one region, which 
results in a larger local fission rate, hence creating a new zone of high importance. A comparison of axial flux distribution 
between different molten pool configurations is shown in FIG. 3.

Table I - Clear criticality results for SNEAK-12A core
Experiment Serpent Tripoli

Criticality 1.00075 1.00111±7.5E-05 1.00106±7.6E-05

300

-300,
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Number of affected elements

36

FIG. 2. Reactivity change versus number of molten pool elements
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FIG. 3. 1g flux distribution for different molten pool configurations

In the previous section the effect of molten pool formation on the reactivity was studied. However, reactivity changes 
alone might not be sufficient for detecting the formation of a molten pool in other core configuration. Therefore, it is 
suggested to place fission chambers (235U and 242Pu) at different positions in the core to identify changes in local reaction 
rates due to material relocation. It should be noted that due to relatively large blanket, positioning of a fission chamber in 
the outer core position does not provide sufficient information on the fuel meltdown inside the core. Therefore, it is 
suggested to position the fission chambers in the inner regions of the core. The location of the fission chambers is shown 
in FIG. 4. At location number 2 there are two fission chambers, one in the upper plenum (35 cm above the core radial mid
plane) and one at the core mid-plane. At location 1 and 3 the fission chambers are positioned at the core mid-plane.
The fission chamberwas simulated as a 1x1x10 cm3 volume filled with one gram of pure material (235U or 242Pu). The 
results, which are presented in FIG. 5, show that at core mid-plane, a similar monotonic decrease in fission rate is 
observed in all fission chambers. This is insufficient for determining the existence of degradation in the core and material 
relocation. However, an off-center fission chamber, located above the core mid-plane, shows an opposite trend with a 
monotonic increase in fission rate. Hence, by considering two fission chambers, located in different axial regions in the 
core, it is possible to detect and determine a degradation process inside the core.
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FIG. 5. Fission reaction rates responses of 235U (left) and 242Pu (right) fission chambers

SUMMARY
This paper reintroduces the SNEAK-12A benchmark. The paper provide a short overview of the core layout and specifies a 
series of experiments that were aimed to simulate molten pool formation and growth in the core center zone. The 
benchmark was revisited with current state-of-the-art codes (TRIPOLI, Serpent). The results show excellent agreement 
between the two codes and the experiment as well as in code-to-code comparison. However, one of the questions that is 
need to be readdressed is the location of the detector positions for earlier as possible detection of molten pool formation. 
This stage is currently on going as do other analysis of other SNEAK-12A configurations.
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Thermal Neutron Radiography (TNR) is one application of IRR-1 5MW nuclear reactor. The TNR system has L/D of 250 with 
neutron flux on the imaging plane of 6*105 n/s/cm2. The Soreq Applied Research Accelerator Facility (SARAF) should be 
able to replace IRR-1 and provide its capabilities including thermal neutrons for a new TNR system with similar features 
[1-3]. Accelerator based neutron sources can be as small as D-D/D-T neutrons generator with beam power below 1 kW 
and neutron yield of over 109 n/s up to spallation sources base on GeV protons beam with beam power of over 1 MW and 
neutron yield in the range of 1017 n/s. In order to match the TNR at IRR-1, SARAF is based on a 40 MeV, 5 mA protons/ 
deuterons accelerator with beam power of 0.2 MW.
Several choices of target materials are available to produce neutrons with low energy light ions including graphite, 
beryllium and lithium. Each material has its own advantages and requires different technologies to build into a robust 
target. Graphite has high operating temperature and builds as rotating target to use IR radiation for cooling [4], [5]. 
Beryllium can be used in a static target form with or without beam rasterring [6], [7] and lithium can be used as liquid to 
build a flowing target with or without window [8], [9]. Rotating targets requires large volume which leads to large leak of 
neutrons from the moderator. Both static and flowing targets can be easily integrated into the moderator. Liquid targets 
are complex but are immune to radiation damage, blistering and thermal stresses which limit the life time of static 
targets. The simplicity of the static design has been the motivation for the initial choice of target for SARAF TNR [10].

Nuclear Reactors and Accelerators - Neutronics and Theory (Wednesday, April 13, 2016 14:00)

Figure 18: Schematic view of the proposed high flux netutron source and its liquid lithium target. Left (1) vertical cross
section, right (2) horizontal cross-section

Recently, a windowless liquid lithium target has been commissioned at SARAF phase I as epithermal neutron source for 
astro-physical studies and medical applications [11]. The experience with operating such target and its robustness made it 
the prime candidate to be the neutron source for the TNR system at SARAF. A preliminary design of a 0.2 MW liquid 
lithium target for a high intensity neutron source has been developed (see Fig. 1). It will be coupled to a beryllium neutron 
multiplier and a heavy water moderator in order to provide the thermal neutron flux to the TNR system.
The thermal design is based on a model presented in [11]. The model was built to estimate the flow velocity required to 
prevent excessive heating and evaporation of lithium in the beam spot area and possible upstream diffusion of vapors in 
the accelerator beam-line. Two limits are relevant when the thermal performance of the liquid target is estimated: the
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boiling temperature that depends on the fluid pressure and the evaporation rate of the fluid, a phenomenon that 
increases exponentially with the surface temperature. The model indicates that for the SARAF TNS facility with 200 kW, 40
MeV deuteron beam and a Gaussian particles distribution with a=4 mm, the lithium jet velocity can be as low as 5 m/s. 
This will require a lithium jet with a thickness of 21-25 mm and width of 40 mm. Fig. 2 presents the estimated

nperature contours u= 5 m/s, sigma= 4 08 mm, E0= 40.0 MeV, A=

temperature distribution in the jet for these conditions.

5 '

Y(mm]

Temperature contours Z = 19.057 ImmJ = 0.7623 t

Figure 19: Estimated temperature distribution in the lithium jet for a 200 kW, 40 MeV deutron beam with gaussian 
particles distribution function with a=4 mm. Y is flow direction, Z is the beam direction.
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Abstract
Interventional cardiologists and their patients are routinely exposed to high doses of ionizing radiation. This high dose 
exposure to ionizing radiation is due to a lack of awareness on the effects of ionizing radiation, and lack of knowledge on 
the distribution and behavior of scattered radiation. Proper training and skill improvement can reduce overall exposure, 
thus reducing the probability of physical maladies in the future. This research is based on a new innovation in Simulation- 
Based Training (SBT), a simulator using the WOZ (Wizard of Oz) concept developed at the Technion and used for training 
ER physicians.

In this research the Wizard of OZ technology will be used for training invasive cardiologists in safety—how to 
minimize exposure to ionizing radiation. The simulator (ALARA—As Low as is Reasonably Achievable radiation usage), 
incorporates 3D animation graphics, enabling trainees to simulate the control and visualization of angulations, 
collimation, zoom, filter, frame-rate, pulse-rate and bed movement. Image quality and the operator's radiation exposure 
levels (response measures) are also animated by the simulator, helping trainees focus on safety issues including radiation 
levels resulting from their actions. Radiation levels and image quality estimates were obtained from models based on 
actual C-Arm measurements collected as part of a series of well-designed experiments (factorial design). In this report, we 
describe the utility and efficacy of a simulator which incorporates data on scattered ionizing radiation for teaching good 
operating practices to 20 interventional cardiologists in order to reduce exposure to ionizing radiation.

For these purposes, the evaluators were tested by an objective knowledge examination (Table 2) and a subjective 
Likert questionnaire on satisfaction with simulation-based learning and training before and after a 90-minute training 
session on the stimulator. The 20 evaluators learnt and retained the knowledge that they gained from using the simulator: 
the average scores of the knowledge examination that was taken before simulator training was 54%±15 and this score 
significantly increased after training to 94%±10 (p <0.0001). The results of a subjective Likert questionnaire on satisfaction 
with simulation-based learning and training revealed high levels of satisfaction following simulator training. We conclude 
that simulators can be used to train cardiological fellows and to further educate experienced personnel on radiation 
issues. As a result of simulator training, the operator gains knowledge, which can then be applied in the catheterization 
laboratory in order to reduce radiation doses to the patient and operator, thereby improving safety of the cardiac 
intervention.

Table 2:
Angulation Shutter /

collimation
Filter Acquisition

Frame
Rate

Pulse
Rate

Zoom

LAO 30° / 00° None None 7.5 f/sec 7.5 f/sec 25 cm
LAO 30° / Cranial 30° 0.25 Cover 0.25 10 f/sec 10 f/sec 20 cm

Cover
Cranial 40° / 00° 0.5 Cover 0.5 Cover 15 f/sec 15 f/sec 16 cm
Cranial 30° / LAO 30° 30 f/sec 30 f/sec 10 cm

• Cover = the percentage of area covered by the filter / shutter of the of area of the radiation source
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INTRODUCTION
The ICRP has recently recommended that the occupational exposure limit for
the lens of the eye be reduced from 150 mSv in a year to 20 mSv in a year, averaged over defined periods of 5 years, with 
no single year exceeding 50 mSv [1]. The rationale for the reduction was that epidemiological studies had shown that the 
eye lens is more sensitive to ionizing radiation than previously assumed [2].

The External Dosimetry Service (EDS) at Soreq Nuclear Research Center (SNRC) is ISO 17025 certified and serves 
approximately 13,000 users throughout the country from various sectors (medical, industrial and research). Doses from 
external exposure are usually measured monthly with personal thermoluminescence dosimeters (TLDs) (LiF:Mg,Ti) worn 
on the upper part of the body. The TLD is used to determine the whole body dose, expressed as personal dose equivalent 
Hp(10). The individual surface dose (skin dose) is measured using the same dosimeter badge that is used to determine 
Hp(10) and the result is given as Hp(0.07). To measure the irradiation of exposed extremities, TLDs in finger rings are used. 
For measurement of eye lens dose, ‘double dosimetry' is employed, i.e. one TLD placed over the protective apron at neck 
level and a second TLD under the apron at chest level. This method is recommended by ICRP in its Publications 85[3] and 
117[4] and the results are expressed as Hp(10).

Figure 1 shows the distribution of monitored workers in the different sectors and the distribution in the medical sector 
according to the following specialties: Angiography (Interventional and Vascular Radiology and Radiology, Interventional 
Cardiology and Operating Rooms, Nuclear Medicine, Oncology and Dental Clinics.

The current study presents eye lens doses for monitored workers in the medical sector for the different specialties during 
the years 2011-2014. The data was obtained from the EDS and the National Dosimetry Archive administrated by the 
Radiation Safety Division at SNRC.

Dental Clinics
4%

73%

Angiography 
(Interventional 
and Vascular 
Radiology) & 

Radiology /| 
47% /

.Nuclear
Medicine

9%
Interventional 
Cardiology & 

Operating 
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35%

Oncology
5%

■ Medicine □ Industry ■ Research

Figure 1 - The distribution of monitored Israeli workers in different sectors and the distribution in the medical sector.

RESULTS AND DISCUSSION
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Figure 2 shows the number of workers monitored for eye lens exposure and the number of workers whose exposure is 
measurable (monthly dose above 0.1 mSv), as well as the number of exposed workers who declared that they are using 
lead glasses. The maximum annual eye lens dose recorded and the number of workers with an eye lens dose above 20 
mSv are shown in Figure 3 for the years 2011-2014, as well as the collective dose.
The data covers all the professions in the departments. i.e., physicians, nurses, technologists and administrative workers.

Several observations are worth noting:
1) The number of workers monitored for exposure of the eye lens and the number of workers whose exposure is 

measurable increased by 15% and 21%, respectively, from 2011 to 2014.
2) The number of workers using protective equipment remained constant, possibly due to a lack of awareness 

among the new monitored workers about the need to declare that they use lead glasses.
3) In 2014, 85 workers were exposed to doses above 20 mSv with some eye lens annual doses higher than 100 mSv. 

It is important to note that in most cases lead glasses are used, but they are not taken into account in the dose 
estimation.

Figure 2 - The number of workers monitored for eye lens exposure, the number of workers whose exposure is 
measurable, as well as the number of exposed workers who declared that they are using lead glasses.
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Figure 3 - The maximum annual eye lens dose recorded the number of workers with an eye lens dose above 20 mSv, as 
well as the collective dose for the years 2011-2014.
CONCLUSIONS
This study summarizes data and trends regarding eye lens occupational doses in Israel for specific medical specialties for 
the years 2011 to 2014.
The findings show an increase in the numbers of monitored workers, exposed workers and their collective annual eye lens 
doses.
In 2014, 85 workers were exposed to doses above 20 mSv with some eye lens annual doses higher than 100 mSv.
Although in most cases lead glasses are used, they are not taken into account in dose estimation. It is necessary to 
correctly assess the dose reduction to the eye lens when lead glasses are used, but a standardization of protective 
equipment at the national level is needed.

The new eye lens dose limit will have a significant impact in the medical field and lead to significant challenges for the 
implementation of the new dose limit. The findings emphasize the need for increased awareness of personnel to eye lens 
exposure and for enhanced training on methods of protection, positioning of TLDs and proper/effective use of personal 
protective equipment.
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INTRODUCTION
I-131 is the main isotope used for radioactive treatment of thyroid diseases: hyperthyroidism and thyroid cancer. 
The physical properties of I-13 are summarized in Figure 1

The administration of therapeutic I-131 to the patients demands several radiation protection steps ,as the patient 
becomes a source of external and internal radiation exposure to the public, to the medical staff and to the family.
The purpose of the present study is:
1- Examination of the relationship of the decay curves (radiation exposure from the patients) with various clinical 
parameters, including gender, age, thyroid size, weight and iodine uptake.
2- To get a better understanding of the radiation exposure rates change in the course of the post iodine administration 
time. This can be beneficial for radiation safety decisions making.
3- To measure the average effective half-life for the elimination curve and the correspondent required hospitalization 
time of the patient, and possibly to reduce it.
3-These data can be helpful for a reexamination of several regulations and criteria of patient release, after treatment 
with RAI (Radioactive Iodine), in Israel.
At present there are 3 regulations for releasing the patients treated with radioactive I-131 to the general public:

• Based on the administered activity and retained activity(<33 mCi)
• Based on the measured dose-rate( < 7 mrem/hr)
• Based on patient-specific calculations ( US. NRC Regulatory Guide 8.39-1997)-allows the release of the patient 

with more than 1.22GBq ( 33mCi) of I-131 provided the licensee can demonstrate that the dose to individuals 
exposed to the patient is less than 5mSv( 500mrem).

RESULTS
Tables 1 and 2 presents the distribution of patients with thyroid carcinoma ( group I) and hyperthyroidism ( group II)
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Patient Population
* Group I - Patients with thyroid carcinoma:

Characteristic n %

Age (y)
Range
Mean

51-77
64

Gender
Female
Male

4
4

50
50

Activity [mCi)
Range
Mean

100-200
162.5

Uptake (% at24h)
0 %

>0%
6
2

75
25

Size or remnanttissue
0

> 0
5
3

62.5
37.5

Table 1

Patient Population
Group II - Patients with hyperthyroidism

Characteristic n %
Age (y)
Range
Mean

24-54
40

Gender
Female
Male

3
3

50
50

Activity [mCi)
Range
Mean

9-25
14

Uptake [% at 24h)
Range
Mean

Median

1-67.3
43.9
46

Volume of thyroid gland [cm5)
<28 cm3 
>28 cm3

3
3

50
50

Table 2
The detector used was a Bicron Micro Rem model, a tissue-equivalent scintillator, which reads equivalent dose-rate
directly. All measurements were taken at 1m from the patient. The exposure rates were measured over three or four
periods of time-at the moment of administration,24h,48h and 168h after administration. The measurements were taken 
in 2 positions: anterior to the neck and body center.

Figure 2 displays the dose rate as function of time and gender of the patients for group I
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Group I

>The relationship of 
dose rate and gender of 
the patients with thyroid 
cancer is presented.

>The curves 
correspond to different 
initial average activity.

>The curves of both 
genders are parallel, 
thus the gender of the 
patient has no influence 
on the dose rate 
reduction.

Dose Rate ftdictan-QB nr re

Figure 2

Figure 3 displays the dose-rate as function of time and age of the patients.

Figure3

Figure 4 displays the regression curves for group I(Thyroid carcinoma)
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Figure 4

Similar results were obtained for group 2( hyperthyroidism).

The derived exponential fitting equation for effective half-life calculations was:
• D(t)=31.3875.e'°054161

Where: lEIEeff) =effective decay constants05416 and 
T(eff)=O.693/E0eff)= 12.8 h

• Time required for 7mrem/h ► 27.7h

CONCLUSIONS
The results indicate that:

• there is no significant influence of any clinical parameter on the dose rate reduction,
• for most patients with thyroid carcinoma, the exposure rate reaches < 7mrem/h at meter from the patient in less

than 28h, which is one of the release criteria of the Israel Ministry of Health
• the measured effective half-life agrees well with the results of Willegaignon et al.(1) ,who got 

T(eff)=12.8±0.8h.They presented results for 89 patients with thyroid carcinoma.

1.Willegaignon, Guimaraes and Sordi.Health Physics.V.91(2).p119-122,(2006
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The Alpha Particle Tunneling: Novel Theoretical Considerations
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INTRODUCTION
Alpha particle emission from the nucleus can be explained only by the quantum formalism, as a non-relativistic
consideration, because the particles are emitted with a minor kinetic energy compared to its rest mass. Therefore, as
described in many textbooks [for example: 1-3], the Schrodinger equation can be used for this phenomenon. The 
Hamiltonian has to be defined in three different regions, in respect to the nucleus well potential, in order to fully describe

Figure 1: The nucleus well potential. E is the Fermi level and b is the turning point resulted by E = Q. 
The stationary Schrodinger equation is:

Where,
d u (x_A2+ [£_,.W]„W=O

dx /?'
u(x) -the alpha wave function (one dimensional) 
V(x) - the potential
m - the alpha mass 

Obtaining u(x) for each region:
ut — Aft + Be ikx

uIII = AIII e
ikx un — An e + B^ e Kx

ft

K
h

Note that region II have resulted a non-harmonic wave solution, which allows a decay shape only.
In order to obtain the amplitudes, we need to assume continuity of u(x), and the derivative-continuity at each region 
boundary.
Hence, if a = b - R: X = 0 A + B = Bi

x — 0 ik (Aj - B ) — -KBn

The transmission probability is obtained as following:

x—a A eika —B e-Ka

x — a + ikAnieika — -KBne-Ka

So, it can be shown that,

T~ e-2Ka
RESULTS

T— III

The new approach presented in this paper is based on Schrodinger equation, however not the stationary, since the 
process is undeniably dynamic.

2

I
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Therefore, it will be intentionally to solve: ft2 62i/(jc,z) 

2m <~x'
+

d[V (A') - Eo u (-V) = ih—u(x, t)

While nucleons are inside the nuclear well, they are bounded in energy levels as the nuclear shell model describes them. 
The upper level is the Fermi level, one for protons and one for neutrons. If it is assumed that the alpha particles emission 
is time depended only, as observed, instead of spatially dependent, then it can be presented as:

d
Inside the well (noted as region I): (•v) — £0Ti/(jf,z) — ift —li(x,f) = 0

ot
u, (t) = Ae'^

There is only one more region in the time-depended picture, which is after the wave is outgoing the system. (We do not 
have intermediate region where the wave is in between.)

So, the general solution should be: uiii (t) Aiiie

However, it is obviously that , r „ n ,
tl . . , .... E^=ficoo A, [-K-Eq +/7<yole 0 =Ani{h(o-EAeThen, transmission probability is. 0 /Loo oj mt oj

It is clear in this result that T is depended on the nuclear potential, and the Fermi level energy.
is the total energy of an alpha in its wave form, which is very close to the alpha particle rest mass (in MeV units).

CONCLUSIONS
In conclusion, phrasing alpha tunneling using a time-depended formalism is not only more rational but also obtains a
straightforward solution.
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Dmitri Gitelman1,2, M. Katz2, H. Shenha1, R. Sarusi2, D. Tarabelli3, L. Ferry3, G. Miron2, A. Sasson1 
1Rotem Industries Ltd., ECMC, Israel 

2Nuclear Research Center, Negev, Israel 
3French Atomic Energy Commission (CEA), Cadarache Centre, France

INTRODUCTION
The LORELEI experimental setup in the Jules Horowitz Reactor (JHR) is dedicated for the study of fuel during a Loss of 
Coolant Accident (LOCA). The main objective of the LORELEI (Light-Water One-Rod Equipment for LOCA Experimental 
Investigation) is to study the thermal-mechanical behavior of fuel during such an accident and to analyze the fission 
products source term (including short half-life fission products). In order to study those phenomena, the fuel sample will 
experience a transient neutron flux field, which in turn will generate a Linear Heat Generation Rate (LHGR) and determine 
the temperature of the fuel and its cladding, simulating the behavior of the fuel and the cladding during a LOCA accident. 
In order to reproduce a LOCA-type transient sequence, the experimental test device will be located on a displacement 
device. The displacement device moves the test device in the neutron flux zone in order to generate the representative 
thermal conditions.
In the re-irradiation, reflooding and post-quench cooling phases, the coolant is water and the above failure scenarios may 
result in a two-phase flow field. In order to model those two-phase transient scenarios, the CATHARE2 code was used. The 
CATHARE code is a French best-estimate thermalhydraulic code. CATHARE's acronym is: Code for Analysis of
Thermalhydraulics during Accident and for Reactor safety Evaluation.
This work aims to investigate one of the "off normal scenarios" in the LORELEI test device which could occur at the re
irradiation phase - a failure of a pipe or a valve in the valves box. In such a case, the water in the test device flows 
immediately (totally or partially) to the valves box and the fuel sample may be exposed. As a first step, a steady-state 
model of the re-irradiation phase has been developed and compared with a 3D FLUENT analysis. Then, the evolution of 
the thermohydraulic conditions in the failure was studied.

SCENARIO DESCRIPTION
In this scenario, we assume a break of a valve or a pipe which is located in the valves box, above the 
experimental device, as seen on the left. The valves are used to control water injection and ejection 
and connect between the device and the supply/collection tanks. Since two valves are connected to 
immersed pipes, a break of a valve will initiate water flow from the experimental device to the 
valves box and the fuel sample can be exposes in few seconds. The pressure in the valves box will 
increase immediately and then released by the relief valve. Since the initial pressure in the valves 
box is below the saturation pressure at the experimental device temperature, flashing will occur 
when the hot water from the test device will flow into the valves box. One risk in this failure is a 
break of the valves box and release of the water (possibly contaminated) into the reactor pool. 
Another risk is thermal escalation due to the exposure of the fuel sample. The failure will be 
detected by a pressure measurement, either in the device or inside the valves box. By applying 
preventive actions, the consequences of such a scenario can be limited. As an example, classified 
withdrawal of the displacement device can be triggered. In this case, the displacement device 
moves backward in its maximal speed. This scenario is not fully representative of the real working 
situation of the valves box and used to demonstrate the phenomena and typical failure evolution.

The thermohydraulic analysis and the evolution of the thermohydraulic parameters are presented in this paper.
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NUMERICAL MODEL
The basic model is the model of the test device which is composed of two circuits, as presented in figure 1 below, one
circuit is for the pressure tube and the other is for the cooling channel. The valves box of a predefined volume is a part of 
the first circuit.
The pressure tube circuit consists of 4 axial elements and 4 volume elements. The axial elements represent the hot and
cold channels. Volume elements represent the water at the bottom, the lower openings and debris catcher, the upper
openings and the helium volume of the pipes from the pressure tube to the cubical. The cooling channel circuit consists of 
1 axial element representing the channel. A heat exchanger is defined to enable energy exchange between the circuits. 
The fuel sample and the structure parts with heat sources are defined as wall operators. A break (sink) gadget is defined 
for the cold channel of the water loop. It's location in the cold channel is corresponding to a location of the
ejection/injection pipe opening. For the valves box, a source gadget is defined to present fluid/gas injection. Those
gadgets are connected by an explicit hydraulic link (EXHYLINK). It enables a hydraulic information communication in a
quasi-implicit way, meaning that the sink evaluates and communicates to the source mass and enthalpy flowrates while
the source sends to the sink the conditions of the element where the source is defined. No relief valve has been applied in 
the presented analysis.

Figure 1. CATHARE2 numerical model topology.

RESULTS
Generally, for transient failure analysis, the initial conditions prior to the failure are very important. In the presented
analysis of a valve break in the valves box, the initial state is the re-irradiation phase as it was mentioned earlier.
Therefore, the re-irradiation phase has been simulated by CATHARE2. This initial state solution had been compared vs.
FLUENT analysis with a good agreement(1). This comparison indicates that the CATHARE2 model can overcome the 3D
phenomena caused by the opposing buoyancy forces and the 3D power distribution in the system.
Figure 2 presents the power generated in the fuel sample during the failure. The initial power is about 2kW. When the
failure occurs, classified withdrawal is triggered, the displacement device moves backward and the power decreases. The 
gamma power generated in the structure decreases as well when the device moves backward.
Figure 3 presents the maximal temperature of the fuel and its cladding. It can be seen that fuel starts to heat when it 
exposes, but when the device moves backward and the power decreases, it cools down. The maximal temperature is 
285°C in the fuel and 220°C on its cladding; therefore there is no risk for thermal escalation in this scenario.
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Figure 3. Fuel sample and cladding temperature after classified withdrawal triggering.

Figure 4 presents the pressure increase in the valves box for an initial pressure of 2.1bar. The pressure increases 
immediately due to the flashing of the superheated water entering the valves box. Then, the pressure continues to 
increase by the entering water flow and the Helium compression. In about 13sec the water completely transferred to the 
valves box and the high Helium pressure in the test device causes a sharp pressure increase in the valves box while it 
flows into it. For a valves box clean volume of 27 liter, the maximum pressure is 19bar. The pressure decreases due to 
heat transfer from the valves box to the pool and steam condensation. Addition of a relief valve in the valves box can 
release the excess pressure rapidly.

Figure 4. Pressure increase in the valves box, no relief valve.
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CONCLUSIONS
In this study, a break of a valve in the valves box of the LORELEI test device was studied as a thermohydraulic failure 
analysis. The failure occurs during the re-irradiation phase.
The analysis presented that the exposure of the fuel has no risk if a preventive actions such as a displacement device' 
classified withdrawal is triggered to move the device out of the high flux zone.
For this scenario, the maximal possible pressure increase in the valves box has been defined.
This work is an example of a demonstration of the efficiency of preventive/safety actions performed in the framework of 
the "off normal scenario" studies, as part of the device design.
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INTRODUCTION
For thin specimen foils samples (<200 nm), the electron interactions could conveniently be divided into two main 
interactions: elastic electron scattering, where the electron only deflects from its original direction of advancement but 
doesn't lose energy, and inelastic electron scattering where the electron loses some amount of its energy but almost 
doesn't changes its advancement direction. Electrons that didn't interact with the specimen, and passed through the 
specimen, were named as “signal” electrons. Elastic electrons mainly interact with the nuclei, and inelastic electrons 
mainly interact with the atomic electrons. This decoupling of energy loss and deflection, in case of elastic scattering, in 
individual collision obtains very small energy transfer compared to the mean energy loss in an inelastic collision, due to 
the large mass difference. The deflection is attributed due to the coulomb field, elastically deflected by the nuclei, the 
energy loss is attributed due to the collision with the electrons, which are of the same mass, and though energy loss is of 
more significance.
Furthermore, for several energies greater than 200 eV, the inelastic transport mean free path greatly exceeds the elastic 
transport mean free path (1).
Transport mean free path is a quantity that measures the momentum transfer along the initial direction of the electron. 
That leads us to a conclusion that the contribution of inelastic scattering hardly contributes to the change of the electron 
direction. Hence, we can treat each individual collision as if it has no influence on the properties of the other collision (2). 
Monte Carlo methods are a broad class of computational algorithms that rely on repeated random sampling to obtain 
numerical results.
The electron inelastic mean free path (IMFP) is energy and material dependent, which are tabulated in the NIST IMFP 
database (3). Monte Carlo code development is based on the NIST data for available materials and energy range.

RESULTS
In this study two types of codes were developed:

1. A Monte Carlo code to calculate the beam intensity ratio before and after the film penetration. This code is aimed 
to calculate the total current method results in order to compare to SEM experiments.

2. The Monte Carlo code to be implemented to the EGS5, general purpose code system for radiation transport (4). 
This code is an alternative to be addressed by EGS5 when there is a need for low energy transport in details (in 
nanometers) in a high spatial resolution.

The following figures (Figures 1 and Figure 2) show flow-charts for each of the codes. The codes were developed under 
MATLAB, and were translated to C language.
Comparison of the measured total current in Lexan film with our code showed a good agreement above 3 keV.
CONCLUSIONS
The low energy electron transport based on recent elastic and inelastic mean-free-path parameters for the range 
between 1 - 20 keV was developed and verified by experiments. Two codes were developed, one in order to predict and 
compare SEM experiments results, and the other was aimed to be implemented into the EGS5, or to a similar code 
system.
REFERENCE
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In order to evaluate a typical core behavior, a one-dimensional numerical model was 

constructed, assuming the entire core is comprised of identical fuel rods. The fuel was 

divided into n axial elements. Each axial element was divided into m radial elements. 

The initial conditions were evaluated by a steady-state model. Once those conditions 

are established, reactivity is inserted and the transient heat transfer in the radial 

direction is computed for each time step. It is worth noting that temperature feedback 

is ignored in this work. It will be included in future work.

The core power increases as a result of a reactivity insertion (gain). The increase is 

characterized with an exponential fashion, as seen in Figure 2.

The core power affects the fuel temperatures and hence, the coolant bulk temperature,

as seen in Figure 3.
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The description in Figure 3 is qualitatively valid, regardless of the quantity of the 

reactivity gain and fuel dimensions. However, if we examine the response of fuel rods 

with different radial dimension, and for a given input power, for example, we would 

discover that during the transient period, the heat flux that is removed from the fuel 

rods, does depend on its radial dimension. Thus, conditions could be found, for which 

OSV, for example, that occurs first for a thick, long fuel rod, would actually occur 

after the thinner and shorter fuel rod, as a function of the reactivity gain, as seen in 

Figure 4.

Figure 4- Output heat flux as a function of the reactivity gain for different fuel rod dimensions- 
qualitative.
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INTRODUCTION

Thermosyphon flow is used to transfer heat passively from a heat source to a heat sink [1]. Closed loop thermosyphon 
occurs by heating one side of the loop and cooling the other side and generating density differences. On the heat source 
side, buoyancy forces drive the fluid upwards, opposing gravity and friction forces, and generating induced flow. On the 
other side of the loop, the heat sink side, gravity and cooling drive the fluid downwards. Natural convection is an 
important mechanism in reactors safety by passive cooling systems [2].

Figure 20 presents a prototype of a mockup which is used to study the effect of distributed heat sources in a closed loop 
thermosyphon flow. In this system, power is generated in three heaters. Central heater which simulates the power 
generated in a sample that has to be cooled. Two peripheral heaters are used to simulate power that may be generated in 
the structure and oppose or aid to remove the heat from the sample. An exam ple for such a heat generation is within 
experimental setups in nuclear reactors, due to gamma radiation. Those different sources of heat can be studied as 
distributed heating conditions.

(a) (b) (c)
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7. Distilled Liquid Water
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Figure 20 - System components: Longitude (a) and transversal (b) cross-sections, and power generation and removal 
zones (c)

The system consists of a flask which contains a partition and rod heater simulating the sample. The flask is mostly filled 
with distilled water, and its upper part contains high pressurized helium gas, allowing subcooled working conditions at 
high temperatures. The hot channel (hot leg) is the gap between the rod and the partition, and the cold channel (cold leg) 
is the gap between the partition and flask wall. A forced convection cooling channel surrounding the flask serves as an 
outer heat sink. This study involves several unique challenges:

• Three heat sources and two heat sinks that are activated simultaneously.
• Heat sources that oposses the main induced natural convection flow.
• The partition power distributes between the hot leg and the cold leg according to the flow conditions in them.
• Each annulus can be heated on its inner and/or peripheral walls.
• Each annulus is heated only over a limited section and not over its whole length.

In this study, a numerical and analytical study is performed in order to analyze the thermosyphon flow and to map the 
flow regimes as a function of heating powers, pressure and device' geometry.

RESULTS

The numerical study includes 61 cases that were analyzed and charactrized. From most of those cases, correlations for Nu 
number in the different device' zones and the local flow losses have been defined. The correlations were used in an 
iterative one-dimensional analytic model programmed by a Matlab code that solves the classic equations of enery and 
momentum balances. The code succeeded to predict the temperature distribution of the water in the numerical models, 
for most of the cases. Error! Reference source not found. presents a good agreement between the numerical and the
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analytical calculations of the bulk temperature profile along the thermosyphon closed loop. This figure presents the 
profile of one case in which the rod, partition anr flask heaters are operating with powers of 1.8, 2.8 and 5 kW 
accordingly.

Figure 21 - Bulk temperature profile vs. position along the thermosyphon closed loop. Numerical and analytical 
calculations

The correlations for Ra and Nu numbers having all the same form, assuming that the natural convective flow behaves as 
mixed convection annular flow:

Ra = Gr* Pr

Nu = a(Ra)b (fle)" (2 /£i±£i±M
JlffQtOT

The constants a—f were fitted for the different zones. and are the powers applied on the hot leg and the

whole system accordingly, is the heated diameter of the heater and , are the section lengthes

according to Figure 20. Note that the terms and are typical for natural convection, and are typical for forced convection, 
and the terms , and are special terms which were developed for the studied system. Other correlations were developed 
for heat transfer terms of the heat sinks on the flask inner walls, and for the momentum equation.

Figure 22 and Figure 23 presents a comparison of Ra and Nu numbers on the heater's surfaces, calculated according to 
the numerical and the analytical calculations. The figures on the left side (a) presents calculations of the heat transfer 
equations for the numerical mass flow rate, while the figures on the right side presents calculations of both heat transfer 
and momentum equations. As for the partial calculations (a), it can be seen that most of the cases can be defined with the 
suggested Ra and Nu numbers with less than a 25% error for about 85% of the cases. As for the full calculations (b) it can 
be seen that this error is for about 75% of the cases. The left sided figures confirm the analytic model abilty to predict the 
flow and heat transfer behaviour of the closed loop thermosyphon under various conditions and the need to overcome 
the numerical issues, as presented on the right sides.
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(a)
Figure 22 - Ra number on the heaters. Numerical vs. semi (a) and full (b) analytical calculations

(b)

(a) (b)
Figure 23 - Nu number on the heaters. Numerical vs. semi (a) and full (b) analytical calculations

CONCLUSIONS

A unique thermosyphon flow generated by three different heat sources over two annuli has been studied. The power 
distribution of those sources and the geometrical dimensions, affects the flow behavior. The effect of the pressure applied 
on the top of the system is negligible as long as the flow is single phase. Due to buoyancy forces, each heater is actually 
experiences mixed convection, with upward forces that generates natural convection by the heater itself and pseudo 
forced convection of the thermosyphon flow which is generated by all the heaters.
An analytical model has been developed with correlations for Nu numbers and local friction factors, fitted by the 
numerical model results. The analytical model uses one-dimensional heat transfer equations for solving an axisymmetric 
problem. 61 different cases were integrated to one analytic model with set of equations and correlations. The analytical 
model was solved iteratively due to a strong coupling between bulk temperature profile and mass flow rate. It is required 
to improve the momentum calculation of the analytic model in order to achieve a better results accuracy.
The analytical model developed in this work predicts the numerical results with a good agreement for most of the studied 
cases. The suggested correlations are with a 25% error.
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INTRODUCTION
In the course of a severe accident in the nuclear power plant, hydrogen can be produced by a chemical reaction between 
steam and Zircaloy cladding. The hydrogen gas can escape into the reactor containment, either through a leak in the 
primary cooling circuit or due to an intended release, in order to prevent over-pressure in the reactor pressure vessel. Due 
to the different densities of air and hydrogen, stable stratification is expected, hydrogen above air, in the upper part of 
the containment. Subsequent steam-hydrogen mixture release, in the form of a vertical turbulent jet, will erode the stably 
stratified layer in the top part of the containment. In the course of that erosion process, ignition limits of hydrogen-air- 
steam mixture can be reached. In March 2011 steam-hydrogen mixture release has led to the explosions in the Fukushima 
Daiichi boiling water reactors during the tsunami accident. Knowledge of hydrogen distribution inside the containment is 
needed in order to design and optimize the positioning of countermeasures, like recombiners(1).
According to Karwat et al.(2), it is not practical to convey sever accident experiments in full scale reactors. Thus, scaled- 
down facilities were built in order to mimic the break-up of a stable stratified layer by a turbulent jet, e.g. PANDA vessel in 
PSI, Switzerland and MISTRA, CEA-Saclay, France(3,4). The internal dimensions of the MISTRA facility, 4.25 meters in 
diameter and 7.4 meters in height, correspond to a length scale ratio of 0.1 compared to a typical French PWR. Though 
reduced in dimensions, both above-mentioned systems are considered as rather large-scale experimental facilities. In the 
experiments performed in MISTRA and PANDA, hydrogen is replaced by helium, due to the safety reasons, and its 
concentration is monitored during the evolution of the experiments. In addition to the valuable physical insights that 
those facilities provide, they serve as validation experiments for CFD simulations. The capability of CFD tools to predict 
nuclear power plant containment flows was assessed in a number of validation benchmarks(5,6).
The LOWMA-3 experiment was performed in the MISTRA facility. In that experiment, helium was injected slowly from the 
upper part of the facility and a helium-rich layer was set. When the evolved velocities were settled down, air jet was 
issued from a 72 mm vertical tube towards the helium layer from below. The Reynolds number based on the tube 
diameter was 14,000, the interaction Froude number was of order of 1(3) and the distance from the air injection level to 
the helium layer was about 20 tube diameters(7). The air jet injection phase lasted for 6,000 seconds. During the 
experiment, the helium concentration evolution was measured at 10 measurement points (denoted tcg20-tcg29), off- 
center with respect to the jet axis.
This work examines numerically the concentration of helium in LOWMA-3 experiment using the commercial CFD code, 
ANSYS Fluent. The numerical approach includes a separate effect study of a free turbulent round jet in order to validate 
the velocity decay and the spreading rate of the predicted jet flow. As a preliminary study, modeling of a free turbulent jet 
is addressed and compared with well-known experiments from the literature(7). The following step is modeling of the first 
1000 seconds into the transient of the helium erosion phase, as this period of time is assumed to be the most significant 
in this experimental validation of the CFD results. It is believed that if the transient behavior of the results is captured 
during this time period, the rest of the transient should also be predicted correctly. The separate effect study as well as 
the LOWMA-3 simulations results and conclusions are addressed in the next sections.

RESULTS
It is well known that the AH0 turbulence model predicts correctly the velocity decay and spreading rate of a planar jet. On 
the other hand, the model fails in predicting the velocity decay of a turbulent round jet(8). However, it was observed that 
modification of the value of CH0 constant in the 0 equation from 1.44 to 1.6 leads to better results*9,10’. Figure 1 presents
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the radial distribution of the axial velocity of a free turbulent round jet normalized with the velocity at the symmetry axis
(r=0), as a function of the non-dimensional radial distance from the jet axis.

Figure 1. Spreading rate of a free round jet - comparison of different turbulence models.
The modelling results are compared with the experiments by Xu and Antonia(11) and Boguslawski and Popiel(12). Among the 
tested Reynolds-averaged Navier-Stokes equation based (RANS) turbulence models, only the standard k00 and the RSM 
with linear pressure-strain term, with the modification of CH0 constant, provide relatively good results, whereas the rest of 
the models over-predict the spreading rate. Regarding the axial velocity decay rate predictions, similar results were 
obtained: the jet decays rapidly compared to the experiments, as predicted by all the models tested excluding the 
modified RSM<9). The modified k00 was chosen for modeling the turbulent round jet in the LOWMA-3 experiment. The 
helium mole fraction evolution with time at two probe positions, tcg20 and tcg21, is presented in Figure 2. Simulations for 
the two values of Cm were performed using a hexahedral mesh with the time step of 0.1 seconds.

Figure 2. Helium mole fraction in LOWMA-3 experiment. Comparison of standard and modified k000 model with 
experimental results.
It is clearly seen that the model with the standard value of CEH largely under-predicts mixing rate in the MISTRA LOWMA-3 
experiment. However, the calculations using the value of 1.6 for Cm constant show much better results. Good agreement 
with the experiment was obtained for the probes positioned at higher elevations in the vessel, i.e. deeper into the stably 
stratified layer(9).

CONCLUSIONS
This work examines numerically the temporal evolution of helium concentration in the LOWMA-3 experiment, performed 
in the MISTRA facility of CEA-Saclay, France, in order to get an insight into the physical processes involved and to improve
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the CFD assessments concerning hydrogen explosion risk. The numerical results for a free jet are compared with well- 
known experiments from the literature in order to choose the appropriate turbulence model for calculating the erosion of 
the stably stratified layer by a vertical turbulent jet. Improved performance is obtained when the CM0constant is modified 
to 1.6 instead of the standard value of 1.44. Finally, the LOWMA-3 experiment is modeled using the kHZHturbulence 
model with both Cm0constants. Good agreement is achieved with the modified model, especially in the erosion region.
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INTRODUCTION

The aim of the current dosimetry study was to gain detailed information about the exposure levels of children in Israel to 
extremely low frequency (ELF, 50 Hz) magnetic fields (MF) in their regular daily life by means of personal monitoring, and 
to provide reliable data for national risk assessment and policy making processes.

MFs exposure assessment can be performed by three experimental methods(1,2): a) The simplest method is “Spot
measurement”: a momentary reading is taken at one or more points. Major disadvantage of this method is its inability to 
identify temporal variations. b) In “Long term (or continuous) measurement”, MFs are measured at one or more places for 
longer periods, usually 24-48h. c) “Personal monitoring” is carried out by a MF meter worn by the subject, typically for 
24-48 hours. The advantage of personal measurement is its ability to capture the actual exposure of the subject to all 
sources and at all places. Thus, personal monitoring might be used as reference for the other two methods. Another 
advantage of this method is its ability to identify both the distribution of exposure between subjects and among different 
microenvironments such as homes, schools, travelling, outdoors etc. The ORCHID project, Hebrew abbreviation of 
"National Survey of MFs exposure in Israel", was initiated by SOREQ NRC. One of the major parts of this project, the first of 
its kind in Israel, was a survey of the exposure of children to power frequency MFs by means of Personal monitoring(3).

METHODS

ORCHID project has been conducted at three educational centers. The pupils in these centers were instructed about EMF 
in general and the project in more detail. The educational program in which the three groups participated elucidated the 
importance of the national ELF exposure survey in general, and of the quality of the measurements in particular. During 
the period of May 2013 - June 2014, a calibrated EMDEX II meter (Enertech Consultants, Campbell, CA, USA) was given to 
each of the participants for 24-hour personal monitoring. The EMDEX II isotropic meter was operating in a broadband 
mode (40-800 Hz), continuously recording the MFs each 1.5 s. To avoid measurement bias the meter was set to display 
the battery status, and not the MFs. Although the children were already well trained, each was given both oral and 
written detailed instructions before the measurement. They were asked to continue their regular daily behavior while 
wearing the meter, and to document their major activities. The EMDEX II meter has a push button, which adds an "Event" 
marker to the results file whenever pushed. The participants were asked to mark an event whenever they enter one of 
the following eight microenvironments: (1) Apartment, awake; (2) School; (3) Sleeping, meter located next to the bed; (4) 
Transportation - cars, buses etc. (5) Open public areas such as street, garden; (6) Other indoor environments (e.g. shop, 
mall); (7) Measurement to be excluded when the meter was not worn (e.g. during swimming and sport lessons) After 
some 24 hours the meters were collected and the data was downloaded to a PC. For each participant, we calculated 3 
parameters, summarizing the personal exposure during the 24 hours monitoring period (excluding the time that the 
meter was not worn): 1) The daily arithmetic mean, i.e., the time weighted average (TWA) of subjects' MF overall 
exposure, and for each microenvironment. 2) The percent of time spent above three cut points (above 0.2, 0.4, and 1.0 
pT) during the whole monitoring period. 3) The peak MF to which the student was exposed.

RESULTS

The participation rate was over 90% (For technical reasons, some of the students that participated in the educational 
program were not asked to take place in the final survey). Only one out of 84 participants was excluded due to low quality
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of activity diary. The 83 remaining students had personal monitoring for 23.9±0.8 hours and are included in the analysis. 
Average time spent by the students in each microenvironment is summarized in Table 1. The average time spent at school 
was 4.5 hours per day for the whole group, but excluding the 10 students that were not in school during the monitoring 
period, increases this time to 5.2 hours.

Table 1. Percentage of time spent in each microenvironment.

Micro

environment

Apartme
nt: Total

Apartme
nt:
Awake

Apartme
nt:
Asleep

School
Transportat
ion

Outside
Indoor
other

not
wearing
a meter

Average 67.6 29.5 38.0 19.0 2.2 6.0 3.7 1.5

STD 13.5 14.2 7.1 10.9 2.8 6.0 5.6 3.9

N 83 83 82 73 58 77 44 33

N is the number of students who reported the given microenvironment.

Table 2 summarizes the personal TWAs, for both daily and different microenvironments. The geometric mean (GM) of the 
83 students' personal daily exposure was found to be 0.059 pT (STD = 1.83), a bit higher than apartments' exposure (0.054 
pT). Exposure during sleep was 33% lower than exposure when awake and in the apartment. Minimum exposure was 
found at school (0.033 pT, 44% lower than the 24 h exposure). Exposures in the outdoor microenvironments, i.e., 
transportation and open area, were found to be higher than those in indoor microenvironments (66% and 41% higher 
than the 24 h exposure, respectively). For most microenvironments, the median of the personal exposures was similar to 
the GM of these exposures.

Table 2. Descriptive statistics of the magnetic fields at different microenvironments (pT).

Micro-

environm
ent

24 hours
Apartmen
t: Total

Apartmen
t:
Awake

Apartmen
t:
Asleep

School
Transport
ation

Outside
Indoor
other

0.073±0.0 0.076±0.1 0.078±0.0 0.078±0.1 0.050±0.0 0.158±0.3 0.117+0.0 0.077±0.0
AM±STD

67 04 53 80 52 90 88 99

GM (STD)
0.059 0.054 0.062 0.042 0.033 0.098 0.083 0.043
(1.83) (2.19) (2.02) (2.82) (2.58) (2.11) (2.54) (3.10)

Median 0.054 0.049 0.059 0.039 0.035 0.093 0.100 0.045

Max 0.550 0.912 0.261 1.617 0.296 3.038 0.473 0.471

Min 0.011 0.003 0.007 0.001 0.003 0.013 0.004 0.002

N 83 83 83 82 73 58 77 44

N is the number of students who reported the given microenvironment.

The cumulative distributions of the percent of daily time spent above the three cut points (0.2, 0.4, and 1 pT) are 
presented in Figure 1. As expected, the typical time spent above 0.2 pT was widely distributed, from few minutes to few 
hours, and the time spent above 0.4 pT and 1 pT was much shorter: the medians of the percent of time spent above these 
cut points were 2.7%, 0.47% and 0.05 % (approximately 39, 7 and 0.7 minutes) respectively. The highest decile of the 
participants were exposed to more than 13%, 4% and 0.3% of their time to levels above these cut points (approximately
3.2 hours, 52 minutes and 5 minutes respectively).
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Figure 1. Cumulative distributions of the percent of time spent above 0.2, 0.4, and 1 pT.

CONCLUSIONS

Our results are similar to the GMs of personal exposure surveys conducted in the UK but lower than the levels found in 
the USA(1,4). Similar differences between exposure levels in North America and Europe were previously found also in spot 
and long term measurements. This difference might be attributed to dissimilarities in domestic voltage levels (120V in 
North America vs. 230 V in Israel and Europe), wiring configuration and electric power consumption.

In conclusion, our results indicate that MF exposure to children in Israel is not substantially different from those reported 
by other countries, with exposure for the vast majority below 0.1 pT and very few children having average exposures 
above 0.2 pT. Our detailed analysis of the different microenvironments, and the highest exposed participants, allows for 
better understanding of sources, places and activities, and might be used for better strategies of cost-effective and 
equitable exposure reduction measures, as well as for future monitoring and research.
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INTRODUCTION

The transportation system is a possible source of extremely low frequency (ELF) electric and magnetic fields (MF), to 
which a large proportion of the population is exposed. Recently there has been some public concern about the MF 
exposure level from new technologies such as gasoline-electric hybrid cars. We present a study in which extensive MF 
measurements on gasoline, diesel and hybrid cars were performed(1).

METHODS

MF levels were measured in 10 different car models: four gasoline, three diesel and three hybrid. All measurements were 
taken under similar conditions with EMDEX-II meters operating in broadband mode (40-800 Hz) with a sampling rate of
1.5 s. Each car underwent two types of measurements, "spot measurements" and "continuous measurements."

Spot measurements were conducted mainly to identify and describe sources of MF. Measurements were taken while the 
car was “standing” (not moving), with the engine turned on and idling in a negligible background field (<0.01 ^T). The spot 
measurements were taken at six different positions: in contact with the engine hood (hood closed), at each of the four 
seats, and inside the trunk. At each of the six locations, the meter was moved slowly along the whole area or volume, 
from the floor to the ceiling, to identify both typical and maximal MF levels as well as the location of the highest fields.

Continuous measurements were taken under two "standing" and two “driving” operating conditions. During each of the 
four conditions, measurements were taken simultaneously by the driver and three passengers sitting in the four seats 
inside the car. Each of the four individuals had an EMDEX-II meter hanging in a pouch from his neck and positioned near 
the torso. In the standing mode the two conditions were idling (the accelerator pedal left uncompressed with the engine 
idling) and 2,500 revolutions per minute (RPM) (the accelerator pedal compressed to 2,500 RPM of the engine 
crankshaft). In hybrid vehicles turning the key to the “on” position did not cause the engine to start running in the same 
manner as it does in non-hybrid vehicles. The idling condition in hybrid vehicles is therefore not well-defined and the 
2,500 RPM condition does not exist. Each set of the standing mode measurements was taken for 60 seconds in a 
negligible background field (same location as in the spot measurements). The MF levels for the driving conditions were 
measured while driving on the same segment of road, approximately 1.3 km long, at two different speeds, namely, 40 
km/h and 80 km/h. The MF meters began recording the field once the vehicle reached the desired speed (either 40 or 80 
km/h), and stopped recording before the vehicle began decelerating. Therefore, moving measurements were taken under 
approximately constant speeds. To check for repeatability, two sets of measurements were taken at each speed.

RESULTS

For the spot measurements the following results focus on the upper values of typical range at each of the six locations in 
the car: In diesel and gasoline engines, field levels clearly increased when moving from the trunk (mostly in the range of 
0.01-0.02 ^T), through the back seats (mostly 0.02-0.03 ^T) and the front seats (mostly 0.07-0.13 ^T), up to the engine 
hood (typically 1.0-1.4 ^T). In four out of seven cars, the peak fields (of the engine hood) were located near the windshield 
wiper. Much higher fields were measured closer to the engine itself while the hood was open. The typical spot fields at 
the four seats were lower for diesel cars than gasoline cars (0.05 and 0.10 ^T, respectively). For hybrid cars, the fields 
were noticeably higher and less stable relative to the non-hybrids, but we could not find a clear spatial pattern. MFs
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measured inside the hybrid cars were typically 0.05-0.30 pT, and some were even higher (local peaks up to 1.9 pT). 
Slightly higher fields were found at the back seats (approximately 0.3 pT) than at the front seats (approximately 0.2 pT). 
Fields at the trunk and near the hood were typically 0.1-0.4 pT. The maximal fields inside all of the 10 cars were always 
near the floor (i.e., near the driver's and passengers' legs), and in a few cars, local peaks reached 2-10 pT.

For the continuous measurements, Table 1 presents descriptive statistics for magnetic field measurements overall and by 
operating condition and engine type. Mean MF levels were significantly higher in hybrid cars. The percent of 
measurements above 0.2 pT and the 95th percentile of MF measurements were also higher in hybrid cars. Fields were 
significantly lower in diesel cars compared to gasoline cars. For both diesel and gasoline cars, the average MF while 
standing with the engine revving at 2,500 RPM was quite similar to the average while idling. The MF was higher for 
moving conditions compared to idling or revving at 2,500 RPM, and higher still at 80 km/h compared to 40 km/h 
regardless of engine type.

Magnetic field levels in different seat positions varied by engine type. In gasoline and diesel cars, fields were higher in the 
front seats. Field levels in the driver's (front left) seats and front passenger seats were very similar to each other in diesel 
cars, while levels in the driver's seats were slightly higher than the front passenger seats in gasoline cars (Table 2). For 
hybrid cars, levels were higher in the back, particularly the back right seat. The difference was striking for the percent of 
time above 0.2 pT: for both gasoline and diesel cars, fields rarely, if ever, reached levels greater than 0.2 pT, regardless of 
the operating condition or seat position. On the other hand, for hybrid cars, field levels were above 0.2 pT for some 
amount of time in all seats (except front seats while idling). The percent of time that fields were greater than 0.2 pT in 
hybrid cars was substantially higher in the back right seat (from 16% to 69%).

Table 1. Descriptive statistics for magnetic field measurements (pT).
N is the number of measurements and GSD is the geometric standard deviation.

N
Geometric Mean
(GSD) 5th Percentile 95th Percentile % > 0.2 pT

Overall: 11140 0.034 (3.277) 0.006 0.199 4.9

By Engine Type

Diesel 3328 0.018 (2.912) 0.001 0.059 0.03

Gasoline 4552 0.041 (2.194) 0.009 0.094 0.29

Hybrid 3260 0.050 (4.385) 0.002 0.427 16.41

By Operating
Condition

Idling 1500 0.028 (3.626) 0.001 0.017 1.33

2500 RPM 1064 0.027 (3.047) 0.001 0.087 0.00

40 km/h 5696 0.030 (3.427) 0.006 0.182 4.07

80 km/h 2880 0.052 (2.565) 0.009 0.258 10.31

Table 2. Geometric mean magnetic field (pT) by seat position and engine type.

Position Gasoline Diesel Hybrid

Back left 0.029 0.007 0.055

Back right 0.023 0.009 0.175

Front left 0.072 0.039 0.027

Front right 0.065 0.042 0.046
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To estimate the average MF field levels that might occur during typical driving scenarios, we present five hypothetical 
scenarios that vary by percent of time spent in each of three driving conditions - idling, 40 km/h and 80 km/h (Table 3). 
Scenario A intends to reflect typical highway driving, scenario E reflects typical city driving, and B, C, D are intermediate 
scenarios. While actual driving conditions may deviate from these examples, we found that overall average MF levels 
remained similar across all driving conditions, with average fields remaining lowest for diesel cars and highest for hybrid. 

Table 3. Estimates of Magnetic fields (pT) for typical driving scenarios.

Scenario

Percent of time spent at each
condition Geometric Mean

Idling 40 km/h 80 km/h Diesel Gasoline Hybrid

A 3 22 75 0.021 0.048 0.092

B 5 25 70 0.021 0.048 0.088

C 10 40 50 0.020 0.045 0.073

D 15 55 30 0.019 0.042 0.059

E 18 52 30 0.018 0.042 0.059

Overall, the average MF levels measured in the cars' seats were in the range of 0.04-0.09 pT (arithmetic mean) and 0.02
0.05 pT (geometric mean). These fields are well below the ICNIRP guidelines*2) for maximum general public exposure 
(which range from 200 pT for 40 Hz to 100 pT for 800 Hz), but given the complex environments in the cars, simultaneous 
exposure to non-sinusoidal fields at multiple frequencies must be carefully taken into account. Nevertheless, exposures in 
the cars are in the range of every day exposure from other sources. Moreover, given the short amount of time that most 
adults and children spend in cars (about 30 minutes per day based on a survey of children in Israel), the relative 
contribution of this source to the ELF exposure of the general public is small.

CONCLUSIONS

The results of this characterization of MFs in hybrid and gasoline cars are consistent with previous investigations. For the 
first time, we report results for diesel cars and characterize the dependence of magnetic field levels on speed. Further, 
while other studies averaged magnetic field measurements over various seat positions, we describe how fields vary by 
seat and engine type. In general, MF levels were highest in hybrid cars and lowest in diesel cars. We found that MF levels 
inside the car's cabin increased with increasing driving speed and varied by seat position, with the highest levels found in 
the back seats in hybrid cars and front seats in gasoline and diesel cars. Thus, MF exposure from cars not only depends on 
the type of engine, but also on operating conditions and the position inside the car.
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Are nuclear power-plants the proper solution confronting the challenges of nature conservation?
Yehoshua Shkedy, Israel Nature and Parks Authority
Introduction:
Solar energy, wind energy and hydropower are the main solutions suggested to cut down greenhouse gasses, thus called 
"green energy" from renewable resources. There is no doubt that greenhouse emissions should be reduced, yet, the 
consequences of using various substitutes to polluting sources are rarely considered. Even when it is acknowledged that 
other measures, mainly improving existing technologies to reduce greenhouse gases can be highly effective, renewable 
sources are recommended, assuming that there is no cost in using these measures (Governmental report, 2013). But, the 
cost of all substitute-renewables can be very high. Thus, by solving one environmental problem we may create another 
environmental problem, not necessarily less acute.
The shortcoming s of solar, wind and water as energy sources are described mainly from the Israeli perspective. Israel may 
be described as a sunny country. The weather in its northern part is Mediterranean, with 50-60 days of rain between 
October and March producing ca. 600 mm of rain. The southern parts is a desert with a rain gradient form 200 mm to <50 
mm of rain annually. Water is a scarce resource in Israel, yet two examples may present both sides of this coin. A hydro 
power station on the Jordan River divert the river at a certain point, and during dry spells the river dry out, disconnecting 
the flow. Even though this barrier is rather short, it is enough for setting up new separated ecosystems. A wetland 
ecologist will witness such disconnection as a substantial damage. The second example is from the Judean hills, where the 
main sewage system of Jerusalem is planned to be piped and used down-stream for producing electricity. The treated 
sewage will later be used for irrigating agricultural fields. Yet, such examples are relatively rare.
Solar energy is probably the most effective way of generating power from a renewable resource. The main disadvantage 
of solar power plants is that it is area consuming. It is worth noting that there is a tight correlation between protected 
areas and species conservation (Macarthur & Wilson, 1967) thus huge power station damage conservation efforts almost 
by definition. Mostly, thermo-solar power plants are built in open natural areas, and in a populated country like Israel 
where human density is close to 400 people/1 km2, open landscape is a limited resource. Hence, by building new solar 
power plants on an area of about 20 km2 each, we reduce the emission of greenhouse gases but increase quite 
dramatically the consumption of open landscape and destructing natural habitats.
The wind turbines are probably creating the largest dilemma (Bright et al., 2008; Carrete et al. 2009). The unique position 
of Israel at the eastern Mediterranean Sea make it the most favorable bird migrating route in the old world, where more 
than 1 billion birds cross the country while migrating from Europe to African and back. The migration takes palace both 
day and night, many times using favorable winds, the same winds needed to move the turbines winds. Also, 33 species of 
bats reside in Israel, and wind turbines tend to cause death to bats flying next to the turbine wings by sucking the air out 
of their lungs. Bats are important also as pollinators and insect pests control agents. It is very clear, from the nature 
conservation point of view, that the environmental damage the wind turbines may create in Israel are high, presumably 
higher than its environmental advantage.
Hence, the efforts to move to more renewable energy sources are reducing greenhouse gasses emissions, but at the same 
time creating severe problems for nature conservation either by disconnecting wetland habitats, consuming excessive 
landscape or by massive killing of birds and bats.
As the energy demands are rising and the need to reduce greenhouse gases emissions are will grow accordingly, more 
options than solar-wind-water must be developed. The only other energy source available that does not emit greenhouse 
gases is nuclear.
Even though nuclear power plants emit negligible amounts of greenhouse gases, they are assumed to be environmental 
hazard and as such are automatically rejected, not even considered by many governments as a possible solution. Yet,
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nuclear power plants are being judged mainly by fear and prejudice, rather than on knowledge. Environmentalists simply 
claim that nuclear energy is "dirty, dangerous and expensive" (Greenpeace web site). The information on that web page 
(and others) claim simply that after Chernobyl (1986) and Fukushima (2011) it is likely that new accidents will emerge 
once every decade. It is prophesy no one can really face with reliable predictions. Also, it is claimed on that web page that 
there are no solutions for dealing with the radio-active waste generated by nuclear plants, and naturally, the site links 
nuclear power stations with nuclear power bombs.
The new generations of power plants (3+ and 4) are safe, simple to operate and generate relatively low amounts of waste 
(IAEA 2012). It is essential that governments will perform unbiased research testing nuclear power plant from the 
environmental point of view, as nuclear power might be the better environmental solution in general and nature 
conservation in particular as compared to all other existing solutions.
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The world faces no greater or more urgent danger than a terrorist attack with a nuclear weapon. And international peace 
and security is threatened by proliferation that could lead to a nuclear exchange. Terrorists are determined to attack us 
again—with weapons of mass destruction (WMD), especially nuclear. The availability of critical technologies, the 
willingness of some scientists and others to cooperate with terrorists, and the ease of intercontinental transportation 
enable terrorist organizations to more easily acquire, manufacture, deploy, and initiate a WMD attack.
Over the past years, the world discovered that they face a new “Existential Nuclear Threats” that are greater than 
terrorism threats. Russia's aggressive military actions and hostile rhetoric have pushed tensions with the NATO member 
countries to the highest level in decades. Russia has a new military doctrine that anticipates using nuclear weapons in 
local and regional conventional wars and has initiated a massive strategic modernization program to deploy new nuclear 
weapons and delivery systems. During the Cold War, the United States and the Soviet Union established a nuclear 
relationship based on the Mutual Assured Destruction (MAD) doctrine. After twenty-five years of the dissolution of Soviet 
Union, the world again is entering into a new nuclear age. The fear of a nuclear war has increased dramatically over the 
past year since the Russia's 2014 annexation of Crimea and has brought the nuclear-related threat back into public 
consciousness. Although the world continues to comfort itself with the thought that Mutually Assured Destruction (MAD) 
is unlikely, the risk and probability of using a nuclear weapon is growing apace.
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There are two critical time points when accurate and timely measurements of acute exposures are needed: (1) for initial 
point-of-care screening of a large population at risk of prior radiation exposure, to triage them in or out of immediate 
care, and (2) at the next stage, when decisions on management of individual patients with potential for ARS would benefit 
from knowing the level of exposure and whether the body received homogeneous exposure. The principle of 
biodosimetry is to utilize changes induced in the individual by ionizing radiation to estimate the dose and, if possible the 
biological consequences of the dose. There are two basic types of biodosimetry with different and often complementary 
characteristics: those based on changes in biological parameters such as gene activation or chromosomal abnormalities 
and those based on physical changes in tissues (detected by techniques such as EPR). The biologically based parameters 
are potentially very sensitive to dose levels and to the biological implications of the dose in the individual. They may 
require time for assessment because they require biological processing before changes can be observed and may be 
affected by other perturbations that may be associated with an acute event including stress, wounds, and burns. These 
are especially likely to be useful for the second stage of triage in which decisions are made regarding treatment. The 
physically based methods are not subject to these limitations, hence can be used immediately after the event. They are 
especially applicable for initial triage and may also have an important role in determining the homogeneity of the 
exposure and therefore aid in decisions as to the need for treatment. EPR-based biodosimetry using radiation-induced 
free radicals has now developed such that it can meet the needs for initial triage (i.e. >2 Gray) and may also provide 
sufficient dose resolution to be utilized to guide therapy for patients after being entered into the health care system. 
Recent developments indicate that EPR biodosimetry based on both radiation induced changes in teeth and in nails now 
appears to be suitable for 1st and 2nd stage triage. EPR biodosimetry also may have some special advantages for use by the 
military in the management of potential radiation-induced casualties in deployed military positions.
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Summary
In France, the reversible Deep Geological Disposal (DGD) for high level (HL) and intermediate level-long lived (IL-LW) 
radioactive wastes is currently at pre-licensing stage, driven by the French WMO (Andra). The selected geological 
formation is a clayey host-rock (callovo-oxfordian argillites), located in the Meuse/Haute-Marne district (Eastern France) 
where the Andra built its Underground Research Laboratory (URL) more than 10 years ago, and where the reversible deep 
geological disposal facility (Cigeo) should start being operated in the next decade.
In parallel, IRSN conducted R&D from early 1990s for being in a position to assess data by the WMO concerning in 
particular: i) Structural characterization of the geological formation to receive waste (stability, homogeneity, permeability, 
transfer) and surrounding formations; ii) Hydrological scheme, in particular in order to estimate the possible transfer of 
radioactivity to the outlets; iii) Disturbances caused by the materials of the waste packages and storage (iron, concrete, 
etc.) and their influence on the confinement properties of the components of the storage to limit the spread of 
radioactivity in the environment; iv) Mastery of damage to the host formation due to the installation of storage facilities 
(shafts, galleries, etc.); v) Feasibility of seals, after placing waste in dedicated cell, to reconstitute locally containment 
provided by the geological formation; vi) The impact of operating and reversibility conditions on storage capacity to 
contain radioactivity.
The presentation will give an overview of the R&D safety related issues carried out in IRSN's own URL, located in 
Tournemire (South France). Specific focus will be placed on site characterization issues at large scale (structural, 
hydrological and solutes transfer). Smaller scale geochemically-induced perturbations will also be discussed and 
illustrated. In each of these cases, drawn conclusions in terms of safety will be highlighted.
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INTRODUCTION
The 20 MWt test reactor operated by the National Institute of Standards and Technology (NIST) Center for Neutron 
Research (NCNR) provides neutron radiation that benefits a wide variety of biological and materials science research 
programs. The Reactor is equipped with a Thermal Shield (TS), which consists of a 2.5 m diameter steel tubular structure 
with a wall thickness of 0.15 m. On the inside the tube is cladded with 0.05 m of lead. Besides acting as a primary gamma 
shield, the function of the TS is to protect the concrete in the radially adjacent biological shield from disintegrating due to 
radiation damage. Copper tubes (188 of them) embedded in the lead carry water that serves to cool the lead, protecting it 
from melting due to gamma radiation heating.
Immediately after the reactor's first criticality in the late 1960's, the TS copper tubing began to develop tiny leaks that had 
to be tended to by applying various stop leak methods. Since the TS cooling system is not a reactor safety system, this 
never impeded the safe operation of the reactor, but by the early 2000's the maintenance effort involved in coping with 
the leaks had become a significant operational burden. Particularly the containment of loose contaminated coolant 
became very time consuming and detrimental to other parts of the facility.
In 2006 the decision was made to attempt to stop the leaking by driving the thermal shield coolant flow by vacuum 
instead of traditional positive pressure. This would result in the admission of the gas surrounding the coolant lines into 
the liquid coolant streams rather than liquid escaping from them. This has two advantages: no more radioactive coolant 
loss and no more need to attempt to mend the leaks (which led to further degradation of cooling tubes due to 
coagulation of various stop-leak products).

RESULTS
An engineering concept was established and the theoretical principles were proven during the deployment of several 
prototypes. After the concept was successfully demonstrated, NIST was able to make the decision to permanently 
mitigate the problem by modifying the accessible part of the TS cooling system and henceforth operate the entire system 
under vacuum. The most challenging problem turned out to be that the gas that is admitted into the coolant through the 
leaks happens to be carbon dioxide. This gas turns the coolant acidic to the point that it becomes corrosive to copper. This 
was successfully mitigated by saturating the coolant with magnesium carbonate, which forms a carbonate buffer in the 
presence of carbonic acid (i.e. dissolved carbon dioxide). Due to its nuclear properties magnesium does not introduce any 
new radiological problems.

CONCLUSION
The TS upgrade project has been successfully completed and the NCNR now has about 4 years of operational experience 
with the new system. As a result, the operational reliability of the reactor has increased significantly.
We present the applicable conceptual ideas, the prototypical results as well as the full implementation and its 
performance. We will also present remaining challenges with the system and try to demonstrate the notion that 
considering applying this idea to similar industrial problem areas - not necessarily limited to the nuclear field - might be 
useful.
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INTRODUCTION
The vast majority of nuclear reactors are operated in cycles, i.e. they must be periodically refueled due to fuel depletion. 
The refueling outage is a complicated and expensive procedure that usually necessitates halting the reactor and opening 
the core pressure vessel. The fuel depletion is not homogeneously distributed throughout the core and usually most 
depleted fuel assemblies are replaced during refueling. The fresh fuel assemblies, together with the remaining depleted 
fuel assemblies, are rearranged to form a new core configuration (loading pattern). The new core configuration must 
maximize the energy production until the subsequent refueling outage (long cycle) while still satisfying all safety 
limitations and operational constraints. The problem of in-core fuel loading pattern optimization is of great importance 
for electricity utilities, and the successful application of modern evolutionary algorithms for solving such problems is only 
just beginning(1).

This study deals with the implementation of evolutionary algorithms for solving the optimization problems of fuel 
assemblies loading patterns in the reactor core. This optimization problem is characterized by a huge (computationally 
prohibitive) search space, and is a multi-objective, non-linear, non-convex, NP-hard combinatorial problem(1,2). So far, the 
algorithms applied to address this problem have used very basic and traditional selection and cross-over operators(3-7). In 
this study we implement improved evolutionary algorithms by using state-of-the-art selection and cross-over operators, 
e.g. rank selection or tournament selection instead of the traditional roulette (fitness proportionate) selection operator 
and improved cross-over and mutation operators by considering the chromosomes as permutations and taking into 
account the geometrical context of the chromosome.

The evolutionary algorithm employed in this study is described below:
- Create an initial random population and calculate its variance and individual fitness.
While the variance is bigger than some threshold and the maximum number of generations has not been reached, do:

- Store the best individual for later reinsertion (elitism).
- Select pairs of individuals for crossover.
- Perform crossover in the chosen pairs.
- Randomly mutate a predefined fraction of the new population.
- Re-insert the best individual.

A loading pattern of a nuclear reactor core is essentially an array of cells that contain fuels of different types. It is a two 
dimensional matrix, roughly in the form of a cylinder, as shown in Fig.1. It is represented by a core vector whose entries 
represent the different locations of the fuel assemblies in the core. The core vector entries are integers representing the 
corresponding fuel types.

The chromosome is a vector of the core's length. It is logically divided into n parts, where n is the number of fuel types. 
Every part is as long as the amount of fuel assemblies of that type. The parts'
different lengths are constant throughout the evolution and Figure 24. Core loading pattern. the chromosome 
is a permutation of the core vector entries and the location of a core index in the chromosome determines the fuel type it 
holds: The core indices in the first part of the chromosome are of the first fuel type, the ones in the second part contain 
fuel number two, etc. This chromosome structure is chosen in order to preserve the predetermined quantities of the 
different materials and elements of the core.

194



Selection is the process of selecting pairs of chromosomes for crossover according to their fitness. Every chromosome has 
a probability to be selected. In this study the selection probability is either Fitness Proportionate (FP) or Linear Ranking 
(LR). With FP every chromosome c has a probability to be chosen according to FCc) = FF[e)/Sf FFCc). With LR the 
chromosomes are linearly ranked and given a selection probability according to their relative rank. For every 
chromosome, the expected amount, expVal, of copies in the selection table is calculated individually and determined by a 
predetermined variable m and the chromosome's fitness value, i.e. exwFalfc) = 1 ~~, where m is the maximum
1 ptjpJixB—1

expected amount of copies for the best individual (in the whole population or in the tournament). The selection method is 
either by Roulette Wheel (choosing from the entire population) or by Tournament (selecting groups from the population 
and choosing the best of the group with some probability, until enough chromosomes have been chosen) with roulette 
and FP or LR in the tournaments. Tournament size is adjustable and affects the selection pressure (choosing from big 
groups decreases lesser chromosomes' probability of being selected); as does the value of m in expVal.

The crossover operator swaps a segment of entries between two chromosomes. The segment's shape is variable and can 
be chosen as one of the following:
1. Chromosome consecutive segment - Set of indices in the chromosome between two randomly chosen cut points. It is a 
random collection of fuel locations in the core.
2. Core consecutive segment - Set of indices between two randomly chosen indices.
3. Rectangle of core neighbors - Set of indices forming a rectangular shape.
4. Square of core neighbors - Set of indices forming a square shape around a randomly chosen index. Segments sizes are 
adaptive. An illustrative example is shown in Fig.2, where cell number 11 is chosen randomly. Then, the algorithm 
randomly chooses square size; in this case, a 5x5 square. Some of the neighbors are not in the chromosome, and are 
omitted. Square size is decreased as a function of generation, allowing chromosomes to initially swap large segments in 
search for best solutions, but gradually swapped segments size is decreased.

0 0 0 0 1 2 3
0 0 10|11|12 13 14
0 23 24 25 26 27 28
0 38 39 40 41 42 43

53 54 55 56 57 58 59

Figure 25. Example 
of square crossover.

RESULTS
The results presented in this paper are limited to fitness functions that maximize the core

multiplication factor k. This is done for both brevity and clarity and enables to focus on the effect of the newly developed
genetic operators.

When using FP or LR methods with roulette wheel instead of tournament, the best results are obtained at expVal ~ 1.8, as 
shown in Fig.3. When using tournament, there is a trade-off between the expVal and tournament size. Higher expVal 
values require bigger tournaments to produce good results, and vice versa. This is probably because both affect the 
convergence pressure - the higher expVal is, and the smaller the tournament, the higher the pressure. The best results 
with tournament seem to appear around 1.57 < expVal < 1.65 with tournament size of about 1/30 of the population, as 
shown in Fig.4.

Adding a geometric crossover, that limits the segment's size beyond a certain generation (recGen) proved to be the most 
influential change, enabling a dramatic improvement of the results. An evolution with recGen < 50 leads to rapid 
convergence to bad results. Good results start appearing above recGen = 50 and peak between 200 < recGen < 350, as 
shown in Fig.5.
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For our simple test case, the algorithm produces excellent solutions with the expected fuel loading pattern, as shown in 
Fig.6, which exceed our initial prediction. Another interesting result is demonstrated in Fig.7. The two solutions are 
obtained by the same numerical parameters but with different physical boundary conditions, void (left) and reflective 
(right). Both solutions behave as expected and maximize the core multiplication factor.

Figure 6. Evolution of cores at generation 1, 501, and at the end of the evolution.
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Figure 7. Two solutions obtained by using the same numerical parameters but different physical boundary conditions, void 
(left) and reflective (right). Both solutions maximize k.

CONCLUSIONS
Various selection operators and newly developed crossover operators are examined. The best results are obtained with 
an adaptive geometrical crossover operator that decreased the limit size of the crossed segment as the evolution 
progresses. The algorithm developed and applied in this study and the defined fitness function capture very well the core 
physics of the problem, as demonstrated by using the same numerical procedure on problems which are physically 
different, i.e. different boundary conditions. This also means that the developed algorithm is not affected by hidden bias. 
Finally, the case considered in this paper is a simplified one and is used to develop the genetic operators. Currently, more 
complicated cases are considered which include other physical and thermal-hydraulic characteristics of the core, e.g. 
power peaking factor, thermal flux levels, burnup rates, etc.
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INTRODUCTION
Pebble bed reactor (PBR) features, such as robust thermo-mechanical fuel design and on-line continuous fueling, facilitate 
wide range of fuel cycle alternatives. A range of fuel pebble types, containing different amounts of fertile or fissile fuel 
material, may be loaded into the reactor core. A wide range of fuel cycle options suggest to employ optimization 
algorithms for finding the fuel cycle design which yield the highest performance.
The MEDUL fuel management scheme of PBR features recirculation of fuel pebbles several times through the core until 
reaching their target burnup. This fuel management scheme is characterized by efficient neutron economy since the rapid 
on-line pebble recirculation results in a low excess reactivity core. Moreover, the robust fuel pebble design permits the 
fuel pebble utilization up to very high burnup levels of 140000 MWD/THM or even higher.
In this work, we have used the Particle Swarm Optimization (PSO) algorithm to optimize fuel utilization of PBMR400(1) 
reactor design, running MEDUL fuel management. Optimization was carried out also for cores with Th232 as a fertile 
material.
Results show only a modest improvement in the natural uranium utilization (NUU) (~5%) with regard to reference designs. 
Investigation of thorium fuel cases showed that the use of highly enriched uranium (HEU) in combination with thorium 
results in the most favorable reactor performance in terms of uranium utilization. The results reveal that neutronic 
characteristics of the PBR running MEDUL fuel management are only marginally affected by specific fuel management 
choices.

PBR MEDUL FUEL MANAGEMENT SCHEME
PBR reactor online refueling has two commonly known management schemes, "Once Through Then Out - OTTO" and 
"MEhrfachDUrchLauf ("multi-pass" in German) - MEDUL". In the OTTO scheme, fuel pebbles reach their target burnp level 
in single pass through the core whereas in MEDUL scheme fuel pebbles are circulated several times through the core. In 
the OTTO scheme, fuel pebbles exiting the core are removed for disposal or recycling whereas in the MEDUL scheme, the 
exiting fuel pebble burnup level is measured, and fuel pebbles which did not reach their target burnup are reshuffled into 
the core. Hence, in the MEDUL scheme, fuel loading is composed of a mixture of fresh fuel pebbles and partly burned fuel 
pebbles. This mixture flows downward the core leading to more uniform burnup distribution along the core axis. As the 
number of fuel reshuffling cycle's increases, the axial burnup distribution tends to become more uniform, eventually 
resulting in nearly cosine axial flux distribution. Figure presents the PBMR400 core axial power density while operating in 
the MEDUL fuel management with 1 to 9 fuel reshuffling cycles (1 reshuffling cycle is the OTTO scheme). Compared to the 
OTTO scheme, MEDUL offers more efficient neutron economy, because neutron leakage at the upper core area is 
reduced. Reduction of the maximum power density from 18.1 W/cc for single fuel pass through the core (OTTO) down to
8.4 W/cc for reshuffling the fuel pebbles 9 times through the core is observed. Circulating the fuel pebbles more than 6 
times through the core results in small additional improvement of the axial power shape. Reshuffling the fuel pebbles for 
6 times through the core results in the maximum power density of 9.4 W/cc and maximum power located only about 1 
meter above the core mid-plane (the total core height is 11 m). This result justifies the 6-passes MEDUL fuel cycle design 
of the PBMR400, which has been adopted in the current optimization study. The 6-passes MEDUL design also considers 
the fuel charging rate limitations set by the burnup level measuring device and the reshuffling machine.
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Figure 1: PBMR400 axial power density for 1 to 9 fuel reshuffling cycles

DEFINTION OF THE OPTIMIZATION PROBLEM
Our goal here is resource conservation; hence the optimization objective is to maximize natural uranium utilization. 
Natural Uranium Utilization is calculated from the following expression:

NUU =
F x - x 

FF =_= p w
m • FR • FF ' P x f - xw

Q

Where: m - Mass of HM per pebble [kg]

FR - Pebbles feed rate, [#/day]

FF - Pebbles feed factor
F -Mass kg of natural uranium (feed material) [kg]
P- Mass kg of enriched uranium (product material) [kg] 
Q - Reactor thermal power [MW]
x - Weight fraction of U235 in the product

x - Weight fraction of U235 in the feed (natural U - 0.7%) 

x - Weight fraction of U235 in the waste (tails, we use 0.2%)

The NUU is natural uranium fuel utilization in units MWDth/kgNU.

The VSOP code system is used to simulate the fuel cycle of the reactor (2). The VSOP is a system of codes for the simulation 
of pebble-bed reactors with treatment of its special features, such as "double heterogeneity" and on-line continuous fuel 
loading. Unit-cell spectrum calculations in VSOP are performed by the THERMOS, ZUT and GAM codes for the thermal, the 
resonance and the epi-thermal energy spectrum regions, respectively. These codes apply various approximations to the 
transport equation to accommodate special features of pebble-type fuel with coated fuel kernels. Power and neutron flux 
distributions are then calculated by the 2D (in cylindrical r-z coordinates) diffusion program CITATION. Burnup calculations 
and fuel shuffling operations are performed by the FEVER code. Thermo-hydraulic and fuel cycle cost calculation may also 
be performed by THERMIX and KPD codes.

The NUU is calculated for equilibrium core condition, which simulate continuous reactor operation at full power level. In 
equilibrium core state, the neutron flux, power and material composition do not change considerably over time. For a 
given fuel design (HM loading and fissile enrichment which are the optimization parameters), the pebble feed rate (FR) 
parameter is calculated to maintain equilibrium core conditions. The FR is calculated using dedicated MATLAB script as 
described below:
Step 1: Initial core loaded with fresh fuel, operates until reaching criticality. Perform the fresh core burnup calculation 

until criticality is reached.
Step 2: Perform MEDUL fuel management operations (core refueling with small batch of fuel pebbles) and continue 

the core burnup simulating reactor life:
- Continuously load and discharge fuel pebbles from the core in small batches. Loading batch includes fresh 

fuel pebbles mixed with recirculated (partly burned fuel from the discharged batch) fuel pebbles. Fuel
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pebbles which reach their target recirculation times through the core are removed from the discharged 
batch for disposal.

- Iterate on reload cycle length (feed rate) to maintain core criticality.
- Repeat core burnup cycles until equilibrium condition is reached (no change in fuel feed rate to maintain 

criticality).
Step 3: Obtain fuel pebbles feed rate FR from equilibrium core and calculate NUU.

PARTICLE SWARM OPTIMIZATION
PSO is an evolutionary optimization algorithm that is inspired by the social behavior of a flock of migrating birds trying to 
reach an unknown destination (or food)(3). This stochastic algorithm mimics the flock of birds that communicate with one 
another as they fly. PSO has been found to have superior performance in several benchmarks [4]. In PSO, each solution is 
a "bird" in the flock and is referred to as "particle". Each bird in the flock looks in a specific direction and also identifies the 
bird with the best location in the flock. The bird is then speeds to a new location depending on own search (own 
experience) and a global search (flock experience). The process repeats until it reaches desired destination (convergence). 
The process is initialized with generating a swarm of N random particles (solutions), which, in our case, we generated 
using the Latin Hypercube(4) sampling technic to ensure an even sampling from the search space. Each particle i is 
characterized by a location vector xi and a speed vector vi. The location quality of each particle pi, is calculated by the 
objective function, the natural uranium utilization - FU. G represents the global best location of the swarm. Advancing 
from time step k to k+1, each particle updates its location xi(k+1) by the speed vector vi(k+1). The updated speed vector 
depends on previous speed, previous best location and global best location weighted by the algorithm parameters w, c1, 
c2 and with additional random weighting and y2 . Hence the algorithm formulas are:

vi(k +1) = wvi(k) + c1/1 (Pi - xi(k)) + c2/2 (G - xi(k))
xt (k +1) = xt (k) + v (k +1)
Convergence to optimal value is presented in Figure 1 below showing swarm (population) maximum and mean values 
together with the global maximum of the swam.

RESULTS
In the current study, the MEDUL NUU optimization investigations were carried out for PBMR design of the OECD/NEA/NSC 
benchmark (1) initiated by the PBMR company from South Africa in 2005. The PBMR400 modular design, proposed by the 
PBMR company, features an annular core with inner graphite reflector of 1 meter radius and outer radius of 1.85 meter. 
The core height is 11 meters which contributes to enhanced passive heat removal by natural circulation. The core 
geometric model, adopted from Reitsma (5,6). The reference design of the PBMR400 MEDUL fuel management scheme has 
6-pass recirculating scheme for fuel pebbles containing 9 g of UO2 enriched to 9.6%, within standard TRISO coated 
particles. Thermo-hydraulic calculations are performed for evaluating compliance with safety constraints.

NUU optimizations were performed for 3 different fuel types: LEU, Th-MOX and HEU Th-MOX. For the LEU the
optimization parameters were uranium enrichment and heavy metal loading. The Th-MOX and the HEU Th-MOX cases 
included additional optimization parameter - the thorium fraction in the MOX. Error! Not a valid bookmark self-reference. 
presents the MEDUL optimization results.

Table 1: PBMR400 MEDUL optimization Results

Optimization Results

Case LEU Th-MOX
HEU Th-
MOX

In
pu

t

HM Loading (g/pebble) 10.66 10.57 17.49

HM Enrichment 0.138 0.137 0.12

U Enrichment 0. 138 0.2 0.929

Ave. Th fraction - 29% 87%
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Ave Moderation Ratio 360.1 351.6 206.4

O
ut

pu
t

Fuel residence time (days) 1680 1653 2641

Load rate (Pebble/day) 1572 1575 999

Power Peak Max/Ave 3.29 3.14 3.3

Max. Power (KW/ pebble) 3.05 2.84 3.64

Max. Fuel Temperature C 1041 1048 1093

Discharge Burnup (MWD/kg) 152 150 144

Fuel Utilization (MWDth/kg NU) 5.54 5.46 5.78
SWU Utilization (MWDth/kg- 
SWU)

5.41 5.12 4.88

The highest overall optimal NUU of 5.777 MWDth/kg NU was found to be for the thorium mixed oxide fuel with highly 
enriched uranium case. The HEU Th-MOX NUU optimal results are only about 4% higher than those of the LEU cases and 
about 5.5% higher than those of the Th-MOX cases with LEU. Performance differences between the cases are relatively 
minor and can be attributed to the high neutron efficiency of the PBR design and the inherent efficiency of PBR fuel 
management (online refueling with low excess reactivity).
The optimal NUU results were obtained for the hypothetical HEU Th-MOX fuel with 87% thorium content, uranium 
enrichment of ~ 93% and HM loading of ~17 g/pebble. The thorium replaces the uranium 238 as the fertile material in the 
fuel and requires high uranium enrichment for its efficient utilization. Although HEU production at the enrichment facility 
demands large natural uranium amounts, the overall natural uranium utilization is reduced due to the high thorium 
content and large energy share from generated U233. SWU utilization results are the lowest compared to the other 
investigated cases resulting from the high enrichment requirements. The higher HM content in the fuel results in lower 
moderation ratio (~200) and the core may be under moderated. Moderation insertion has to be investigated to confirm 
appropriate reactivity response of the core to accidents such as water ingress. The resultant discharge burnup values are 
higher than 144 MWD/kg. Such high values may require additional fuel irradiation experiments to make the fuel licensing 
case before this scheme can be employed in operational power reactors.

CONCLUSIONS
Optimization procedure, using Particle Swarm (PSO) method, has been developed for identifying Pebble Bed Reactor 
(PBR) fuel cycle parameters which yield optimal Natural Uranium Utilization (NUU). Optimization results reveal that PBR 
operating the MEDUL fuel management scheme, feature robust neutronics design with low sensitivity of NUU to the fuel 
management parameters. Introducing Thorium into the fuel with High Enriched Uranium (HEU) yields the best NUU (up to 
5.5% saving as compared to Low Enriched Uranium fuel).
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INTRODUCTION
The Soreq Applied Research accelerator facility (SARAF) is a user facility that will be based on a state of the art light ion 
(protons and deuterons), medium energy (40 MeV) high CW current (5mA) accelerator, to be completed by the beginning 
of the next decade. The SARAF intends to be a CW high intensity thermal and fast neuteron source in order to enable new 
nuclear medical treatments, development of isotopes for radio-pharmaceuticals, study of fission products, and 
accelerator based neutron radiography [1].

SARAF Phase I status
Phase I of SARAF composed of proton/ deuteron 20 keV/u ion source, LEBT, 3.8 m long 4-rod RFQ, 1.5 MeV/u, and 
Prototype Superconducting Module (PSM) housing 6 0.09 HWRs designed for 4mA 850kV each. During the last years 
several experiments with a CW proton beam up to 2 mA in the range of 1.9 - 4 MeV were run at SARAF phase I linac. Few 
deuteron beam experiments at low current low duty cycle up to 5 MeV were run as well [2]. Several upgrade projects to 
the SARAF linac took place in recent years [3].
The linac ion source LabView control application was upgraded in order to increase the operation reliability. This is a 
prototype project and in the future we plane to upgrade all the low level application in order to increase the linac 
availability and consistency. Concurrently the diagnostics operation flexibility increased too, e.g. the operator can now 
define time intervals along a pulse to record various measurements, like emittance, in a user friendly HMI. This ability is 
essential for beam operations since the properties of the beam are time depended.
The SARAF PSM Half Wave Resonators (HWRs) are highly sensitive to helium pressure, 60 Hz/mBar. The high sensitivity is 
due to the cavity oval shape at the beam port vicinity where the RF electric field governs [4]. Piezo tuners are important 
elements for the SARAF HWRs stabilization. In order to be useful, the tuners must have a 1000 Hz dynamic tuning range, 
far wider than the SARAF HWRs band width (130 Hz). Degradation of the piezo tuners ranges was observed for the first 
time in 2009. Consequently, they were replaced by the same type of devices. Degradation was observed again in 2011, 
making operation of the accelerator impossible at high cavities voltages. The piezo tuners were replaced to a different 
type (Pst 1000, Piezomechanics GmbH) during the 2012 spring maintenance [5]. The new tuners work at a higher voltage 
of 1 kV and, according to the manufacturer, are more robust. The tuning ranges were monitored for two and half years 
since May of 2012. The results are presented in figure 1. Some scattering in the measurements is associated with 
establishing the measurement procedure. It might be that some measurements took place too soon after the cryomodule 
was cooled down, so the tuners have not reached their final temperature. Only a minor deterioration, if at all, is observed 
over the period. In these days we consider to replace few of them following four years of operation.
Conjointly, we face high sensitivity of the cavity Eigen mode frequency to radiative pressure on the cavity surface, as 
function of Lorentz force and the mechanical vibration due to noise [3]. Those induce ponderomotive oscillations [6] in 
the superconducting HWRs, as demonstrated in figure 2: The left plot shows the Lorentz detuning effect starting at very 
low amplitude of the cavity fields. The next plots demonstrate dynamics instabilities at the right side of the curves due to 
ponderomotive oscillations induced by mechanical vibrations in the vicinity of the linac corridor.
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Figure 2. Resonance curves of the 6th cavity taken at several RF power values [3].

In recent years the rate of loss of cavities lock (in phase and amplitude according to the beam dynamics design) reduces 
significantly the linac availability. An example of the recorded required voltage at the analog LLRF as sent to the LLRF by 
the National instruments PXI hardware is given in figure 3 left. The amplifier and the cavity were not connected and the 
LLRF signals were sent to a dummy counter. Following this study, an advanced (NI) cRio controller was inserted to the 
control loop between the LLRF and the PXI. The cRio collects the voltage parameters that are sent by a pc on this network, 
bypasses the PXI and sends the required voltage parameters as analog signals to the LLRF (figure 3 right). In the future all 
the PXI functions will be handled by the cRio controller.

Figure 3. The HWR3 voltage as sent to the LLRF by the PXI hardware (left), The updated scheme of the RF control loop 
with the cRio (right) [3].

The RFQ upstream end flange was upgraded. A new RFQ entrance flange was designed, manufactured and installed in the 
summer of 2014 (figure 4). The flange includes a few improvements compared to the original one: better water cooling, 
an RF canted spring sealing between the flange and RFQ barrel, an RF canted spring sealing between the flange and the 
base plate, a UHV metallic Garlock vacuum seal, a suppressor electrode and electrically insulated graphite aperture 
attached to water cooled copper block[7].

Figure 4. Left: The downstream side of the new flange before installation; the spring RF sealing and metallic vacuum seal 
are seen. Right: The upstream side of the flange during installation; the graphite aperture is seen.
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The new type of vacuum seal used on the flange proved to be adequate. In fact, vacuum in the upstream side of the RFQ 
improved by 25%. This happened due to a smaller size of the graphite aperture compared to the original flange and 
hence, smaller influence of the LEBT vacuum pressure. The first beam transmission tests were performed with 2 ms 
pulses. The beam current signal from the aperture electrode was useful for beam transport. It was demonstrated that by 
cutting the halo, 95 % of the beam could be transported through the aperture even at the highest beam current of an 8 
mA.
Following the splitting of the RFQ RF line to two new upgraded couplers, new horizons are open now for SARAF Phase I 
since 5.5 mA 3MeV deuteron beam at a significant RFQ duty cycle are available now downstream the RFQ (30 % were 
demonstrated so far with a low beam duty cycle and 30-80% 250 kW RFQ dissipated power with no beam) [8]. A higher 
deuteron beam duty cycle is expected following regulation approval for high intensity deuteron beam acceleration 
through the SARAF Phase I linac.

SARAF Phase II linac
SARAF Phase II is designed to upgrade the SARAF phase I linac to, 5 mA CW 35 MeV proton 40 MeV deuteron linac [9, 10]. 
The SARAF phase II project will include a target hall dedicated to targets that fulfil these specifications. SARAF linac is a 
joint cooperation between Soreq NRC and CEA IRFU. It consists of Soreq Phase I ECR ion source, LEBT and the SARAF 4 
rods RFQ following the upgrade project. The RFQ upgrade project will be accomplished by a new rod modulation. The new 
modulation design will enable CW deuteron beam operation at lower downstream energy of 1.3 MeV/u instead of 1.5 
MeV/u. The output beam energies correspond to 170-200 kW dissipated power (as demonstrated systematically following 
the SARAF 4 rods upgrade) instead of the current 250 kW dissipated power.
Downstream the RFQ, CEA/IRFU is developing a new Medium Energy Transport (MEBT) and four Superconducting 
Modules (SMs).
The MEBT includes nine quadrupoles and three room temperature normal conducting rebunchers to: match the beam to 
the superconducting linac, enable room for a potential fast chopper, cut the transverse halo with three slits separated 
roughly by 120 degrees phase advance angle. A detailed beam diagnostics will be installed for the SARAF phase II 
conditioning stage along the space allocated for the fast chopper.
The four SM downstream the MEBT are subdivided to two Low Beta 0.091(LB) and two High Beta 0.181 (HB) SMs. The LB 
SM houses 6 HWRs and one optional extra cavity while the HB SM houses 7 HB cavities. 3D views of the LB and HB SMs 
are shown in figure 5. Each solenoid includes an upstream cold Beam Position Monitor (BPM) and a steerer inside each 
solenoid. The idea is to apply each steerer to adjust the beam towards the center of the downstream solenoid BPM. Beam 
dynamics 'end to end' run including the SARAF 4 rods RFQ [10, 11, 12], the CEA/ IRFU new designed MEBT and the four 
SMs are under study. Preliminary results revealed that the safety criterion for beam operation, including error analysis is 
feasible.

Thermal shield Phase separator Magnetic shield

t
1Insulation va v pply SolenoidHe HWR

Figure 5. 3D views of the LB and HB SMs [9].
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Spent Fuel Storage Issues and Options in the Chinese Nuclear Energy System 

Chaim Braun, Robert Forrest
Center for International Security and Cooperation, California, USA

After several decades of impressive growth in nuclear power, today China leads the world in new reactor builds by a large 
margin. This scale of development raises issues familiar to countries with more mature nuclear power programs, 
specifically the unresolved structure of the back end of the nuclear fuel cycle. While there may be several decades before 
this long term structural issue is resolved, the near-term problem of interim storage of spent nuclear fuel (SNF) is much 
more acute, and requires a comprehensive system wide solution.

The current state of fuel cycle development in China presents a rare opportunity to address SNF management issues at an 
early stage before decisions are made that may constrain future options or create problems common in other nuclear 
powered countries. A comprehensive study to address the problem would include economic, logistical, social, safety and 
security issues. Such a study would be able to address SNF disposition while incorporating uncertainty as to the final state 
of the back end of the fuel cycle. The design of such a study necessitates examining the whole SNF system, and not 
focusing on one component or issue.

In this paper we outline a scenario-based study aimed at informing SNF interim storage policy under uncertainty regarding 
the final structure of the back end of the fuel cycle. We describe our model of the Chinese nuclear fuel cycle and show 
results from a subset of these issues - the logistics of SNF accumulation, transportation and storage. We show that there is 
more time than is often claimed to grapple with the short term accumulation of SNF, that some simple steps could add 
robustness to the system. We further show, specifically, when and where the current method of SNF disposition could 
break. We then propose some policy recommendations to alleviate this problem, and offer guidance for potential future 
work. Possible measures to alleviate SNF storage problems include: Shuttling spent fuel assemblies between reactor pools 
in multi-reactor stations, or among different stations belonging to the same utility and located at the same Province; 
Constructing dry cask storage sites at stations with significant site areas; Shuttling spent fuel assemblies to dry cask 
storage sites located at other nuclear station sites; Developing province-wide or regional independent spent fuel storage 
installations (ISFSIs), and sending spent fuel to the existing reprocessing center in Jiuquan (Plant 404) in Gansu province, 
or to a new reprocessing plant that might be built during the 2030's somewhere along the east coast of China. All the 
above measures, and possibly others, depend on the acquisition of, and efficient use of, a sufficient number of spent fuel 
transport casks. In a specific case, though, spent fuel removal off-site is a near-term issue which is addressed in the paper.

The number of cask transfers required within the Chinese nuclear energy system once all spent fuel storage pools are 
filled is shown in Figure 1. Given the projected nuclear energy growth in China and a standard design fuel transfer cask 
design, dry cask fuel transfers will not become a major problem before the mid-2030's, thus providing some time to plan 
for this eventuality. Should a centralized ISFSI facility be constructed in conjunction with a reprocessing plant the spent 
fuel disposition problem could be deferred to the late-2040 as seen in Figure 2.
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Figure 1 - SNF Cask Transfers required per year once all spent fuel storage pools are filled
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The current system of spent fuel transportation to interim wet storage is fragile although if SNF transfer is prioritized for 
longevity, it may suffice for many years. Modest dry cask interim SNF storage would add robustness to the system and 
provide many decades of flexibility that could be used to transition to a closed fuel cycle. Buttressing the inherent on-site 
SNF storage flexibility in most of China's multi-reactor nuclear power stations with limited capacity of centralized or 
regional dry cask ISFSI could alleviate the SNF disposition situation for many decades. In the long-term as China develops 
reprocessing capacity and FBRs, most SNF intermediate-term disposition issues will have been resolved. Until then, a 
multi-option robust system of SNF disposition that incorporates uncertainty is the best path forward.

The impressive growth of nuclear power in China makes it a dynamic system to understand and analyze. This growth 
brings with it issues common to other nuclear powered countries that need to be addressed, foremost the intermediate- 
term disposition of spent nuclear fuel, even before a final repository is sited, constructed and operated.
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Saraf Linac Four Rods Rfq Upgrade Towards Phase II

Jacob Rodnizki, Boaz Kaizer, Leo Weissman, Amichay Perry, Zvi Horvitz, Daniel Hirshman 
SARAF, Soreq Nuclear Research Center, Israel

INTRODUCTION
The SARAF 3.8 m 4-rod RFQ is able to accelerate a 1.5 MeV 4mA CW proton beam. During the last years several
experiments with a CW proton beam up to 2 mA and in the range of 1.9 - 4 MeV were run at SARAF linac, [1-2]. To run a 
CW deuteron beam the required RFQ power is 250 kW CW, to reach a 65 kV inter-rod voltage, four times the power 
needed to run a CW proton beam. Until recently the SARAF 4 rods RFQ was capable to run a deuteron beam only at a low 
current with a low duty cycle, facing a degradation of the RFQ performance with time. Our findings imply that our coupler 
is a primary bottle neck to reach a long term stable operation in a high dissipated power [3].

SARAF FOUR RODS RFQ UPGRADE
A project to split the RFQ power line was initiated in order to reduce the coupler load during the RFQ operation. The 
project includes a 3DB RF splitter at 176 MHz (the linac frequency) and two new upgrade design couplers with directional 
couplers (Figure 1).
The idea is to reduce the RF load on each coupler by a factor of two, by using two couplers instead of one. In this case the 
external Q value of each coupler will be multiply by a factor of two in the range of 8000 from the current value of about 
4000. To reach this goal a new shape of the coupler antenna was designed with one round loop instead of the two rounds 
loop in the original coupler (figure 2).

Figure 2. Original two rounds loop Qex~4k 3DB splitter and the two
couplers and a new with only one round Qex~8k
Figure 1. The new RF lines with the

The matching is achieved by shortening the length of the antenna which results in increasing the distance between the 
antenna loop and the stems. Increasing the distance reduce the coupling and increase the external Q value. By iterative 
procedure starting from over-coupling one may achieve the desired Q value. For an RFQ operating with only one coupler 
the matching may be found by exploring with a network analyser the distance between the loop and the stems where 
S11- the reflected power in relation to the forward power is negligible- S11~ -40DB. At that point using an RFQ pick-up the 
Qload is evaluated with a network analyser. At this configuration Qex=Q0=2 Qload. This configuration will be explored with 
the old coupler and with the new couplers while one coupler port is covered and the second one is used to this test.
The next tests explored for each coupler port and its specified new coupler the loop configuration that will lead to 
Qex_coupler1= Qex_coupler2 = 2Qex. In this case, since in each test the other port was covered, the distance between the antenna 
loop in the test and the stems can be increased till the target loaded Q value as measured by a network analyser reaches 
the value of 1/Qload1=1/ Qload2=1/ (2Qex)+1/ Q0.
Then the two couplers have been assembled simultaneously at the two RFQ couplers ports. The directional couplers and 
the RF lines to the two directional couplers have been assembled together. In this assembling stage a network analyser 
has verified by controlling the RF lines length that the RF phase between the directional couplers is 180 degrees since the 
number of RF cells between the two couplers ports is even and since the magnetic field phase is shifted by 180o between 
adjacent RF cells. Actually the phase between the splitter out ports is 90 degrees, so the difference in length between the
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two RF lines of the 3DB splitter corresponds to a relative phase of 90o (equivalent to 426 mm at 176 MHz). The 3DB 
splitter was selected as the two ports are separated and no crosstalk between them is expected.
In order to define the preliminary shape of each antenna loop a CST simulation was performed with the entire geometry 
of the RFQ and with both couplers. Two types of the antenna loop shape were studied. In Type A the antenna loop mid 
plane coincide with the adjacent stem between two RF cells while in type B the antenna loop mid plane is perpendicular 
to the adjacent stems of an RF cell. In both types the loop mid plane is perpendicular to the local magnetic field. In type A 
it is easier to explore the required coupling by rotating the antenna loop which define the angel between the loop mid 
plane and the local magnetic field. In type B the loop is cut step by step to reach the desired coupling. Then, following the 
brazing step the loop is gently bent for fine tuning. In type A during the CST simulation the loop was under-coupled. As a 
result of this study, type B for the loop shape was selected (figure 3).

Figure 3. Electric field for a loop distance from the stems of 6mm (left) and magnetic field (right) for a loop distance of the 
loop from the stems of 4 mm for a loop shape type A (top) and for a loop shape type B (bottom). The external Q value of 
the top shape is calculated as 10640 for a 6 mm distance and 9470 for a 4 mm distance between the stem and the loop. 
The external Q value for the bottom shape type is 7530 for a 6 mm distance between the stems and the loop and 6460 for 
a 4 mm distance.

The RFQ LLRF control scheme is basically identical to the RFQ LLRF control with one coupler, see figure 4. The 
synchronization between the two coupler loops has been achieved at the installation stage of the two couplers by fixing 
the relative distance of the RF lines from the 3DB splitter to the loops to reach an RF phase of 180 degrees between the 
two couplers. The matching of the couplers coupling to the RFQ has been reached during the installation stage. The 
forward and reflected power from both new added directional couplers are recorded during real time operation. As 
expected the reflected power at the 3dB splitter is going towards the amplifier while the balance load received a 
negligible load.

Figure 4. The RFQ LLRF control scheme for applying two couplers loops.

The RFQ couplers upgraded design includes the following features: In the original coupler loop with the two rounds (figure
5) the two water tubes of the antenna (two for cooling purpose one for the water in from the outer conductor to the 
inner conductor and one for the out water from the inner conductor to the outer conductor) were silver brazed. In the 
new configuration with one round loop a space of 4mm was left between the tubes. In this case the silver brazing 
between those tubes was avoided. The tubes were brazed to the inner and outer conductors with Cusil [4] in a vacuum 
oven. This procedure is highly recommended for OFHC copper accelerator components [5]. RF canted springs are used for 
RF contact to avoid phenomena like RF broken fingers and loose RF contacts. The RF contacts are applied via the RF 
springs only, applying free spaces to guarantee it. Drilled lines (hidden here) are used to avoid the virtual leaks in the 
original design. The required tolerance guarantees adequate space for thermal expansion while standard Viton elastomers 
are applied for vacuum seals.

209



Figure 5. Former RFQ coupler assembled and disassembled vs. the upgraded design.

Following the project 200-210 kW dissipated power were demonstrated systematically (figure 6) with no degradation at 
RFQ performance during beam operation. A linear curve between RFQ pickup voltage and the RFQ RF forward power 
pickup voltage was found in the entire range up to 250 kW, i.e. no dark currents at a high dissipated power (figure 7 left). 
The found vacuum level 2*10-7 mBar without dissipated power and 5*10-7 at 200 kW dissipated power are the best ever 
measured values at the vicinity of the RFQ. For the first time long time 250 kW dissipated power of the RFQ in the range 
of 30-80% duty cycle were performed (several hours for each operation). Among them a deuteron beam operation was 
demonstrated at 30% RFQ duty cycle with low duty cycle beam load to enable beam emittance measurements. The 5.5 
mA deuteron beam measured downstream the RFQ (figure 7 right) with a 0.15 mm mrad RMS normalized emittance 
measured for 3.6 mA deuteron beam (figure 8) are above the deuteron beam specifications both for the deuteron beam 
current and beam quality for phase II of SARAF. The next step will be to design new rods modulation towards 170 kW with
1.3 MeV/u beam energy at the RFQ downstream end, to enable a stable CW deuteron beam operation. There are several 
leading projects among the linac community that include four rods RFQ designed to operate at CW mode at high 
dissipated power like FRANZ and UMIRRAH. To our knowledge SARAF linac four rods RFQ is the first high dissipated power 
CW four rods RFQ at full scale that demonstrates operation at these specs.
CONCLUSIONS
With a half of the original coupler load on each coupler and with an upgraded coupler design the dissipated power load in 
the RFQ reached the required power to run a CW deuteron beam. To our knowledge the SARAF four rods RFQ is the first 
full scale four rods RFQ that demonstrate CW operation at high dissipated power among leading projects like MYRRAH 
and FRANZ.

Figure 6. 205 kW CW forward stable dissipated power with only 400 W reflected power.
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Figure 7. RFQ pickup voltage as function of the RFQ RF forward power pickup voltage (left) and RFQ transmission as 
function of injected current (right).

Figure 8. RMS emittance measurements for 3.6mA at the beam dump downstream the D-Plate (5.9mA at the LEBT FC).
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Comparing the Effectiveness of Biodosimetry Methods for Triage in a Large-scale Radiation Event: How Feasible is their 
Throughput and Capacity to Respond?

Ann Flood
EPR Center for the Study of Viable Systems, Dartmouth Institute, USA

Following a major radiation event, such as a 10 kiloton nuclear device detonated by terrorists in a large urban area, 
several thousand people can be expected to have been exposed to clinically significant levels of ionizing radiation such 
that their survival depends on receiving mitigators or treatment for acute radiation syndrome (ARS). However, the likely 
population potentially exposed is several times greater; indeed, the US federal government estimates that the population 
needing dose estimated by biodosimetry in such a scenario will be one million.
Therefore, the goal of biodosimetry is to reliably, accurately and quickly identify the two or three thousand individuals 
actually exposed to 2 gray or higher (the threshold for potentially dying from ARS) from among the estimated one million 
people potentially at risk but who may in fact have received no or only low levels of exposure. For this analysis, six 
biodosimetry methods that are currently recommended or are in advanced development for triaging individuals in this 
scenario are compared regarding their feasibility to provide dose estimates for one million individuals within a few days. 
The times when sampling is valid (relative to the exposure-event) and the time needed to process the sample to delivering 
the result to the triage decision maker are drawn from peer reviewed literature. The throughput, i.e., the capability to 
process one million people within ten days, is simulated for each method.
The resulting rates of sampling and the capacity needed (e.g., the number of laboratories and people needed to 
accomplish this throughput) are compared for each method. These comparisons help assess the feasibility of each 
biodosimetry method to accomplish the intended goal in this scenario. We also examine the impact of questioning some 
of the assumptions made in the simulation, e.g., whether waiting for 10 days to begin treatment or mitigators can still be 
life-saving for subgroups like the physically injured.
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Simulation of Dicentric Formation Due to Exposure to Gamma Radiation
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INTRODUCTION
Since the mid-1960s, the science of biodosimetry has developed and become an advanced tool in research and in 
radiation exposure investigations. Assessing exposures due to radiation accidents has an important role in medical 
treatment and in understanding exposure scenarios, especially large scale incidents.. Biodosimetry includes methods to 
measure physical and biological exposure parameters, such as teeth(1), hair(2) and nails(3) by electron spin resonance (ESR) 
or by optically stimulated luminescence (OSL) to determine gene activation, evidence of repair mechanisms and 
production of unusual metabolic products (4).
Ionizing radiation produces radiolysis and formation of free radicals in the fluid inside cells. The energy to form an ion pair 
during radiolysis of water is about 20 eV. Every normal cell has 23 x 2 chromosomes and the free radicals induced by 
radiation inside the cells cause a wide range of damage to the chromosomes(5).
Cytogenetic biodosimetry is based on the dicentric chromosomal aberrations assay (DCA). This is the “gold standard”
biotechnology technique for estimating medically relevant radiation doses. When the energy associated with ionizing 
radiation is transferred to molecules in cells, the DNA that is embedded in the genetic material is damaged in proportion 
to the type and amount of energy that is absorbed. In human lymphocytes, this leads to the appearance of structurally 
abnormal chromosomes when cells attempt to divide following radiation exposure. The number of dicentrics is quantified 
and compared to a calibration dose-response curve, established in vitro to derive an estimate of the dose received(6).
An important question in dosimetry is whether the individual received whole or partial body radiation exposure or a non
uniform dose. A single TLD badge cannot answer this question. However, biodosimetry can provide additional 
information. By assessing the ratio of dicentric to normal chromosomes and excluding other factors, a specific individual 
dose response curve can be created.
In case of partial or non-uniform exposure, the lymphocytes in different parts of the body will respond differently. Within 
one day or less, the exposed lymphocytes will fully mix with the unexposed, normal lymphocytes through blood 
circulation to get a uniform mixture. The range of absorbed doses inside the exposed parts of the body and the extent of 
partial/full exposure will cause a spatial dicentric distribution profile in the blood sample. The Dolphin and Qdr biological 
methods are useful for determining whole or partial body exposures(5). However, this study used simple dosimetry to 
demonstrate the feasibility of a simulation method that will predict the extent of dicentric chromosome formation based 
on partial, full and non-uniform exposures with selected types of photon beams.

METHODS
This simulation was based on the total body weight of a 180 cm tall, 75 kg human. We used body mass segment 
distribution(7) and a very simple method to build a uniform computational water phantom with Microsoft Excel software. 
Ignoring internal organs and assuming a uniform distribution of the blood in the body, we build representative phantom 
slices of the body into small cubes (0.5 x 0.5 x 0.5 cm3). We calculated the radiation attenuation and the absorbed dose 
for every cube, assuming identical exposure to the blood in each cube. The data needed for the absorbed dose part of the 
simulation are the photon energy, its related soft tissue mass attenuation (cm2/g), the skin surface dose (Gy), the source 
to the body distance and the exposed body mass (%). In case of using a spectrum beam (like x-ray) or several different 
energies, the simulation needs to be separate to several individual energies, with accumulation of those results later. At 
this stage of developing our computational model, we used only a one-dimensional, vertical posterior anterior (PA)
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exposure. This simple simulation allowed choosing the exposed partial body area and its related body mass, which was 
taken in linear proportion to the blood mass in the entire body.
By using calibrated dose-response curves for dicentrics response (needs for every separate case), we connect the 
calculated absorbed dose in the different cubes inside the phantom to the biological response of dicentric chromosomes. 
Individual sensitivity factors were excluded by using these curves (personal or averaged).
The final output is a virtual test tube that has a spatial dicentric chromosome distribution according to specific body and 
photon exposures (dose, energy and source distance from the body). Simulation of non-uniform or X-ray exposures 
requires the sum of the effects of several partial computational runs for each uniform exposure characteristic.

Fig 1: Slice of the computational trunk 
phantom cells.

Fig 2: Choosing the exposed body area 
determined the irradiated body mass and its 
related blood mass.

RESULTS
Our virtual sample test tube was 2,002 cells at a dose of 2 Gy and 1,168 cells at 4 Gy.

N Total # Dicentrics 0 1 2 3 4 5
Whole 2,002 177 1839 149 14 0 0 0

2 Gy body 100% 8.1 % of cells 91.9%' 7.4%’ 0.7% ' 0 0 0
60Co Partial 2,002 ' 53 1953 45 4 0 0 0

body (30%) 100% ' 2.4% of cells 97.6% 2.2% 0.2% 0 0 0
Whole 1,168 334 890 229 45 5 0 0

4 Gy body 100% 23.9% of cells 76.2%' 19.6% 3.9% ' 0.4%' 0 ' 0 '
60Co Partial 1,168 143 1048 98 19 2 0 0

body (43%) 100% 10.3% of cells 89.7% 8.4% 1.7% 0.2% 0 0

Table 1: Results of whole and partial body 60Co dicentric simulations (N Total represents the number of cells that 
were tested and Columns 1-5 indicate the number of cells with one or more dicentrics).

Table 1 presents an example of four simulation results of exposure to 60Co and the effect of the dose absorbed on the 
formation of dicentrics. In our simulations, we used available calibrated tables for virtual 60Co exposures (6). In general, the 
simulation can be used with other photon energies as long as the input contains a specific calibration table. The partial 
exposures shown in Table 1 represent 30% and 43% of the body mass.
The results of the simulations illustrate that whole body exposures to 2 Gy cause damage to 8.1% of the cells by forming 
dicentrics, while a 4 Gy dose causes damage to more cells, by a factor of about 3 (23.9%). Exposing 30% of the body mass 
leads to the formation of dicentrics in 2.4% of the cells, while exposing 43% of the body mass, causes to dicentrics in 
10.3% of the cells. Table 1 also illustrates the distribution of cells with one or more dicentrics (D1, D2, and D3) according 
to the dose.
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CONCLUSIONS
The simulation shows the feasibility of using dosimetry of cells exposed to gamma radiation to estimate formation of 
dicentrics. The simulation needs to be further developed from its current basic stage and compared to actual studies and 
tests. However, it seems that it has the potential to be a useful as a biodosimetry tool for a large variety of complex, 
external and internal radiation exposures.
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INTRODUCTION
Previous investigations of the suitability of common household salts as thermoluminescence (TL) or optically stimulated 
luminescence retrospective dosimeters following a nuclear accident or terror attack have led to inconclusive results(1). 
Many investigations have reported linear dose response (e.g., Spooner et al(2) from 0.14 to 35 Gy and Polimeris et al from 
1 to 100 Gy(3). None have reported linear/supralinear behavior. In an investigation of common Israeli table salts(4) our 
group have reported linear/supralinear behavior of two salt batches for the TL signal integrated from 70oC to 280oC at a 
heating rate of 1oC s-1.

METHODOLOGY
The TL measurements used a Thermo 3500 manual reader. Weighed samples in a stainless steel cupel of thickness of 
~1mm were read-out from 50°C to 350°C at a linear heating rate of 1 and 5°C s-1. The higher heating rate reduces the 
duration of readout and was considered of importance in a radiological emergency involving large populations. The 
samples were read out in a high purity N2 atmosphere and the reader chamber was purged with dry N2 for about 20 
minutes before the first readout of a series of measurements. The irradiations from 0.5 mGy to 300 Gy were carried out at 
the Israeli Secondary Standard Dosimetry Laboratory at the Soreq Nuclear Research Center using a calibrated gamma ray 
137Cs source. Prior to measurement the samples were kept in the dark to exclude undesirable light exposures.

RESULTS AND DISCUSSION
The dose response non-linearity can be characterized by the dose threshold, Dth, at which supralinearity begins, the 
maximum value of the supralinearity (f(D)max) and the value of the dose, Dmax, at which f(D)max occurs where f(D) is given 
by:
fi(D) = [Fi(D)/D] / [Fi(D*)/D*] (1)

Fi(D) is the TL signal intensity of the i'th glow peak at dose D and Fi(D*) is the TL signal of the i'th glow peak at a standard 
or low dose preferably in the region of linear dose response.

The dose response f(D) of the 3 major Israeli table salts brands exhibited a similar behavior for the integrated TL. Linear 
behavior with the onset of supralinearity at Dth=~0.01 Gy and maximum supralinearity, f(D)max=4-4.5 at Dmax=0.5-1 Gy.

Figure 1 shows the dose response for the integrated TL signal between 70oC to 280oC as a function of dose for (a) salt 
batch A1 and (b) salt batch B1.
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Figure 1. Dose response f(D) for the integrated TL signal between 70oC to 280oC for (a) salt batch A1 and (b) salt B1.

In this paper, using computerized glow curve deconvolution, we report on the dose response (1 mGy to 300 Gy) of the 
major glow peaks 3 and 5 with maximum intensities at 177oC and 230oC respectively. Typical results are shown in Figure 2.

Similar to the situation in LiF:Mg,Ti (TLD-100) the maximum supralinearity, f(D)max, increases from 2 to 5 respectively with 
increasing glow peak temperature as shown in Figure 2. The maximum supralinearity, however, occurs at a dose-level 
between 0.5 -1 Gy compared to a few hundred Gy in LiF:Mg,Ti. The threshold for significant supralinearity, determined by 
a value of f(D) > 1.05, is 0.005 Gy and 0.0015 for peaks 3 and 5 respectively. The behavior of the dose response measured 
with 137Cs gamma and 125 kVp X rays is analysed in the framework of the Unified Interaction Model(5) in an attempt to 
understand the very different dose response of these two heavily doped alkali halides.
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Figure 2. Dose response of glow peaks 3 and 5 for best-selling Israeli household salt (lab name A1) following 137Cs gamma 
irradiation.

CONCLUSIONS
The observed supralinearity is in a critical region of dose for estimation of dose for clinical assessments. The results imply 
that the use of peak 3 alone in the estimation of dose will significantly reduce the error due to the supralinearity.
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INTRODUCTION
Individual monitoring of internal exposure at the Nuclear Research Centre Negev (NRCN) is normally based on urine 
analysis. Urine samples are collected during working hours by workers that are occupied in practices with a potential of 
radionuclides intake. The urine analysis results are then used for internal dose assessment based on biokinetic models, 
developed by the International Commission on Radiological Protection (ICRP) (1, 2). These models are based on 24 hours 
excretion of radionuclides in urine. Therefore, the urine samples, that are collected during working hours, need to be 
normalized to 24 hours excretion in order to be used with the ICRP biokinetic models.
Two methods were used over the years at the NRCN to normalize urine measurements to 24 hours excretion: by the urine 
volume and by the urine creatinine content. Both methods were based on 24 hours urine excretion values of a "Reference 
Man", as determined by ICRP Publication No. 89 (3).
In the normalization process by volume, the urine concentration of the radionuclide [Bq/l] is multiplied by the urine daily 
excretion volume (1.6 [l/d] for "Reference Man"). In the normalization process by creatinine, the urine concentration of 
the radionuclide [Bq/l] is multiplied by the urine daily excretion of creatinine (1.7 [g/d] for "Reference Man") and then 
divided by the urine creatinine concentration [g/l].
In a study conducted at the NRCN, 133 male workers collected 24 hours urine samples in three different days, separated 
by two months between each collection (4). The mean daily urine volume, collected by the male workers at NRCN, was 
1822 ml (14% higher than the "Reference Man" value) with a standard deviation of 855 ml. The mean daily creatinine 
excretion was 1.42 g (16% lower than the "Reference Man" value) with a standard deviation of 0.38 g.
This paper presents an analysis of the possible influence of the different daily urine excretion values (volume and 
creatinine), found among the NRCN male workers, as compared to the "Reference Man" values, on the internal dose 
assessment based on the urine measurements.

RESULTS
In order to examine the influence of the various normalization methods, urine measurements, that were collected during 
working hours, as part of the regular occupational monitoring of internal exposure of male workers at NRCN, were 
analyzed. The creatinine concentration was determined by a kinetic-colorimetric method with a Cobas-Mira instrument 
(F. Hoffman-LaRoche, Switzerland).
The urine results were normalized to 24 hours excretion by four methods:

1. By the daily urine excretion volume of a "Reference Man" (1.6 [l/d]).
2. By the mean daily urine excretion volume found among NRCN male workers (1.822 [l/d]).
3. By the daily urine excretion creatinine of a "Reference Man" (1.7 [g/d]).
4. By the mean daily urine excretion creatinine found among NRCN male workers (1.42 [g/d]).

Figure 1 presents the distribution of the differences between the following normalization methods:
1. Based on the "Reference Man" daily excretion values (volume and creatinine).
2. Based on NRCN male workers daily excretion values.
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Figure 1. The distribution of the differences between the normalization of urine measurements to 24 hours excretion
using "reference Man" values (black) and NRCN male workers excretion values (gray)

As can be seen, the NRCN workers values are in a much better agreement than the "Reference Man" ones. The mean
difference between normalization based on "Reference Man" values was 40% with a standard deviation of 46%. These
differences might increase the uncertainty of the internal dose assessment, based on urine measurements. On the other
hand, the mean difference between normalization based on NRCN workers values was only 28% with a standard deviation 
of 28%.

SUMMARY AND CONCLUSIONS
Urine samples that are collected by workers at the NRCN are used to monitor intakes and internal exposure to
radionuclides. The internal dose is then assessed using ICRP biokinetic models. These models are based on 24 hours
excretion of radionuclides in urine. However, due to the inconvenience involved, 24 hours urine collection is replaced, at
the NRCN, by a collection that is conducted only during working hours. Therefore, the urine samples need to be
normalized to 24 hours excretion in order to be used with the ICRP biokinetic models. Two methods were used over the
years at the NRCN to normalize urine measurements to 24 hours excretion: by the urine volume and by the urine
creatinine content.
A comparison was made between normalization to 24 hours of NRCN workers real urine measurements using "Reference 
Man" daily urine excretion volume and creatinine content, on one hand, and NRCN male workers values, on the other 
hand. There was a much better agreement between the NRCN male workers values of urine volume and creatinine
content than the "Reference Man" values. Therefore, using NRCN workers values could reduce substantially the
uncertainty in internal dose assessment, based on urine measurements.

REFERENCES
1. International Commission on Radiological Protection. Human Respiratory Tract Mosel for Radiological Protection.

ICRP Publication 66, Ann. ICRP 24 (1-3), Pergamon Press, Oxford, (1994).
2. International Commission on Radiological Protection. Individual monitoring for internal exposure of workers. ICRP 

Publication 78, Ann. ICRP 27 (3-4), Pergamon Press, Oxford, (1997).
3. International Commission on Radiological Protection. Basic Anatomical and Physiological Data for Use in 

Radiological Protection: Reference Values. ICRP Publication 89, Ann. ICRP 32 (3-4), Pergamon Press, Oxford,
(2002).

4. Marco, R., Katorza, E., Gonen, R., German, U., Tshuva, A., Pelled, O., Paz-Tal, O., Adout, A, Karpas, Z. Normalization 
of Spot Urine Samples to 24-h Collection for Assessment of Exposure to Uranium. Radiat. Prot. Dosim. 130 (2), 
p.213-223, (2008).

220



59

The Contribution of Ultra -Low Energy Secondary Electrons to Nanoscopic Radial Dose Profiles in Condensed Phase LiF - 
facing the Challenge

Daniel Sattinger1, Adi Abraham1, Itamar Israelashvili2, Avi Sharon3, Yigal Horowitz4
1Health Physics & Radiation Protection, Nuclear Research Center Negev, Israel 

2Physics, Nuclear Research Center Negev, Israel 
3Environmental Research, Nuclear Research Center Negev, Israel 

4Physics, Ben Gurion University of the Negev, Israel

Radiation Dosimetry (Thursday, April 14, 2016 11:30)

Introduction
Electrons of ultra-low energy in the range from 10 eV to keV play an important, but yet little understood, role in the fields of 
radiation protection, dosimetry and most crucially in nanodosimetry. Electrons also play a role in cancer proton therapy, 
where cascades of secondary electrons are produced in the proton slowing-down-process. Electrons of very low energy can 
initiate toxic processes in human body cells, by induced damage to bio-molecules via ionizations/excitations and the 
resulting destruction of chemical bonds. Even sub-ionization secondary electrons in the energy range 1-10 eV, for a long 
time thought to be relatively harmless, can promote damage to biomolecules due to "dissociative electron attachment". 
Clearly, it is important to minimize the effects of irradiation in oncological and other clinical procedures on the healthy 
tissues in proximity to the diseased cells. The investigation of these important issues via theoretical modeling/simulations 
of the interaction of electrons with the matter are usually carried out by Monte Carlo techniques and are considered a 
crucial step towards a robust theoretical interpretation and understanding of the experimental observations. Information 
about radiation induced effects by heavy charged particles (HCPs) in the condensed phase is expected to yield insight into 
these processes in biological tissue. An example of calculated secondary electrons spectra from 6MeV protons in water is 
presented in Figure 1.

Fig. 1. Energy spectra of secondary electrons produced directly by 6MeV protons passing through a 40nm thick water 
layer. The spectra were calculated by PTra and Geant4-DNA track structure simulations and show the energy spectra 
integrated over the scattering angles (after Bug et al [1]).

Results & Discussion
Recently, track structure radial dose profiles calculated, by Avila et al [2], have been shown to be inadequate in the 
prediction of HCP radiation effects in two important LiF host materials, LiF:Mg,Cu,P [3] and LiF:Mg,Ti [4]. Resolving 
the issues leading to this inadequacy requires a deeper understanding of the relative importance of ancillary effects
such as ‘thermal spikes”, “Coulomb explosion” etc.., on HCP radiation interaction in the condensed phase and could
be a crucial step forward in the unraveling of similar processes in the liquid phase. Unfortunately, experimental 
determination of the radial dose distributions, D(r), of HCPs can be done only in the gas phase and not in the solid or 
liquid phases. Hence, the only means of investigations are via analytic calculations or Monte Carlo (MC) simulations.
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Analytic calculations are useful only in the description of the general trends of D(r) at intermediate values of r 
(neither very close nor very far from the HCP track axis). Near the track core, the transport of low to medium energy 
secondary electrons of sub keV energy becomes crucial and the details of D(r) are not amenable to simple analytic 
calculations. Track structure calculations for the condensed phase have found it useful to separate the track into 
three radial regions: the track core, the penumbra and the halo. In studies of thermoluminescence [TL] [3,4] the track 
core for low energy 1 MeV/amu protons and He ions has been defined as the radial region in which participating 
defects are completely populated by electrons or holes. This leads to radial dimensions of ~ 100 A for the core. The 
first (and so far the only) MC - based calculation of D(r) for condensed phase LiF has been carried out by Avila and co 
- workers [2] using TRIPOS - E, a coupled ion - electron MC transport code for solids [5]. The radial dose distribution 
for 4MeV He ions in LiF is shown in Figure 2. Based on the calculated radial dose profiles [2] we have described the 
effect of nanoscale spatially coupled trapping center (TC)-luminescent center (LC) pairs and competing centers (CC) 
on the TL properties of LiF:Mg,Ti [5,6]. From knowledge of the dose response of optical absorption (OA) bands 
correlated/identified with specific TL peaks, and the HCP radial dose deposition profiles, the occupation probabilities 
of the traps, luminescent and competing centers can be calculated as a function of radial distance from the HCP track 
axis. The occupation probabilities as a function of dose, given by the OA dose response measurements, can be usually 
described by a linear/exponentially saturating function nj=Nj(1-exp(-PjD)) where ni is the density of occupied centers 
(cm-3), Ni is the total number density of the ith center, ni/Ni is the occupation probability corresponding to the 
respective TC, LC or CC under consideration and pi is the respective dose filling constant determined experimentally 
by the OA dose response and D is the macroscopic dose. Figure 3 shows the occupation probabilities as a function of 
radial distance from the track axis for 2.6 MeV and 6.8 MeV He ions track segments. Figure 4 illustrates the radial 
probability of LC occupation (activation) relative to CC activation and demonstrates the greatly increased probability 
of luminescence recombination close to the track axis. The calculated values of D(r) and corresponding
experimental data gives us important knowledge about the charge carrier occupation in dosimetric materials and 
offers insight for future modeling of HCP radiation effects in other biological/tissue equivalent materials as well.
The Problem - To account for condensed - phase effects, TRIPOS - E uses the dielectric theory for inelastic electron 
scattering, where the excitation spectrum of the material is described through its energy - loss - function (ELF), Im[- 
1/s(o,k)] ,i.e. through the imaginary part of the reciprocal dielectric response function s(o,k) ,with ho and hk being, 
respectively, the energy - and - momentum - transfer in the collision. However, a severe approximation is made in 
TRIPOS - E by evaluating the ELF at the so- called optical or long wavelength limit, i.e. at k->0, within the random- 
phase-approximation (RPA). Estimations of the loss - function of LiF have been done [10], but only in the optical limit. 
Such an example is represented in Figure 5. Recent studies on electron interactions in condensed media have 
highlighted the limitations of the optical approximation along with the influence of short-ranged exchange- 
correlation effects in electron-electron interactions at sub-keV energies [8,9]. Furthermore, for HCP - generated 
secondary electrons, TRIPOS - E adopts a very large cut - off value of 250 eV. The above deficiencies severely 
compromise the reliability of the calculated values of D(r), especially at small and intermediate values of r where the 
contribution of low-energy electrons is dominant.
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Fig. 2. Radial dose distributions for 4 MeV Helium ions in LiF. The Total distance along the z direction was divided into 
six slices as shown. Labels on the curves refer to the slice number. The mean Helium energy when entering each slice is 
indicated as a function of depth in LiF. The projected range is 13.6pm (after Avila et al [2]).

Fig. 3. Defect occupation probabilities as a function of radial distance from the track axis for 2.6 and 6.8MeV He ions in 
LiF for various values of p (the dose filling constant measured from optical absorption studies) from (a) OJXiO^Gy'1, (b) 
S.SXiO^Gy'1, (c) 6.0xi0'3Gy_1. This range of value encompasses the measured
values for the TCs, LCs and CCs in LiF:Mg,Ti.

Fig. 4. The ratio of the occupied LC
to unoccupied CC
probability as a function of the radial
distance from the track axis for 6.8 MeV He
ion in LiF:Mg,Ti using 1 MeV track segment radial dose di

Fig 5: Theoretical fit to the experimental 
optical - loss function of LiF 

(after Boutboul et al [10]).

Conclusions & Future Challenges
The main challenge is to improve upon the MC calculations of D(r) by implementing a more realistic description of the
ELF of solid - LiF over the whole w-k plane, with particular emphasis to those properties of ELF that are expected to 
have a strong effect upon the production and transport of low-energy electrons. The crucial steps to achieve more 
accurate dose profiles are: (i) a more accurate simulation of the transport of sub - keV electrons with a concomittant 
reduction of the transport cut-off from 50 eV to the ionization threshold of ~ 10 eV, (ii) a consistent account of the 
entire spectrum of secondary electrons generated from HCP impact-ionization., (iii) These improved determinations 
of D(r) will be used to re-calculate HCP TL efficiencies and fluence response and will be compared with previously 
measured experimental data.
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INTRODUCTION
The 7Be (n,a) reaction may play a role in the so called "Primordial Lithium Problem" in Big Bang Nucleosynthesis(l). A 
study of the interaction of neutrons with 7Be is taking place at Soreq Applied Research Accelerator Facility (SARAF)(2). For 
this purpose, a 7Be target was produced at Paul Scherrer Institute (Switzerland), consisting of 7Be atoms that were 
electro-deposited on a thin (0.75 pm) carbon sheet covered by a thin aluminum sheet. The total activity of the deposited 
7Be atoms was approximately 10 GBq. In the course of experimental preparations towards neutron irradiation of the 7Be 
target in SARAF, a dispersion incident occurred. The target disintegrated and pieces from the source were dispersed into 
the SARAF beam corridor space. Few minutes after the dispersion, decontamination activities were carried out by several 
workers. All workers wore personal protective equipment and thermoluminescent dosimeters (TLDs) for assessment of 
external exposure. Several in-vivo and in-vitro measurements were performed to assess the internal exposure for each of 
the workers who were present in the beam corridor when the dispersion occurred. Several workers were found to have 
been contaminated internally by 7Be. Nasal wipes which were taken from several workers few hours past the event 
exhibited traces of 7Be which confirmed that the exposure pathway was in fact inhalation.
The radioisotope 7Be decays by P+ emission (100%, Emax=0.862 MeV) to 7Li with a half-life of 53.2 days. The daughter 
product emits a gamma ray (10.4%, E=477.6 keV).
The uptake and dose for each of the involved workers were quantified. The biological half-life for the excretion of 7Be 
from the body was estimated by means of repeated urine samples and lung counting measurements which were 
performed periodically during several months past the exposure.
To date, there is no available experimental data concerning the metabolism of 7Be in human subjects, but rather studies 
carried out in mammals (mice, rats, dogs, monkeys and cows)(3, 4) and fish(5). Other works studied the exposure to 
stable beryllium(6). Several chemical compounds were used in the studies, among them beryllium chloride(5), beryllium 
nitrate(7), as well as elemental beryllium(3). Published data in mammals suggest that the beryllium particles that entered 
the body orally are expected to get excreted from the body with feces (>96%) and urine (<4%) with a typical biological 
half-life of 12-48 hours(3, 8).

MATERIALS AND METHODS
Lung counting for 7Be was carried out in a whole body counting system located in the Radiation Safety Division at Soreq 
Nuclear Research Center. The whole body counter consists of 2 High-Purity-Germanium (HPGe) detectors below a 
scanning bed and 2 HPGe detectors above it. The WBC system allows for two measurement modes: moving bed (for total 
body assessment) and static-bed (for single organ assessment, e.g. lungs). The efficiency and resolution of the HPGe 
detectors are 50% and 1.9 keV at 1332 keV gamma ray energy, respectively(9). The efficiency calibration for lung counting 
was determined from a surrogate lung set spiked with 152Eu and 241Am inserted into a LLNL Torso phantom(10). The 
determined efficiency calibration curve covers the gamma energy range 40-1408 keV. Chest wall thickness corrections 
were performed for the different subjects according to their height to weight ratio.

The nasal wipes and urine samples were measured by HPGe detectors (relative efficiency 60%) and analyzed by standard 
gamma spectrometry methods. The detection efficiencies were determined by liquid and filter samples spiked with a 
standard mixed nuclide solution that covers the gamma energy range 59-1836 keV.

FIRST RESULTS
Shortly after the decontamination activities, the involved workers were monitored for external contamination by a hand
held Geiger detector which did not indicate any contamination. Personal equivalent dose (Hp(10) and Hp(0.07)) 
measurements using the workers' TLD badges showed no exposure. Additional occupational measurements were carried 
out few hours after the exposure, including both in-vitro (nasal wipes and urine samples) and in-vivo (lung counting) 
methods. Measurements performed few hours past the exposure revealed traces of 7Be in urine (~100 Bq/L), in the nasal 
wipes (4-10 Bq/sample), as well as in the lungs (150-6000 Bq/person). Follow-up urine measurements, performed 1-3 
days after the exposure, showed much lower levels (1-10 Bq/L) for the same workers. Lung counting which was carried
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out periodically during 4 months past the exposure, exhibited a fast excretion component (1-2 days) and a slow (several
weeks) component. It is noted that previous studies on the exposure of 7Be in mammals reported long term retention in
the lungs(5).
Figure 1 shows the spectrum of a lung counting measurement acquired for 10 minutes roughly 5 hours after the exposure. 
The measurement was taken after the worker had a shower and was tested negatively for external contamination. The 
7Be peak (477.6 keV) is clearly observed above the background continuum counts with a net photo-peak area of 1156±44. 
No other artificial radionuclide was observed.

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Energy [ke'vQ

Figure 26. Lung counting spectrum of one of the exposed radiation workers acquired for 10 minutes roughly 5 hours past 
the exposure.

The committed effective dose was calculated from urine and lung counting with IMBA Professional Plus(11), using the
ICRP recommended values for intake by inhalation of 7Be. The committed effective dose for the most exposed worker
was found to be ~4 pSv. Although the determined exposure was significantly low and does not lead to any health effect, 
the information gained in this study will be used to further investigate the biokinetics of 7Be in humans.
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INTRODUCTION
The ICRP in its statement on tissue reaction from April 2011 (1) recommended to reduce the annual dose limit to the lens 
of the eye from 150 mSv to 20 mSv (averaged over five years), with no single year dose exceeding 50 mSv. IAEA TECDOC 
1731 (2) and ISO 15382 (3) were published as guidelines to the implementation of the new limits for occupational radiation. 
Based on the characteristics of the exposure (radiation field type and energy, geometry, shielding and the expected dose), 
these documents give a verity of guidelines for monitoring different exposure scenarios and recommend which 
operational quantity should be used to measure or estimate the dose to the lens of the eye in each scenario [shallow dose 
- Hp(0.07), deep dose - Hp(10) or lens of the eye dose - Hp(3)].

The most accurate way to determine the dose to the lens of the eye is to use a dosimeter that is designed and calibrated 
for measuring Hp(3), but it will take some time (probably a couple of years) until such dosimetric system could be 
validated and implemented in routine monitoring. Meanwhile, in some cases, there is a need to estimate Hp(3), especially 
for retrospective reconstruction of dose to the lens of the eye. Therefore, in the following years, the measured values of 
Hp(10) and or Hp(0.07) can be used to calculate a conservative value for Hp(3).

The present paper discusses a new, more accurate and less conservative way to estimate Hp(3) using Hp(0.07) and Hp(10) 
quantities. This new method could be used also in reporting historical personal lens of the eye doses, when Hp(3) 
dosimeters were not used, and in some cases it could reduce the need to use special Hp(3) dosimeters in the future.

DOSE TO THE LENS OF THE EYE
For photons, the Hp(0.07) value could be used as an upper limit value of the dose to the lens of the eye. Low energy X- 
rays (from direct beam or scattered radiation) is most common in interventional radiology where the doses to the lens of 
the eye are high and in many scenarios it could reach to the new dose limit. As it was shown by others, for most photon 
energies (above 30 keV), Hp(0.07) gives a good estimate of Hp(3) but, for low energy photons, the value of Hp(0.07) is an 
overestimate of Hp(3) by 20% for 20 keV photons and by a factor of 4 for 10 keV photons(5). So, Hp(0.07) is a suitable and 
easy to use value for determining an upper limit dose to the lens of the eye.
In general, for beta radiation the recommendations are to use measured Hp(3) only, due to the fact that in many cases 
(especially for low energies beta) Hp(0.07) will overestimate Hp(3) by a few orders of magnitude and therefore could not 
be used as a practical estimation of the dose to the lens of the eye. In the case of high energy beta, such as emitted from 
90Sr/90Y or from 234mPa isotope, which is an uranium progeny (both with maximum energy of 2.3 Mev), Hp(0.07) value 
overestimate Hp(3) by a factor of 3 and therefore, in most cases (where the annual Hp(0.07) dose is less than the new 20 
mSv limit), this value could give a good upper limit. When this overestimation could lead to a Hp(3) value that will reach 
the new dose limit, a better method to estimate the lens of the eye dose is needed. Implementing a correction factor for 
Hp(0.07), that will bring the conservative upper limit value closer to the real Hp(3) value could allow using Hp(0.07) to 
calculate dose to the lens of the eye and reduce the need to use Hp(3) dosimeters.

Hp(0.07) to Hp(3) RATIO FOR HIGH ENERGY BETA EMITTERS

The Hp(0.07) to Hp(3) ratio has an inverse proportion to the energy of the beta particle. For low energy beta this ratio is 
infinite due to the fact that all the energy will be absorbed in tissue depth that is less the 3 mm and Hp(3) value will be 
close to zero. In some previous works, the Hp(0.07) to Hp(3) ratio was measured or calculated for the two common high 
energy beta emitters: 90Y that is used in hospitals and research facilities and 234mPa (part of the 238U decay chain) which is 
the main contributor to the dose to lens of the eye in fuel fabrication facilities. Eakins et el. showed a ratio of about 4.3 
for unfiltered 90Sr/90Y source and a ratio of about 2.5 for a filtered source (4) and in another work (5) a ratio of 2.5 for pure
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90Y was reported, In this work it was stated that by using quantity H(lens), which is more accurate, the ratio will increase 
to 3.

Figure 1. Dose equivalent rates as a function of distance from uranium pellet (6)

As shown in Fig. 1, Piesch et el. measured the values of the different operational quantities at different distances from 
uranium pellet (6) and showed that the ratio of Hp(0.07) to Hp(3) is in the range of 3 to 4, depending on the distance from 
the source. In these measurements the dosimeters were placed straight against the pallet (angle of 0°). For beta emitter 
with lower energy, this ratio will be much higher. For example 32P which emits 1.7 MeV beta radiation will have a factor of 
8 (5). In addition, due to angle dependency, placing the dosimeter in different angles (higher than 0°) will lead to a higher 
ratio (4). Therefore, dividing Hp(0.07) by 3 will lead to a more accurate but still conservative estimation to the dose to the 
lens of the eye.

ESTIMAING THE DOSE TO THE LENS OF THE EYE

The values of Hp(0.07), Hp(3) and Hp(10) are almost identical when measuring high energy gamma doses. In the case of 
beta or low energy gamma radiation, the value of Hp(10) will be close to zero and can be neglected. Using this 
information for the case of an unknown radiation source, it is suggested to build a combined conservative estimation to 
the Hp(3) value by using the sum of the deep dose value, Hp(10), and the non penetrating dose ,Hp(0.07)-Hp(10), divided 
by 3 as shown in Eq. 1.

Hp3) = Hp(10) + Hp(0'07)3- Hp10) Equation 1

Hp(10) / Hp(0.07) TO Hp(3) RATIO FOR LOW ENERGY GAMMA EMITTERS

Eq.1 gives a suitable solution for Hp(3) for beta radiation, but it can be used for gamma radiation as well. As mentioned 
earlier, for high energy gamma Hp(10) is equal to Hp(0.07) and therefore by using Eq. 1, Hp(3) will be equal to Hp(10). As 
shown in table 1 for low energy gamma radiation (less than 30keV) Hp(10) underestimates Hp(3) and Hp(0.07) 
overestimate it, but Eq.1 gives a better estimation to the value of Hp(3) for the different energies.
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Table 1. Ratio of Hp(10) and Hp(0.07) to H(Lens) for monoenergetic gamma particles VS the ratio using the suggested Eq.1 
for estimating Hp(3).

Energy
(keV) Hp(10)/H(Lens) Hp(0.07)/H(Lens) Hp(3)(Eq.1)/H(Lens)
10 0.04 4.41 1.50
15 0.44 1.65 0.84
20 0.71 1.21 0.87
30 0.93 1.03 0.97
40 1.13 1.09 1.11
60 1.26 1.14 1.22
80 1.20 1.09 1.16
100 1.14 1.05 1.11
200 1.09 1.05 1.07

CONCLUSION

In the present paper, a general method for calculating Hp(3), regardless of the characteristics of the measured dose, was 
presented. Eq. 1 gives a conservative estimation to Hp(3) based on Hp(10) and Hp(0.07) values. In most practical cases this 
value will be higher than the actual Hp(3) value but in most cases it will be more accurate than using Hp(10) or Hp(0.07) 
separately.

This calculated Hp(3) value could be used for reconstructing historical doses to the lens of the eye, where Hp(10) and 
Hp(0.07) value are available but Hp(3) was not measured. In addition, it could reduce the need for a special Hp(3) 
dosimeters for some facilities working with high energy beta emitters, such as Uranium fabrication facilities or hospitals 
and industries that works with Sr/Y.
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Novel Chelating Units for Uranium and Other Actinides as Tools for Nuclear Forensics Applications

1 1 __ 1 0 0 9 9Revital Sasson1, Adi Dahan1, Carmela Tzur1, Adva Cohen2, Reut Salek2, Michael Gozin2, Moshe Portnoy2 
1Chemistry Department, Soreq Nuclear Research Center, Israel

2Chemistry Department, Tel Aviv University, Israel

INTRODUCTION
The radioactive nature of the actinides represents remarkable opportunities, but also potential threats. In addition to the 
obvious uses of actinides in power and fuel production, a growing number of biomedical applications are been explored. 
The widespread use of actinides has also resulted in a growing list of potential environmental and security threats, as well 
as health concerns. Thus, the threat of a "dirty bomb" or other major radiological contamination presents a danger of 
large-scale radiation exposure of the population. Major components of such contamination are likely to be the actinides, 
of which the main concern resides with 238Pu, 237Np, 241Am, 252Cf and 235U.
In order to address the potential threats, new methodologies for the actinides binding must be developed. An essential 
part of some of these methodologies is a ligating system toolkit that can provide assistance in forensic investigation of 
radiological event. The arsenal of the currently-used chelators for actinide complexation is far from being perfect 
especially for applications in the areas of nuclear forensics. For example, in the case of contaminated water sources, a 
sufficient selectivity towards actinides versus common metal ions is a major scientific and technical challenge.
In the present research, we design a series of new chelating units for actinides that attach to a variety of dendritic, 
oligomeric and polymeric backbones. The novel chelating units were based on N-heterocyclic and 1,2-HOPO (hydroxyl- 
pyridinonate) derivatives. The affinity of the synthetic novel chelating units is evaluated towards Uranium and other 
actinides. The method for screening the affinity and selectivity is based on the use of the lanthanides as actinide 
analogues. The lanthanides are useful for modelling of actinides in structural investigations due to their chemical 
similarities and lack of radioactivity, properties that make experimental studies more convenient. Analogues include: 
Eu(III) and Gd (III) that mimic Am(III) and Cm(III); Ce(IV) that mimics Pu(IV) and Np(IV). Furthermore, remarkable 
similarities were noted between the chemical and biological transport and distribution properties of Fe(III) and those of 
the actinides, especially Pu(IV)(1).

RESULTS
Encouraged by the high affinity of the 1,2-HOPO ligands towards actinides and, accordingly, their impressive potential to 
be used as sequestering agents for such metal ions, we synthesized a series of chelating units for actinides that is based 
on 1,2-HOPO molecules (Figure 1).

Figure 1. Chemical structures of G0 and G1

Furthermore, several chelating units based on nitrogen and oxygen-rich molecules were synthesized(2). The chemical 
structures of the synthesized chelating units are shown in Figure 2.
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The binding abilities were investigated using UV-vis spectrophotometry analysis. The chelating units' solutions were 
prepared at concentration of 0.1mM in DMSO for spectroscopic titration as well as for the Job's method. Metal solutions
of Cu(NO3)2, UO2(NO3)2, SmCl3 and Er(SO3CF3)3 were prepared at concentration of 10mM for binding assay and at 0.1mM
for Job's method. UV-visible spectra were recorded using a JASCO V-570 spectrophotometer measuring from 200 - 800 
nm.
The binding constants were determined by spectrophotometric titration. Representative titration data for C-DHTZ-MH are 
shown in Figure 3. The spectral shifts and the absorbance decrease observed in the spectrophotometric titrations 
correspond to binding reaction with the metal guests. Finally the binding constants were calculated by using Hyss

Figure 3. Spectroscopic titration of C-DHTZ-MH in DMSO with different 
concentrations of Cu(NO3)2

Job's Continuous Variation Method was used for the determination of the binding stoichiometry. The absorbance was
plotted against the ratio of concentration of metal to the total concentration of metal and the reagent. Representative 
Job plot of DHTZ-DMH with Uranyl nitrate is showed in Figure 4.

Figure 4. Job plot of DHTZ-DMH in DMSO with UO2(NO3)2
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CONCLUSIONS
Mathematical methods as Job's Method of Continuous Variation and spectroscopic titrations were used to obtain the 
binding ratio of different metals and selected chelating units. The nitrogen and oxygen rich chelating units, DHTZ-DMH 
and C-DHTZ-HM showed affinity and selectivity towards Uranium (as UO2). In addition, 1,2-HOPO derivatives (G0, G1) were 
synthesized and are expected to possess high affinity toward the actinides(3).
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"White City" - Research and Evaluation of Radiological Decontamination Technologies

Ilan Yaar, Itzhak Halevy, Ronen Bar-Ziv, Noah Vainblat, Yacov Iflach, Rony Chakhmon 
Nuclear Research Center, Negev, Israel

The "White City" test plan was conducted to evaluate an intermediate level (between bench scale and large scale or 
wide area) implementation of decontamination procedures, materials, technologies and techniques, used to remove 
radioactive material from different surfaces. Two radioisotopes were tested in this campaign 137Cs and his short live 
simulant 86Rb. Two types of decontamination technology products were evaluated: DeconGel™, a product of Cellular 
Bioengineering Inc. (CBI); and Argonne Super Gel, a product developed by researchers at Argonne National Laboratory 
(ANL), and now manufactured and supplied by Environmental Alternatives, Inc. (EAI) USA. The work was conducted at 
the assigned Chemical, Biological, Radiological, and Nuclear (CBRN) Israel Defense Force (IDF) home front command 
facility and at the Nuclear Research Center Negev (NRCN) Israel. The results obtained in these experiments are 
presented in this report and compared to previous parameters calculated during the U.S. Environmental Protection 
Agency (EPA) experiments conducted on small coupons.
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Abstract:
The identification of fast neutron interactions in liquid scintillation detectors, by means of the pulse shape discrimination 
method (PSD), has been demonstrated by many to be a valid technology both as an alternative to standard neutron 
detectors and as a direct detection method of fast neutrons. We have previously reported on the use of this technology 
combined with a pulsed neutron source for the detection of coincident prompt fission neutrons in multiple liquid 
scintillation detectors. The intention is to develop this technique into a method for detection of special nuclear materials 
(SNM) in shielded containers.
In this paper we present a more detailed investigation of the effectiveness of total, neutron and photon, counting as well 
as analysis of two and three fold coincidences in observation intervals of 20 nanosecond duration. The observation of 
neutrons and photons in such coincidence events is a strong indicator for the presence of fissile materials. As the 
observation interval is very short, the background rate of coincidence events is very small thus favouring a relatively low 
fissile mass detection limit.
We use a pulsed 14-MeV neutron source in a graphite assembly as external neutron source. In the time period of 55-150 
^sec after the 14-MeV neutron burst only low-energy source neutrons persist. These source neutrons are not identified 
as neutrons in the PSD analysis of the detector response whereas the induced fast fission neutrons are. Interrogation only 
by low-energy neutrons is achieved by time-gating the acquisition system and avoiding the period when fast source 
neutrons interact with the detectors.
The interest in using a neutron source with an energy component above cadmium cut-off is to assure detection of fissile 
materials which are deliberately shielded against an external thermal neutron source.
The paper shows the experimentally obtained sensitivities of the method to the detection of small low enriched uranium 
samples. The sensitivity to the fissile mass of prompt fission neutron counting versus counting of coincidence events is 
discussed.
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INTRODUCTION
The primary goal of nuclear forensics analysis is to determine the attributes of a sample of nuclear material using various 
chemical and physical methods and procedures. Attributes we want to determine are the content of the sample, its 
chemical and physical impurities, point of origin, how and when it was made or synthesized, and how it was conveyed 
from its origin.

RESULTS
One of the sensitive techniques is the FTA (Fission track analysis). This technique is based on tracking the fission track 
which indicates the position of the fission particle.
Those tracks are indented in the Lexan detector after radiating the sample with neutrons.
An example of fission track star is given in figure 1.

Figure 1. Fission track star on Lexan detector after radiating the sample with neutrons.

The observed track can originate from a single track to a very dense star depending on the quantity and the enrichment of the 
particle.

To improve the visibility of the track, few chemical procedures like etching are used, see Figure 2.

Figure 2. Fission track on Lexan after etching.
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One of the goals is to read the position of those stars as accurate and as fast as we can for further analysis.
In that task we need to scan by the microscope for more than 10000 frames of 300 micron by 300 micron to scan the whole 
detector.
The main goal of this work it too automate this procedure, and to find the fission track stars with none criteria.
Automation and digital image acquisition and processing enable high throughput screening and analysis of large sample sets 
that produce large quantities of data. Fully motorized, computer controlled microscopes can be combined with high resolution 
digital imagers to either acquire large datasets for statistical analysis, or to look for "needles in a haystack", which may often be 
missed by the observer due to human factors issues.
This presentation will focus on fission track (FT) analysis of uranium-containing environmental particles in the micrometer-size 
range, which is part of an on-going joint project with the IAEA-Vienna(1). The method involves scanning a large area 
(approximately 100-200 sq mm) by “detector” (e.g. polycarbonate sheet) in order to detect and locate fission tracks, which may 
be sparse, and distinguish them by their characteristic star-shaped patterns from background artifacts and dirt. The fission track 
patterns in the “detector” (typical size <50 pm) are exposed to chemical etching, and show the local damage caused by the 
energetic fission fragments emitted as a result of neutron irradiation of particles containing fissile isotopes such as U-235.

In this talk, the acquisition and subsequent image processing workflow will be presented. The following topics will be discussed
1. Problem Specification.
2. Microscopy and large-area image acquisition.
3. Image enhancement,stitching, and noise reduction.
4. Identification of objects of interest (segmentation).
5. Analysis and data reduction.

Examples for definition of a star by the software noise reduction and star recognition are given in figures 3 and 4.

Figure 3. Definitions of fission track star in the software by the area of “corona” and Number of track-ends

Figure 4. Noise reduction and star recognition of fission track in Lexan detector.
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Abstract
High resolution imaging of fast neutrons (>0.5 MeV) combined with energy spectroscopy is employed in variety of 
applications. Over the last decade several groups have been developing fast neutron detectors based on secondary 
particle tracking using scintillating plastic fibers or capillary tubes filled with liquid scintillator, for applications such as:
SOlar Neutron TRACking telescope12,3 (SONTRAC), measurements of solar flare neutrons (2-20 MeV) during space missions
by a Fast Neutron Imaging Telescope4 (FNIT), nuclear material monitoring for homeland security5 and high resolution
imaging of neutrons emitted from inertial confinement fusion experiments6,7.
We have previously reported8 on the development and construction of a detector based on a micro-capillary bundle filled 
with organic liquid scintillator. The scintillation is observed by a CCD camera that will permit high resolution imaging and 
spectrometry by secondary ion track reconstruction, without the requirement for techniques such as Time of Flight.
At such energies, the dominant fast neutron reactions in the organic liquid scintillator are elastic scattering with hydrogen 
and carbon, as both elements have similar atomic density within the scintillator. For this application, scattering by 
hydrogen is of the highest value since the scattered hydrogen nucleus, also denoted recoil-proton, will travel inside the 
bundle and create scintillation light track within the multiple capillaries it traverses (as function of its energy), while 
heavier ions will deposit their energy within a radius of one or two capillaries (ca. 40 ^m). A fraction of the scintillation 
light will travel to the end of these capillaries via total internal reflection and be registered in the optical readout system, 
thereby creating a projection of the proton track in the plane perpendicular to the optical axis. These proton tracks exhibit 
bright continuous trajectories with a Bragg peak at their end. Gamma-ray-induced electrons generate small, fainter blobs 
of light that appear as a multitude of blobs.
Initially, identification of proton tracks has been accomplished by visual inspection of the numerous CCD images. As this is 
an inefficient, labor and time-consuming task, a computerized rapid automatic track recognition procedure was 
developed, based on the ‘regionprops' algorithm (measure properties of image regions) incorporated in Matlab9.
This work provides description of the capillary detector, analysis of principal features characterizing recoil proton track 
projections as well as background induced signal which provided basis for excellent background rejection, distinguishing a 
single proton track over several thousands of background blobs found in each CCD frame.
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INTRODUCTION

In this study we investigate a method for thermal neutron detection by measuring the Doppler Broadened (DB) y line (478 
keV) emitted from the 10B(n,ay)7Li interaction. This reaction is characterized by a 0.84 MeV excited 7Li nucleus. While 
recoiling with this kinetic energy, it emits a gamma line at 478 keV which is expected to be Doppler broadened (DB) [1] 
compared with other gamma lines of neighboring energies and of different origin. The proposed detection method is 
based on a high resolution High Pure Germanium (HPGe) detector coupled with a Boron-Carbide (B4C) plate. This B4C plate 
serves as a neutron-gamma converter. In order to evaluate the feasibility of this method, a Monte-Carlo code for the 
described detector was written in MATLAB. The modeling and the experimental method is given in details elsewhere [2]. 
Our simulation showed that the FWHM width of the resulting y line is 12.6 keV compared with the expected FWHM of an 
un-broadened line: 1.3 keV. Understanding the characteristics of the broadened line enables us to achieve a better 
identification and qualification of neutron emitting isotopes compared with similar lines related to gamma emitters with 
no neutrons. An experimental model was assembled and its results were in satisfactory agreement with our model's 
prediction.

RESULTS

Figure 27(a) presents the simulated y spectral lines of the broadened peak at 478 keV obtained by assuming different 
numbers of detected photons: 10, 100 and 500. The simulation was made by using the MC model for the evaluation of the 
DB effect. Figure 27(b) shows the y spectral line obtained by assuming 500,000 detected photons; it is compared with an 
un-broadened y spectral line at 511 keV. The simulation result shown in figure 1 (b) was also found to be in good

Figure 27: (a) Simulated broadened gamma spectra obtained using 10, 100 and 500 detected photons; (b) Simulated 
broadened gamma spectrum using 500,000 detected photons compared with a simulated 511 keV y line where no 

broadening is assumed.

Further analysis of the simulation data showed the relation between the number of detected photons and the FWHM of 
the broadened peak. This is shown in figure 28 which suggests that the FWHM value is relatively stable after detecting 
~200 photons using the HPGe detector.
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Figure 28: Average FWHM of the detector vs. number of photons

An experimental model was assembled for verification of the simulation results. The boron used for the experiment was a 
B4C sputtering target (5.08 mm diameter and 0.32 mm thick) of 99.5% purity. This neutron converter was attached with 
an HPGe detector and placed in front of a Polypropylene moderated 252Cf neutron source. The results of the experiment, 
presented in figure 29, shows three spectral lines of detected photons. The first was measured with a B4C converter 
(dashed line), the second was taken without a B4C converter (dotted line). The third is representing the measured photons 
generated by the 10B-neutron reaction. The measured FWHM of 478 keV peak is 11.4 keV which is in agreement with our 
mathematical result and also with the value reported in ref. [5].

Figure 29: Measured gamma spectra showing: (1) broadened /-line, (2) background and (3) difference between the two 
spectra

In order to further examine the validity of the experimental model, we compare in figure 30 the measured spectrum of 
the 478 keV peak (shown in figure 29) and the simulated curve (shown in figure 1(b)) of the MC model. The statistical 
nature of the difference between the two spectra, also displayed in figure 4, is substantial evidence for the correlation 
between the measured and simulated results.
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Figure 30: Comparison between measured and simulated results

CONCLUSIONS

This study proposes the use of the Doppler broadened peak at 478 keV emitted by the 10B(n,ay)7Li reaction as a tool for 
thermal neutron detection. In this approach we use a natural B4C neutron converter and a High purity Germanium (HPGe) 
for detecting the thermal neutrons while maintaining adequate gamma ray discrimination. It is not difficult to distinguish 
visually the difference between the broadened induced gamma line at 478 keV (FWHM = 11.4 keV) and that of 
background y lines of neighboring energies (FWHM ~ 1.4 keV). This may serve as an excellent fingerprint for the detection 
of thermal neutrons. The present approach enhances a single HPGe detector, generally used for high gamma resolution 
measurements, by transforming it into an effective tool for neutron identification and quantification. The significant 
benefit of this method is where neutron-gamma emitting isotopes can be shielded by gamma absorbers, and in 
applications such as waste measurements and decommissioning.
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Introduction For stereotactic radiosurgery (SRS) of multiple brain metastases, several different systems have been used in 
the last decades; they include GammaKnife, Cyberknife, Tomotherapy and linear accelerators (linacs). Recently, a number 
of works on the comparison of different techniques have been published. However, none of these works used Elekta 
linacs and software. The purpose of this project was to evaluate a new single-isocenter technique for SRS of multiple brain 
metastases using the Elekta VersaHD linac and to compare it with the Leksell GammaKnife (LGK) based technique. This 
comparison was performed in terms of plan quality and plan delivery efficiency. Fifteen patients with 3 to 4 brain 
metastases which were planned and treated with LGK Perfexion were randomly selected. The plans were created using 
the Leksell Gamma-Plan v.10.1.1 with forward planning. These patients were re-planned based on the same anatomy on
the Monaco TPS for the Elekta VersaHD linac. A single isocenter approach was employed with the isocenter location
selected to be geometrically central to all the lesions. 4 VMAT arcs were used - 1 full coplanar and 3 partial non-coplanar. 
Plan quality was assessed using the following parameters: Conformity Index (CI), Gradient Index (GI), Paddik Conformity 
Index (PCI), Homogeneity Index (HI), Volume of the healthy brain receiving more than 12 Gy (V12) and Brain Integral Dose. 
For delivery efficiency assessment, beam-on time was recorded for each plan.
Results For years, LGK has been considered the gold standard for SRS due to its mechanical accuracy and ability to 
produce sharp dose gradients (due to the inherently low penumbra of the collimators). The main drawback of using LGK 
for SRS is long treatment time. For multiple brain metastases SRS, single isocenter multiple VMAT arcs technique 
produced clinically equivalent plans compared to LGK. For this technique, treatment time was found to be significantly 
lower compared to LGK. It seems that for small targets (less than 0.5 cc) LGK-based technique can produce dosimetrically 
better plans.
Conclusion Due to its similar plan quality and increased delivery efficiency, single-isocenter VMAT radiosurgery may 
constitute an attractive alternative to GK-based radiosurgery for patients with brain metastases. For treatment of 
functional disorders and benign diseases, LGK may still be preferable due to higher mechanical accuracy and sharper 
gradients. For specialized neurosurgical centers, LGK and Versa HD may represent complimentary solutions for the whole 
range of Oncological and Functional SRS treatments.
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Recently 2010, and 2011, two new Medical Linacs, Truebeam STx (Varian Medical Systems,(VMS), USA) were installed in 
our institution.
Among the x-rays beams we can find the flattening filter free, (FFF), i.e. ,an x-rays beam, with the flattening filter removed 
or shortly unflattened x-rays beams. Their energies: 6xFFF and 10xFFF are distinct from that of “regular” or flattening 
filtered (FF). They are called by VMS, as high intensity beam. A special electron optics was developed for this purpose, and 
the dose rate achieved for example for the 10xFFF is 400% higher of that of a 10MV x-rays beam (24 Gy/min, against 6 
Gy/min). This lead to some parameters differences, like the IAEA-TRS-398 ksat>1.0% found by us and other authors, and 
some new or different approaches to explain the dosimetric new finds will be discussed: 1- How to determine if the beam 
is symmetric?; 2-ion chamber ksat>1.0%?, 3-Have the current RTPs photons model tack into account the high dose rate 
and the beam shape?; 4-Does the linacs model really needs the FF?
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Introduction Total Skin Electron Irradiation (TSEI) is one of the most effective treatments of malignant skin diseases, such 
as Mycosis Fungoides (MF) and Cutaneous Lymphomas. In our department, the 6 MeV beam is used for TSEI treatments, 
based on the Stanford technique. In most situations, 6MeV beam energy is sufficient to deliver the treatment dose to the 
epidermis and dermis located at a depth of 0.5 cm from the skin surface. However in some cases higher energy is needed 
in order to treat effectively thick skin lesions. The purpose of this work was to commission the high dose-rate 8MeV 
electron beam for TSEI based on the Stanford technique.
Materials and Methods The patient stands at SSD= 400cm from the linac (ELEKTA Precise). The optimal dual angle which 
provides the most uniform profile was defined. Depth dose distribution for the total treatment (six dual fields) was 
obtained by irradiating EBT3 radiochromic films inserted at two levels inside an anthropomorphic phantom. Absolute 
calibration at the treatment distance for one single horizontal field was performed with the PTW Roos ion chamber. The 
twelve field factor (B12 factor), which relates the treatment skin dose to the calibration point dose, was calculated from 
measurements with TLD chips placed on the surface of the anthropomorphic phantom and irradiated with all six dual 
fields. X-ray contamination was measured by placing TLDs at two points inside the anthropomorphic phantom at a depth 
beyond the practical range and irradiating all six dual fields. The energy of the X-ray contamination was defined by means 
of attenuation curves measured using lead plates of different thickness. The measured dose and energy spectrum of the 
X-ray contamination were verified by Monte Carlo simulations. The efficiency of our shielding devices for the eyes, head 
and feet was also tested.
Results The optimum dual-field angle was found to be 17° (same as for the 6MeV beam). Vertical profile uniformity was 
within ±7% along a distance of 190cm and the horizontal profile uniformity at the level of iso-center was within ±5% along 
a distance of 60cm. The depth of 80% isodose (R80) for the full treatment is 1.4cm while for the 6MeV beam R80 is 1.1cm. 
B12 factor was 3.4. The X-ray contamination dose was 0.7% of the treatment prescription dose. The mean photon energy 
of the X-ray contamination was found to be 1.2 MV. Good agreement between measurements and Monte Carlo 
simulations was observed. Our shielding devices used for 6MeV beam were found suitable for the 8MeV beam.

Conclusions The commissioning of the high dose-rate 8MeV electron beam for TSEI treatment was performed. A higher 
penetration depth compared to the one for the 6MeV beam will allow the treatment of thick skin lesions while 
maintaining the quality of other dosimetric parameters such as uniform dose distribution and low X-ray contamination.

References
TOTAL SKIN ELECTRON THERAPY: TECHNIQUE AND DOSIMETRY AAPM REPORT NO. 23

Commissioning and Optimization of a Total Skin Electron Therapy Technique Using a High Dose Rate Electron Facility : 
International Journal of Medical Physics, Clinical Engineering and Radiation Oncology, 2015, 4, 197-207
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Introduction Total Skin Electron Irradiation (TSEI) is a complex technique which involves the use of large electron fields. 
Electrons scattered from the treatment room floor and ceiling might contribute to skin dose and distort dose distribution, 
especially when dual-field approach is used. The purpose of this work is to study effects of scattered electrons on the 
dosimetry of TSEI by Monte Carlo (MC) simulations. 6 MeV and 9 MeV beams from Elekta Precise linac operated in High- 
Dose-Rate (HDR) mode are used for TSEI treatments. The EGSnrc code package was used for MC simulation. First, the 
incident electron beam parameters (energy spectrum, FWHM) were adjusted to match the measured data (PDD and 
profile) for both energies at SSD=100 cm for 40x40 open field. These parameters were then used to calculate vertical dose 
profile at 1mm depth at the treatment distance of 400 cm. Floor was modeled within BEAMnrc using JAWS module. 
LATCH variable was used to track electrons history and calculate dose profile with and without electrons scattered from 
the floor. Dose profiles were normalized to the maximum dose from one horizontal field (gantry angle 90 degrees) at 1 
mm depth. Influence of dual field angle and floor material on the contribution of floor scatter was investigated. Spectrum 
of the scattered electrons was calculated. Measurements of dose profile were performed in order to verify MC 
calculations.
Results Vertical profile total dose, dose without floor scatter and the floor scatter contribution is shown in Figure 1. Floor 
scatter contribution is more than 20% near the floor and decreases to about 10% and 5% at the distance 50cm and 100cm 
from the floor, respectively. No dependence on the beam energy or dual-field angle was found. The scatter depends on 
the floor material (at 20 cm from the floor, scatter contribution was about 18%, 15% and 12% for concrete, PVC and 
water, respectively). Spectrum of the scattered electrons has distribution which is almost uniform between few hundred 
KeV to 4 MeV and then decreases linearly to 6 MeV. Dose verification measurements for the total dose were in good 
agreement (less than 3%) with the MC calculations.

Medical Physics 1 (Thursday, April 14, 2016 14:00)

Figure 1. Vertical dose profile at 1 mm depth, SSD=400cm for the total dose, dose without floor contribution and dose 
from the floor contribution only.

Conclusion For the TSEI technique, dose contribution due to the electrons scattered from the treatment room floor and 
ceiling may be clinically significant and should be taken into account during design and commissioning phases. MC 
calculations can be used for this task.
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Implementation of the IAEA TRS -398 protocol to check 50 kVp x-rays calibration beam used in skin radiotherapy at
Rabin Medical Center - Davidoff Cancer Center using an Advanced Markus 0.02 cc parallel plate ion chamber(AMIC) 

Yanai Krutman
Radiation Oncology-Radiotherapy Physics Unit, Rabin Medical Center-Davidoff Cancer Center, Israel

In the Davidoff Cancer Center a Contact RT - 50, Philips, The Netherlands, 50 kVp low energy x-rays beam filtered with a 
0.5 mm Al or a 1.0 mm Al filter is being applied to skin irradiation. Around 350 treatments have being performed as an 
average in the last five years. The use of this equipment as a supplement in a busy Linacs environment seems to be an 
excellent solution for small skin diseases, when comparing with a cumbersome small electron beam dosimetry procedure.

Fig-1 The skin morphology - irradiation of very superficial target

Medical Physics 1 (Thursday, April 14, 2016 14:00)
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In a previous work we made an analysis on the possibility of applying the AMIC as a reference for our monthly QA, by 
means of the ratio among the 50 kV-0.5 mm Al x-rays beam and the 50 kV-1.0 mm Al x-rays beam .(ref ISMP - 2013 
annual meeting ).
The ratio we found since 2011 is 2.31 +/- 0.03, thus a variation of 1.3 %.

Further investigation, of our model by comparison with data in the bibliography and the ratio between both energies used 
for MQA leads us to a Gy/R (Gray/Roetengen) relationship; lead to the conclusion that the ratio between both beams 
energies in terms of Q(nC) for the 05.mm Al and the 1.0 mm Al, 50kVp beams are: 488 cGy /214 cGy thus yielding 2.28 
which turns out to be very similar to 2.31h which we have being obtaining since 2011.
Thus we can conclude that, the calibration factor for the Markus Chamber for the different photon energies would be:
50 kVp, 0.5 mm Al, N(d,W) = 1.480 E 9 Gy/C, and
50 kVp, 1.0 mm Al, N(d,W) = 1.514 E 9 Gy/C
Against the original calibration of the AMIC :

• N(d,W) Co-60 PTW = 1.376 E 9 Gy/C

The IAEA TRS-398, see references, states that the quality of the primary radiation is related to its HVL, and its potential, 
U(kVp). However the accuracy of beam calibration suffers from insufficient HVL data available in the literature. We 
designed an optional set-up for measurement toward the HVL determination, based on our clinical environment.

Our results are compared with those published in the literature:
Beam data: kVp and HVL, 50 kVp, 1mm Al, HVL = 0.65 mm, dose rate at surface = 860 cGy/min, transform ratio (Gy/R) for
a factor “f” = 35.6 Gy kg/C ~ 0.917 cGy/R, where Dose = M*N*f*Kt,p .
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Measured HVL for a 0.5 mm AL beam was found to be 0.262 mm, see the transmission curve above. See references.

Measurements set-up

Set-up in all measurements was based on the calibration size cone. It has 28 mm of diameter and a source-to-skin 
distance of 4.0 cm. The data we use is similar to that suggested by TRS-398.
Aluminum is the material used for HVL determination in the energy range of: 1 - 50 kV.
The HVL determination according the IAEA TRS-398 for low-energy x-rays is a must in order to check the beam calibration. 
The IAEA TRS - 398 for water absorbed dose, is calculated by the equation1:

D(w,q) = Mq*Nd,w,q0*kq,q0, Eq-1

Where: kq,q0 is a function of the measured HVLs

The results of HVL1 and HVL2 for both energies, 0.5 mm Al or a 1.0 mm Al filter are presented. See Fig.2

Fig -2 Caption: The results for the HVL determination for a 50 kV - 0.5 mm Al , PHY = 28 mm, at phantom surface. The 
phantom is made by Solid Water phantom slabs of 300 x 300 x 50 and 20 mm
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INTRODUCTION
Uranium exists in 3 possible allotropic phasesa-U, P-Uand y-U. Variation of lattice parameters and inter-uranium distances 
in different crystal structures can play an important role in electronic properties, in analogy with various U-based 
compounds.
Electronic properties are well known only for a-U, which is stable at room temperature (below 942 K) and crystallizes in 
an orthorhombic structure. P-phase having a tetragonal structure with large unit cell is stable in the range 942-1049 K. As 
y-U phase with a cubic bcc structure is stable at even higher temperatures (1049-1408 K), the low temperature properties 
remained unknown for y-U. On the other hand, bcc U can be retained to low temperatures in the form of highly alloyed 
(Mo, Zr) U for metals fuels, at which the bcc structure provides better mechanical properties and higher resistance to 
irradiation effects [1].We decided to use the doping by Mo or Zr in conjunction with the splat-cooling technique, which 
could help to stabilize y-U phase to room temperature with minimal amount of dopants in the alloys.In addition, we have 
studied interaction of these alloys with hydrogen gas, which leads to the formation of hydrides. Hydrogenation can be 
considered as a “negative” pressure effect, which expands the lattice and therefore also change the inter-uranium 
distances.
UH3 belongs to the first known 5f materials with magnetic ordering [2]. It exists in two different cubic modifications 
(fig.1). Besides the stable P-UH3 phase,there is a metastable form a-UH3, whichwas never prepared ina pure form.

Figure 1.Two different crystal-structure modifications of a-UH3 (left) and P-UH3 phase (right).

RESULTS
We have been hydrogenating y-U alloys, using various transition metals helping(together with ultrafast cooling) to retain 
the bcc U structure down to low temperatures. We have found that such alloys are weak Pauli paramagnets and 
conventional superconductors [3]. The study of hydrogen absorptionshows that they are much more resistant to 
hydrogen attack compared to pure U-metal, and high pressures of H2 gas hadto be applied [4,5]. The H absorption 
corresponds to approx. 3H/atoms per 1 U atom. In noneof the cases thealloying metals segregate and two different 
structures were obtained. Thehydrides (UH3)1-xZrx form the a-UH3 structure, i.e. the bcc structure expands and fills by 
H[5]. Hence basic electronic properties of a-UH3 could be established. Starting from U1-xMox,we obtained (UH3)1-xMox, 
which tends to be P-UH3 like, but has the grain size of 1 nm only,i.e. is practically amorphous (fig. 2a). All such materials 
are ferromagnets (fig. 3) with coercive fieldsreaching high values at low temperatures. The Curie temperatures are in the 
range160-205 K (fig. 2b), even if the active U-sublattice is diluted by more than 30% of other metals (fig. 3a). Fig. 3b 
demonstrates that the TC variation with the concentration of alloying element is similardespite different structures of a- 
and P-UH3. In this respect the hydrides are different than conventional bandferromagnets, sensitive to inter-atomic 
spacings and alloying.
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Figure 2a. XRD patterns for U-Mo and U-Zr 
hydrides.

Figure 2b. Concentration dependence of the Curie 
temperatures for the hydrides (UH3)1-xMoxand
(UH3)1-xZrx.
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Figure 3. Field dependence of (UH3)0.85Mo0. 
temperatures.

CONCLUSIONS
The U-Mo and U-Zr alloys were successfully synthesized in the y-U phase with a cubic bcc type of crystal structure using 
splat-cooling technique. Single phase y-U samples were obtained already at concentration of Mo > 11 at.%, which is less 
than obtained earlier by other techniques. For U-Zr samples, pure y-U was stabilized at concentrations of Zr = 30 at.%Zr. 
Minimization of dopants is important for determination of low temperature electronic properties of hypothetic "pure" 
allotropic phases, which do not exist at low temperatures.
Magnetic measurements revealed Pauli paramagnetic behavior for all U-Mo, U-Zr alloys studied.U-Mo and U-Zr splats 
become superconducting at low temperatures.Comparing Mo and Zrdoping, Mo is definitely giving more pronounced 
superconductivity than Zr, as it gives higher TSC values and sharper peaks at specific heat temperature dependence at 
TSC.U-Mo and U-Zr alloys absorb hydrogen at high pressures (p > 4.5 bar) and form hydrides with stoichiometry analogous 
to UH3. Hydrides are stable and do not ignite on air, which allowed investigation of electronic and magnetic properties. 
Structure of the hydrides with Mo is almost amorphous. Very broad XRD peaks can be interpreted as very small (1 nm) 
grains of the P-UH3phase. For Zr concentrations above 20% Zr, we obtain a single phase a-UH3 structure.All studied 
hydrides have ferromagnetic ground state. The Curie temperatures for Zr-hydrides are lower than for hydrides with Mo 
but close to TC values of P-UH3. Despite rather different crystal structure and inter-U spacing, the electronic properties of 
a-UH3 phase are very similar to P-UH3.
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INTRODUCTION
High pressure investigation of the crystallographic structure and bulk modulus of aluminum containing helium bubbles is 
presented. The targets were obtained by melting pure aluminum with 0.15% wt.10B powder. The solid targets were neutron 
irradiated in the Soreq nuclear reactor to get homogeneous helium atoms inside the aluminum boron 10 matrix according to 
the reaction 10B+n^7Li+4He. The irradiated aluminum was heat treated for accumulation of helium atoms into nanometric 
bubbles by diffusion. The helium bubbles formation in Al-10B metal was observed by TEM.

RESULTS
The crystallographic structure and the bulk modulus of aluminum loaded up to pressure of 39 GPa in a diamond anvil cell 
(DAC, see figure 1) were studied in different samples: (1) Al-10B, (2) Irradiated Al-10B with helium bubbles (3) The irradiated Al- 
10B foil with helium bubbles that was used for TEM observation.
The data was analyzed by the X'Pert Plus (Philips) Rietveld analysis software packages. The high-pressure energy dispersive X- 
ray diffraction studies were taken at the X17-C beam-line of the National Synchrotron Light Source (NSLS) at BNL(1). The energy 
dispersive data was collected with a high purity germanium detector at a fixed Bragg angle (20~=12°). The high-pressure X-ray 
powder diffraction measurements were taken at discrete pressure steps in the range of 0-35GPa. The data wascollected by 
the EDS technique, using the white beam of the superconducting wiggler magnet at the X17-C beam-line. Typical data 
collection time was about 10 min. Inthe lower range of the high-pressure range, angle dispersive measurements were carried 
out in transmission configuration using the image plate technique. The data was analyzed using acommercial Rietveld analysis 
software packages(2), see figure 2.

Figure 1. a “Tel-Aviv”-type diamond anvil cell (DAC) (a type of Merrill-Bassett DAC).
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Figure 2. Al-10B X- ray powder diffraction as function of applied pressure, radiated and non radiated the miller indexes are 
marked assuming the cubic symmetry fcc (S.G. 225) Fm-3m.

We plotted the Pressure as function of V/V0 as shown in figure 3.
Fitting the data by Vinet equation can yield the B0 and B0' of the sample at the given pressure range.

2 (
3

P(V) = 3B„ 1 -I exp

( ( nA

3 B-11 -(i)'3V

V 0

1are the bulk modulus arid its pressure derivative at the equilibrium volume V0 at zeroWhere V is the volume, B0 and B0 
pressure.
The fitted data yield B0=68.6±0.2GPa while B0' was kept at 3.6, B0=78.48±3.79GPa and B0-6.49±0.57, B0=73.14±1.13GPa 
and B0'=6.42±0.47 for pure Al, Non Radiated Al_10B and Radiated Al_10B, respectively.
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Figure 3. Non radiated, radiated Al-10Band Al pure, pressure dependence on V/V0. The red line is the calculated equation 
of state (EOS) Vinet.

Our early work with SEM and TEM showed He bubals as it can be seen in fig 4. The Nano-metric helium bubbles 
accumulate to a larger bubbles as increasing bubbles concentration.

Figure 4. TEM image (a) from Al-10B with helium before impact reveals that the Nano-metric helium bubbles radius is 5e10 
nm (signed with circles) and average distance between bubbles. (b) Scanning TEM (ADF-STEM) image, note that here 
the bubbles are dark and the scale bar is different. After impact some of the bubbles collapsed (3).

CONCLUSIONS

The V0 for pure Al at ambient pressure yields a unit cell of a=4.0462(2)A, for non-radiated Al_10B of a=4.0431(4)A , and for 
radiated Al_10B all with cubic symmetry fcc (S.G. 225) Fm-3m. Adding the 10B reduced the unit cell parameter and 
radiating the sample reduced it a bit more.
The ratio between the volume at pressure of 27GPa to ambient pressure is V27GPa / V0GPa = 0.852, 0.825, 0.820 for pure Al, 
non-radiated and radiated Al_10B, respectively. This ratio supported the reduced in the bulk moduli.
All the samples were reversible in the unit cell parameter when releasing the pressure. There were no phase changes in 
symmetry while applying external pressure.
The TEM micrograph visualize the appearance of the He bubbles and their accumulation
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A New Approach for Radiation Damage Studies by Incorporation of Dilute Self-Irradiating Defects in Thin Films

Tzvi Tempelman1, Michael Shandalov2, Ithak Kelson3, Yuval Golan1, Eyal Yahel2
1Department of Materials Engineering and Ilse Katz Institute for Nanoscale Science and Technology, Ben- 

Gurion University of the Negev, Israel
2Department of Physics, Nuclear Research Center Negev, Israel 

3School of Physics and Astronomy, Tel-Aviv University, Israel

We present a model system for the study of radiation damage in non-radioactive materials. The method is based on 
homogeneous incorporation 228Th ions in PbS thin films using a small volume chemical bath deposition (CBD) technique. 
Controlled doping of the thin films with minute amounts of radioactive elements such as thorium is expected to provide a 
unique path for studying radiation damage in materials without the need of sealed enclosure.
We developed CBD process for controlled doping of PbS thin films with active 228Th isotope, which was achieved by 
altering different deposition parameters and metal ion complexation agents, due to 228Th daughters presence in solution. 
The 228Th-doped films were characterized using x-ray diffraction, which indicated a single phase material. Film 
morphology and thickness were determined using scanning electron microscopy (SEM). Energy dispersive spectroscopy 
(EDS) mapping in the analytical transmission electron microscope (A-TEM), x-ray photoelectron spectroscopy (XPS) depth 
profiles and 0-autoradiography indicated that the Th ions were homogeneously distributed throughout the films, 
suggesting Pb substitution by Th ions in the crystal lattice. The properties of the PbS(228Th) film activity and isotopes 
distribution were investigated by using 0-spectroscopy and 0-spectroscopy. In this work, we show our preliminary results 
on radiation damage accumulation in these films. The measurements were performed using photo luminescence (PL) 
spectroscopy technique, where band-to-band and defect states emissions were monitored. Isochronal annealing will be 
performed to determine damage mechanisms by monitoring changes in electrical resistivity of the samples. The resulting 
films showed promise as a model system for the analysis of dilute defect systems in thin films.
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Surface Characterization and Oxidation of U(AlxSi1-x)3 at Elevated Temperatures
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Introduction
The interest in the U-Al-Si system stems from its industrial applications and scientific properties. Al based alloys, 
containing silicon, are commonly used as cladding for uranium fuels and diffusion can occur between the cladding and the 
fuel. In addition, U-Al alloys can be used as a fuel for research reactors(1). Recently, a new ordered phase in the form of 
U(AlxSi1-x)3 was discovered and reported(2). Therefore, there is a scientific interest in studying its surface properties and 
oxidation behavior, compared to other U based alloys reported in the literature(3,4).
In the present study, segregation and oxidation behavior of the U(AlxSi1-x)3 surface were characterize at the temperature 
range 300-800 K, utilizing Auger electron spectroscopy (AES) and X-Ray photoelectron spectroscopy (XPS).
Experimental
2.1. Sample Preparation and Characterization
Uranium aluminum with a composition of (Al 49at%, Si 28.7at%, U 22.3at%) was arc melted and heat treated to give the 
phase U(AlxSi1-x)3, where x=0.57(2). Sample characterization by X-Ray diffraction (XRD) and tunneling electron 
microscopy (TEM) revealed an ordered tetragonal phase with I4/mmm space group. The U(AlxSi1-x)3 lattice parameters 
were found to be a = b = 8.347, c = 16.808 and the sample unit cells consists of 64 atoms as illustrated in Figure 31.

XRD pattern of

- **

.•j
* * • *• • * 
.••’•J*

Uranium
Silicon
Aluminium

attern and tetragonal crystal structure of U(AlxSil- 
x)3 phase(2)

2.2. Experimental System and Procedure
All experiments were performed in an ultra-high-vacuum (UHV) system pumped by turbo-molecular and titanium 
sublimation pumps to a base pressure of ~2x10-10 Torr. The system is equipped with XPS and AES. A full description can 
be found elsewhere(5). Al Ka source (hv=1486.6 eV) was used for XPS experiments. Prior to each experiment, the sample 
was sputter-cleaned at room temperature (RT). Segregation experiments were performed by rapid heating of the clean 
sample to a desired temperature and the changes in the composition of the sample surface were monitored by AES during 
the heating period (30-45 mins). The interaction of oxygen with the U(AlxSi1-x)3 surface was monitored by XPS at the end 
of each heat treatment after 1000 L O2 exposure (1 L=1x10-6 Torrxsec).
Results and Discussion
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3.1. Segregation Phenomena
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Figure 32. (A) AES reprehensive spectra at different heating times at 650 K (B) Normalized Al (LVV) intensity vs. heating 
time at the temperature range of 450-800 K.
It is evident that at elevated temperatures, the Al(LVV) intensity increases with time, while the U(OPV) and Si(LVV) 
intensities decrease (

Figure 32A). This implies that heating of the sample, under UHV conditions, causes Al to segregate to the surface. The Al 
segregation starts as early as 500 K and achieves maximal intensity at 700 K (

Figure 32B). Above 700 K, there is some decrease in the Al concentration at the surface as a function of time. The 
decrease in Al intensity is accompanied by an increase in the Si(LVV) signal (Si data is not presented) indicating that at high 
temperatures some silicon also segregates to the surface.
The thickness of the Al layer (d) that segregate to the surface was evaluated from the attenuation of the U(OPV) AES 
signal according to equation 1:
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d=-(0cos0)ln[l/IO] (1)
where: 10 and I are U intensity of the sputter-cleaned sample at RT and during heating, respectively. 0 is the electron 
inelastic mean free path (3.62A) and 0 is the energy analyzer collecting angle (42o). According to Eq. 1 the Al thickness 
was calculated to be 0.1-0.7 nm at the temperature range of 500-700 K.

3.2. Surface Oxidation
Figure 33 presents XPS Al(2p) spectra after exposure to 1000 L oxygen at the temperature range of 300-800 K.

Binding Energy (eV)
Figure 33. XPS spectra of Al(2p) after 1000 L O2 exposure.

From Figure 33 it can be seen that heating the clean U(AlSi)3 surface and exposing it to oxygen results in aluminum 
oxidation, but the intensity and the type of the formed oxide is strongly dependent on the Al segregated layer. Up to 500 
K, exposure to oxygen results in attenuation of the metallic component, revealing aluminum oxide at binding energy of 
74.7 eV, which corresponds to bulk oxidation. Above 600 K, where a thin Al layer forms on the surface (due to Al 
segregation), the oxide layer formed on the surface is much thinner. Therefore, the metallic component of the Al signal is 
only partially attenuated and the binding energy of the new thin oxide layer is at 75.6 eV. This binding energy shift 
between bulk oxidation and thin film oxidation was previously discussed at the literature(6). It seems that the formation 
of a thin Al layer due to Al segregation to the surface, acts as a passivation layer that prevents further oxidation of the 
sub-surface.
The conclusion that a passivation layer is formed on the surface at elevated temperatures is also supported by the 
corresponding U 4(f) spectra after 1000 L O2 exposure as depicted in Figure 34.

Binding Energy (eV)
Figure 34 - XPS spectra of U(4f) after 1000 L O2 exposure. (A) Clean Sputtered surface at 300 K (B) Sample surface after 

1000 L oxygen exposure at 300-500 K (C) Sample surface after 1000 L oxygen exposure at 600-800 K

It is clear that after exposing the surface to oxygen at 300-500 K (Figure 34B), the metallic component is almost
completely attenuated and a peak of uranium dioxide (UO2) is observed. On the other hand, at temperatures above 600 K 
(Figure 34C), exposure to oxygen does not result in oxidation of uranium due to the formation of a thin Al oxide 
passivation layer.
The Si(2s) XPS spectra after 1000 L oxygen exposure (not presented) revealed metallic peak at 150.3 eV but also a higher 
binding energy (HBE) component (shoulder) at 152.4 eV. This additional peak is associated with the formation of Si oxide
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compound(4). The buildup of HBE feature was evident at the entire investigated temperature range (300-800 K) since at 
elevated temperatures both silicon and aluminum have been found to segregate to the surface.
Conclusions
Surface characterization and oxygen interaction with U(AlxSi1-x)3 were investigated at the temperature range of 300-800 
K by AES and XPS. It has been found that Al segregates to the surface at temperatures above 500 K. The oxide thickness of 
the Al layer formed by segregation was calculated to be 0.7 nm at 700 K. Exposure of the surface up to 1000 L O2 at 300
500 K results in oxidation of both U and Al at the surface and subsurface. However, at elevated temperatures (600-800 K) 
formation of a thin Al oxide layer inhibits further oxidation of the U, Al and Si at the metal-oxide interface.
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INTRODUCTION
The Department of Nuclear Engineering at the University of California Berkeley (UCB) is developing a Coil Tube Gas Heater 
(CTGH) (Fig. 1, right) design that supports the use of gas Brayton power conversion for advanced reactors. UCB developed 
an initial design to transfer heat from a low pressure fluoride salt coolant (at approximately 0.1 MPa) to compressed air 
(at approximately 1.8 MPa) used to feed a gas turbine system(1). A key alternative heat exchanger design would use 
supercritical carbon dioxide (S-CO2) instead of air with sodium as the coolant, and requires operation at higher pressures 
up to 20 MPa and temperature up to 700°C, with the coolant at a low pressure of approx. 0.1 MPa. In contrast to 
pressurized water reactor, heat exchanger tubes that experience an internal pressure, the tubes in the CTGH experience 
an external pressure.
316L stainless steel is one of the candidate materials to work with in such a corrosive atmosphere at elevated
temperatures of the CTGH, to overcome the conventional fusion welding defects(2) in the material, UCB investigate 
Diffusion Bonding (DB) joints. DB joints have been extensively investigated and the main parameters are well known(3);
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temperature, time, surface roughness, atmosphere and the pressure during the process (DB). UCB developed a novel joint 
procedure for low pressure DB of the joints for the designed CTGH. Figure 1 shows schematically a part of the CTGH 
(right), the left part of figure 1 depicts drawing of the tubes connected to the hot coolant manifold with a tube-to-tube 
sheet joint sample (picture) as they are fabricated to simulate this specific area of the heat exchanger.
Several DB procedures are presently investigated for the 316L SS tubes. Experiments with tapered interference fits, tube 
expansion as well as hybrid friction DB (HFDB) were successfully conducted at UCB for thin walled 316L SS tubes (OD: 
0.25"/6.35mm, ID: 0.18"/4.57mm)(4-7).
In contrast to conventional DB, low pressure prior to heat treatment instead of constant pressure during the heat 
treatment is used here to support a tapered press fitting surfaces.
Interlayer made from a “soft” material were suggested as an improvement for DB process of stainless steel by Kazakov(3), 
Yeh and Chuang(8), and described by many others(9-13). Ni was chosen as interlayer material here since it is one of the 
major components of the 316L SS.
This work describes improved 316L SS diffusion bonding joints using Ni interlayer of different thickness applied using 
commercial plating techniques to support tube-to-tube sheet tapered interference fits. The joint quality was evaluated by 
quantitative pull-out testing as well as qualitative testing using optical microscopy (OM) and scanning electron microscopy 
(SEM).

Tube spacer bar w/tie rod holder 
Bailie plate 

Hot salt manifold

.EleeftTcTieater electrode

ube Tube sheet joint

Anti-vibration supports

Tube lanes

Tube to Tube sheet 
joint sample

Cool salt manifold
S-C<)> flow direction

Figure 1. Schematic description of the CTGH (right) with enlarged area of the tubes connected to the hot manifold (left) 
and picture of the tube-to-tube sheet joint sample (in the left corner).

EXPERIMENT and RESULTS
This study describes the improved DB quality measured primarily by the load against pull-out for tapered tube-to-tube 
sheet fitting surfaces. Pull-out testing as described by Massey and Jones(14) is an "established method" to determine the 
quality of heat exchanger joints. Kikuchi et al.(15) used that criteria to determine the quality of tube-to-tube sheet joints of 
the Japan Sodium-cooled Fast Reactor (JSFR) tube heat exchanger that has to withstands similar pressure differences as 
the UCB CTGH. In the previous studies of DB for thin walled tube-to-tube sheet(4-7), the pull-out force was limited, by the 
tube cross-section, to approximately 8.7 kN. In the present study rods were used to allow higher force to be developed on 
the joint. Commercial 316L SS was used to fabricate the tube-to-tube sheet samples. The tube was simulated by a rod 
(OD: 0.25"/6.35mm) and the tube-sheet simulated by collar 0.5"/12.7mm thickness. Figure 2 shows a drawing of the 
fabricated samples as well as a picture of the sample. The chemical composition of the 316L SS as provided by the vendor 
is given in table 1. The composition was verified later using the SEM/EDS.

Figure 2. Technical 
sheet joint sample.

drawing and picture of the tube-to-tube
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Table 1. Chemical composition (wt%) of the 316L SS used here.

CR NI C MN CU SI MO S P N TI FE

16-18.5 10-15 <0.08 <2 <1 <1 <3 0.35 <0.045 <0.1 <0.7 BAL
The samples were fabricated on a CNC and manual lathe with pointy cutting tools. Three groups may be differentiated: 
samples with 5^m Ni interlayer, samples with Wood's Ni Strike (WNS) interlayer and reference samples without 
interlayer. The 5^m Ni interlayer was applied with a commercial electroless plating kit. WNS is an electroplating process 
during which the stainless steel protective oxide layer is etched while a thin Ni layer (approx. 0.25^m) (16) is deposit at the 
same time. After fabrication, the samples were joint with 3 kN assembly force. The process was coined “low pressure DB” 
since this assembly force results in pressures much lower than usually recommended for DB of SS(3). The assembly force 
was chosen to consider for the final CTGH design. The heat treatment was conducted in a vacuum furnace at 1000 °C for 
1000 min as recommended by Haneklaus et al.(17), moderate vacuum (approx. 10-1 mBar) was chosen here to allow slight 
oxidation of the surfaces to enable brief judgment on the matching surfaces.
The mean pull-out force for: the reference samples was 9.07 kN, the WNS samples was 12.1 kN and the 5^m Ni interlayer 
samples was 10.7 kN. The mean pull-out force can be used to estimate the pressure on thin wall tube (previous studies) (4
7,17) or to estimate rupture of thicker wall 316L 1/4" tube. Table 2 summarizes the results achieved with the different 
groups of samples.
Figure 3 shows representative pictures of the rod surface at which DB occurred after pull-out testing, WNS sample (left) 
and a reference sample (right) are depicted. The improved DB on the WNS sample resulted in visible areas where base 
material is peeled off from the rod. Areas with such sound DB are much smaller at the reference sample. The light 
oxidation of the surfaces (Fig. 3) suggest imperfect surfaces matching since in a perfectly surfaces matching the touching 
area are not exposed to the oxygen environment.
In addition to quantitative pull-out testing which was the main criteria of the study qualitative analysis using OM and SEM 
was also conducted. Figure 4 shows representative SEM pictures of a reference sample (left) and a sample with 5^m 
interlayer (right). The pictures show that the applied low pressure prior to DB was not sufficient to overcome the surface 
asperities induced by the pointy cutting tool. Though the pressure was not sufficient to yield the induced asperities partial 
diffusion bonding could be observed using the SEM.

Table 2. Results summary of the three different groups as well as results from previous studies for 1/4" thin walled tube 
samples.

THIN WALL REFERENCE WNS 5pM NI INTERLAYER
TUBE SAMPLES INTERLAYER

FORCE [KN] 8.7 9.07 12.1 10.7
PRESSURE ON THIN WALL TUBE 570 594 793 701
[MPA]
EQUIVALENT ID [MM] 4.57 4.48 3.65 4.05
EQUIVALENT WALL THICKNESS [MM] 0.89 0.94 1.35 1.15

Figure 3. Pictures of the rod pulled out area, for WNS interlayer sample (left) with visible areas of sound DB and for 
reference sample (right) with much smaller areas of sound DB.

260



Figure 4. SEM pictures of the DB interface of a reference sample (left) and a 5pm Ni interlayer sample (right) showing the 
pointy cutting tool trace and partial DB on the matching interface.

CONCLUSIONS
The study presented here confirms that press fitting and diffusion bonding (DB) of 316L SS tubes (simulated here by rods) 
and tube sheets meet the engineering requirement, pull-out force beyond tube rupture and suggests improved DB using 
Ni interlayer as well. The improved DB expressed by increased pull-out force by 17% using a 5pm Ni interlayer and by 33% 
using WNS interlayer (0.25pm thick). The SEM analysis and the slight oxidation of the surfaces confirm the manufacturing 
challenges regarding the imperfect matching of surfaces results in areas where the rods surface cannot be pressed against 
the tube sheet with the necessary pressure resulting in partial DB of the two parts. These imperfections may be resolved 
using additional manufacturing techniques such as grinding that may result in smoother surfaces and better surfaces 
matching.
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Introduction
The progress in nanotechnology over the last decade has enabled the development of a variety of miniature applications. 
Here we mention a wireless sensor network (WSN)(1) which is used for safety, security, and structural health monitoring. 
The data monitored is transmitted from one sensor to another and to a central data acquisition device. The operation life 
and the dimensions of the sensor are dictated by the power source. Furthermore, a reliable long term miniature and 
maintenance free portable power source is a major requirement for such autonomous sensors. The development of such 
power source is recognized as one of the most challenging problems to overcome toward the widespread usage of these 
applications(2,3,4).
A power source relays not only on the energy source but also on the technique for converting it into useable energy. 
Energy harvesting from ambient sources like: vibrations, wind, heat or light is not always possible and available. 
Commercial chemical batteries are limited by their lifetime, power-density and sensitivity to ambient conditions(5). A 
promising alternative is based on radionuclides. Radionuclides have long lives and high energy-density(6) which is not 
affected by ambient conditions. However, efficient energy conversion methods are needed to effectively and safely 
convert the nuclear energy into a useful electrical energy.
A few approaches for utilizing the energy stored in these materials have been devised in the past. Of special interest is the 
direct charge p-radiation conversion process. The first direct conversion of radioactive decay energy into electricity was

262



demonstrated in 1913 by Moseley(7). Moseley's generator was based on the emission of P-particles from an insulated 
radioactive source that becomes positively charged. In the early 1950's, in an effort to find an energy source for space 
applications, many studies on direct energy conversion of P-radiation were conducted. However, the efficiencies achieved 
were too low(8). In the last decade the efficiencies of direct charging nuclear batteries increased significantly thanks to 
new energy harvesting concepts and technologies(9,10). However, further research is needed in order to narrow the gap 
between the theoretically predicted efficiency and those attained in practice. Note that, most of the published 
information on direct charge p-radiation conversion is focused on radioisotopes batteries design but the published 
information on experimental study is sparse.
In the direct charge p-radiation conversion process, which is discussed in this study, a parallel-plates capacitor is formed 
by a p-radiation source electrode and a collector electrode. A high vacuum is maintained at the inter-electrode gap. The 
vacuum leaves a clear path for the radiation particles to reach the collector without collisions, prevents ionization and 
minimizes the leakage current. The capacitor is charged directly by the current of the p-radiation particles (electrons) and 
an electrical potential difference is attained. At a steady state condition the charging current is equal to the current that 
flows through a load resistor.
The main parameters that determine the optimal configuration for the battery are: the inter-electrode gap which also 
influences the electrical breakdown, the energy distribution of the emitted particles, the view factor between the source 
and the opposing electrode, the leakage current between the electrodes, the gas type and pressure in the inter-electrode 
gap.
The main energy losses mechanisms are: self-absorption, secondary-emission, back-scattering, ionization, ambient- 
leakage, geometric-view-factor, electric-field and interaction with matter.
This paper introduces the design, development and testing of a versatile experimental device for characterization of a 
direct charge P-radiation conversion by the measurements of charges, high electric potentials and currents at different 
gaps between the electrodes. A 63Ni radioisotope with an activity of 15mCi that produces a 20pA current was selected as 
the radiation source. The device is unique in its design, having ultra-low leakage current, and a unique load circuit. 
Preliminary results of a few tests are presented to demonstrate energy harvesting by the device and its capabilities.

EXPERIMENTAL SETUP AND RESULTS
The experimental apparatus is sketched in Figure 1. The entire experiment is carried out inside a vacuum chamber. The 
vacuum is established by a diffusion pump and a rotary pump to a base pressure of less than 1X10-4 torr. The apparatus 
comprises of a variable parallel-plates capacitor formed by the metal plate upon which the radioactive layer is deposited 
and an aluminum collector plate whose electric potential is measured with an electrostatic non-contact voltmeter(11). The 
radioactive material installed on a Teflon mobile linear actuator. The vacuum gap between the capacitor plates is 
determined according to the source position. A Faraday shield is installed around the apparatus in order to reduce 
electrical noise. The charges were measured by Keithley 610B electrometer. The instruments were connected to the 
components in the vacuum chamber through a hermetic electrical feed-through.
The electric circuit is controlled with a switch made out of a Teflon rod which is connected to an electric motor. This high 
insulation switch has two positions (at the left side of Figure 1). In the first position the foil is in contact with the 
aluminum collector and the capacitor is charged via an external power source or discharged to an electrometer for charge 
measurements. The second position is for the energy harvesting process.
The leakage current from the capacitor was tested by charging it to an electric potential of 3kV and maintaining the 
collector plate insulated for 7 days. By discharging the capacitor to the electrometer at the end of this period it is found 
that the resistance of the electrical insulation is in the order of 1017 Ohms. This corresponds to a leakage current of 0.03pA 
at 3kV.
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Figure 1. Schematic description of the measurement principle.
In order to determine the capacitance of the capacitor, it was charged to a few electric potentials at different gaps. Next, 
the charge was measured by discharging it to the electrometer. In these measurements a metal cuboid plate whose 
dimensions are identical to those of the radioisotope source was used as the positive electrode. Based on these results 
the capacitance of the capacitor was calculated for each gap as is shown in Figure 2a. The experimental correlation for the 
capacitance is in agreement with corresponding analytical predictions.
A load circuit is also shown at the left side of Figure 1. It is designed to enable measurements of extremely small charges 
(in the range of pico-Coulomb). It is made out of a metal ball mounted at the tip of a Teflon arm. At the other end the 
Teflon arm is connected to an electric motor. The motor rotates the arm such that when its tip reaches the highest point 
the ball touches the collector. At this stage the charge that flows from the plate is accumulated on the ball. When the tip 
of the arm reaches its lowest point it discharge the accumulated charge. This can be collected to a sensitive electrometer. 
The angular frequency of the motor controls the discharge rate of the collector. The capacitance of the ball was calculated

Figure 2. (a) Calculated capacitance as a function of the gap. (b) Load circuit, charge per round versus input potential 
difference.

Figure 3: The attained of stable potential difference after charging, using the load circuit.
Subsequent measurements were carried out with the 63Ni p-radiation source. The electric potential between the capacitor 
plates was measured at 2, 4, 8 and 16 mm gaps. Curves of the potential versus the charge time are shown in Figure 3. The 
maximal electric potential attained during these experiments was 3.3kV, 30 min after the beginning of the test. The curves
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for the charging process are almost linear until the activation of the load circuit. If the load circuit is halted, the potential 
difference continues to increase. The rate at which the electric potential rises depends on the gap.
Assuming a fixed flux of particles from the source, at large gaps the electric potential increases with the gap as expected 
(the capacitance is lower). However, at a 16 mm gap the effect of the view factor becomes important and we observe a 
decrease in the rate at which the electric potential rises.

CONCLUSION
A successful device for energy harvesting of a 63Ni p-current source by direct charge accumulation was constructed and 
tested. The device provides: an ability to control the gap between the source and the collector, a non-contact 
measurement of the electric potential between the electrodes, a versatile measurement of the charge leaving the source 
and the charge accumulated on the collector, a load circuit and the ability to calibrated the system by an external high 
voltage DC power supply. Tests with the external power supply demonstrated an extremely low leakage current that 
enables energy harvesting from a weak P-radiation source in the order of pA. The high electrical insulation was attained 
thanks to a strict design involving Teflon tubes that support the collector.
The experimentally determined correlation for the capacitance of the variable parallel-plates capacitor was verified 
against corresponding analytical predictions. In turn, the stored energy in the radioactive capacitor can be calculated from 
measurements of the electric potential between the capacitor plates.
The results of a few preliminary tests with a radioactive source and the load circuit are also shown up to a level of 3kV in 
order to verify the proper functionality of the load circuit. This device will be used for conducting a parametric study and 
to characterize the optimal configurations for maximal efficiency and for maximal volumetric power-density.
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Comparison of Various Techniques in Craniospinal Irradiation

Ella Kuptsov, Shahar Daniel 
Oncology, Rambam Health Care Campus, Israel

Introduction Craniospinal irradiation (CSI) is a method of treating various central nervous system malignancies. The large 
target volume typically includes entire spinal cord and whole brain. Traditional treatment technique includes two opposed 
lateral fields for the brain and one posterior field for the spine. The dose distribution of this technique is relatively poor 
with heterogonous dose distribution around the spine, exposure of organs at risk (OAR) along symmetry line of the body 
to high doses and lack of dose conformity around the brain.
The purpose of this work was to compare the traditional technique to various advanced techniques aimed on reducing the 
long term toxicity while maintaining homogenous dose distribution to the target volume in children.
Computed tomography (CT) scan sets of two patients (age six and fifteen) previously treated to the total neuro-axis were 
chosen. The patients were scanned in the supine position and immobilized using thermoplastic head musk. The planning 
target volume (PTV) of total neuro-axis was defined and delineated as the whole brain and spinal canal with 5mm margin. 
Delineation of OAR was also performed.
Five treatment plans were created using Monaco 5.0 TPS (Elekta) for each of the patients including: traditional technique, 
modified 3D technique, intensity modulated radiation therapy (IMRT) and two volumetric modulated arc therapy (VMAT). 
The prescription dose was 23.4Gy in 13 fractions and a minimum PTV coverage was defined as: 95% of the PTV is covered 
by the 95% isodose. Dose distributions of all plans were compared based on PTV homogeneity as well as OAR exposure.

Results Advanced techniques showed significant advantage in dose homogeneity in both patients. The OARs along 
symmetry line of the body could be reduced using advanced technique on the expense of other OAR such as lungs and 
kidneys. Dose to the parotid glands were lower when using IMRT and VMAT. Comparison of dose distribution between 
different advanced techniques showed insignificant differences.
Conclusion Comparison of dosimetric aspects between different techniques for CSI was performed. IMRT and VMAT were 
superior to the traditional technique in dose homogeneity to the PTV and could reduce the doses to OAR along symmetry 
line.
References
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Implementation of the IAEA TRS -398 Protocol to Check 50 kVp x-rays Calibration Beam Used in Skin Radiotherapy at 
RMC

Yanai Krutman, Yechiel Leser
Radiation Oncology-Radiotherapy Physics Unit, Rabin Medical Center-Davidoff Cancer Center, Israel

In the Davidoff Cancer Center a Contact RT - 50, Philips, The Netherlands, 50 kVp low energy x-rays beam filtered with a 
0.5 mm Al or a 1.0 mm Al filter is being applied to skin irradiation. Around 350 treatments have being performed as an 
average in the last five years. The use of this equipment as a supplement in a busy Linacs environment seems to be an 
excellent solution for small skin diseases, when comparing with a cumbersome small electron beam dosimetry procedure.

Fig-1 The skin morphology - irradiation of very superficial target
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In a previous work we made an analysis on the possibility of applying the AMIC as a reference for our monthly QA, by 
means of the ratio among the 50 kV-0.5 mm Al x-rays beam and the 50 kV-1.0 mm Al x-rays beam .(ref ISMP - 2013 
annual meeting ).
The ratio we found since 2011 is 2.31 +/- 0.03, thus a variation of 1.3 %.

Further investigation, of our model by comparison with data in the bibliography and the ratio between both energies used 
for MQA leads us to a Gy/R (Gray/Roetengen) relationship; lead to the conclusion that the ratio between both beams 
energies in terms of Q(nC) for the 05.mm Al and the 1.0 mm Al, 50kVp beams are: 488 cGy /214 cGy thus yielding 2.28 
which turns out to be very similar to 2.31h which we have being obtaining since 2011.
Thus we can conclude that, the calibration factor for the Markus Chamber for the different photon energies would be:
51 kVp, 0.5 mm Al, N(d,W) = 1.480 E 9 Gy/C, and
50 kVp, 1.0 mm Al, N(d,W) = 1.514 E 9 Gy/C
Against the original calibration of the AMIC :

• N(d,W) Co-60 PTW = 1.376 E 9 Gy/C

The IAEA TRS-398, see references, states that the quality of the primary radiation is related to its HVL, and its potential, 
U(kVp). However the accuracy of beam calibration suffers from insufficient HVL data available in the literature. We 
designed an optional set-up for measurement toward the HVL determination, based on our clinical environment.

Our results are compared with those published in the literature:
Beam data: kVp and HVL, 50 kVp, 1mm Al, HVL = 0.65 mm, dose rate at surface = 860 cGy/min, transform ratio (Gy/R) for 
a factor “f” = 35.6 Gy kg/C ~ 0.917 cGy/R, where Dose = M*N*f*Kt,p .
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Measured HVL for a 0.5 mm AL beam was found to be 0.262 mm, see the transmission curve above. See references.

Measurements set-up

Set-up in all measurements was based on the calibration size cone. It has 28 mm of diameter and a source-to-skin 
distance of 4.0 cm. The data we use is similar to that suggested by TRS-398.
Aluminum is the material used for HVL determination in the energy range of: 1 - 50 kV.
The HVL determination according the IAEA TRS-398 for low-energy x-rays is a must in order to check the beam calibration. 
The IAEA TRS - 398 for water absorbed dose, is calculated by the equation1:

D(w,q) = Mq*Nd,w,q0*kq,q0, Eq-1

Where: kq,q0 is a function of the measured HVLs

The results of HVL1 and HVL2 for both energies, 0.5 mm Al or a 1.0 mm Al filter are presented. See Fig.2

Fig -2 Caption: The results for the HVL determination for a 50 kV - 0.5 mm Al , PHY = 28 mm, at phantom surface. The 
phantom is made by Solid Water phantom slabs of 300 x 300 x 50 and 20 mm

References:
5. IAEA TRS 398 2004, revised edition; Chapter 8, and references therein.

6. Eyial Cohen - BME - Radiological Sciences, MSc, Ben Gurion University of the Negev; Clinical Experience - project, 
development of beam data report for the 50 kVp, 0.5 mm Al filter in 2004.

7. Omar Mahajnah - Applied Medical Physics - College of Samaria and Judea Final Project - comparison of the 
Advanced Markus parallel - plane ion (AMPPIC) chamber with the NE2532/3 parallel - plane ion chamber for 
quality assurance - 2010 - 2012.

8.
Yechiel Leser and Yanai Krutman - implementation of the AMPPIC for Monthly QA - 2011 - 2016 (present 
project).

268



135

Prospective Trial Evaluating Continuous Positive Airway Pressure (CPAP) on Tumor and Organ Motion and Dose during 
Stereotactic Body Radiation Therapy

Noam Weizman1,2, Jeffery Goldstein1, Dror Alezra1, Itzhak Orion2, Yaacov R. Lawrence1, Sarit Appel1,
Efrat Landau1, Merav Ben-David1, Tanya Rabin1, Maoz Benayun1, Sergey Dubinski1, Hili Gnessin1, Michael 

J. Segel1, Nir Peled3, Zvi Symon1 
1Radiation Oncology, Chaim Sheba Medical Center, Israel 

2Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel 
3Thoracic Cancer Unit, Davidoff Cancer Center, Rabin Medical Center, Israel

Medical Physics 2 (Thursday, April 14, 2016 16:00)

INTRODUCTION
Management of Respiratory is one of the main challenges in the field of radiotherapy. Reducing tumor and organ motion 
improves accuracy of radiation delivery to
the tumor site and reduce the exposure of normal tissue to radiation. Although several of options are available to manage 
tumor motion, a standard or best solution for all patients or clinical situations does not yet exist )1,2,3).At Sheba medical 
center we have described and continuing to investigate the use of CPAP as a motion management technique(4) We 
observed that in addition to reducing tumor motion the use of CPAP also reduces motion and stabilizes other organs in 
the chest cavity.
Continuous Positive Airway Pressure (CPAP) has long been used in patients with obstructive sleep apnea to maintain 
airway patency. There are no reports describing CPAP use with radiation therapy. We performed a prospective clinical 
trial to determine if CPAP reduces tumor motion, expands lung volume and improves dosimetric parameters in patients 
receiving lung SBRT.

METHODS
Institutional Review Board (IRB) approval was given in December 2013. Patients with primary or metastatic lung cancer 
who received Stereotactic Body Radiation Therapy (SBRT) were reviewed. Tumor motion was assessed by comparison of 
the Internal Target Volume (ITV). Volumetric and dosimetric parameters were compared using a Wilcoxon signed rank 
test, CPAP was utilized during treatment if judged beneficial. After signing an inform consent patients were instructed in 
the use of CPAP. Patients used CPAP for one hour at pressure of 15 cm of water prior to simulation and treatment. 
Patients underwent CT scanning with and without CPAP using 3D and 4D techniques. Varian Treatment Planning System 

(TPS) and contoured according to Radiation Therapy Oncology Group (RTOG) guidelines. All contouring was done by one 
physician J.G.

RESULTS
Results: CPAP was tolerated well in 10 out of 11 patients enrolled. Ten patients with 18 lesions CPAP was tolerated well in 
10 out of 11 patients enrolled. Ten patients with 18 lesions were evaluated. The use of CPAP significantly decreased the 
amplitude of tumor motion with a mean ITV reduction of 27%% (95% CI: 16%-37%, p<0.001). Lung volume was increased 
by 32% (95% CI: 21%-42%, p<0.001), contributing to a 22%reduction (95%CI 13%-32%, p<0.001) in mean lung dose. The 
use of CPAP was also associated with a reduction in mean heart dose of 29% (95%CI 23%-36%, p<0.001). Ten patients 
(91%) were treated and completed all fractions using CPAP without acute complications. One patient had grade II 
pneumonitis.

CONCLUSIONS
CPAP significantly reduced lung tumor motion compared with FB. The smaller ITV, Planning Target Volume (PTV) and the 
increase in total lung volume associated with CPAP contributed to a reduction in lung and heart dose. CPAP was well 
tolerated, reproducible and simple to implement both in simulation and in treatment room and is now evaluated further 
as a novel strategy for motion management in radiation therapy.
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INTRODUCTION
Patients diagnosed with breast cancer are commonly treated with radiotherapy, as one of the possible modalities.
External beam radiotherapy ( EBRT) for the whole breast(WBRT), following breast conserving surgery has been the 
standard technique for many years.
However, especially in elderly patients, the advantages of WBRT have been questioned. Due to the fact that more than 
85% of all recurrences in breast cancer occur within the primary tumor bed, elderly low risk patients can be sufficiently 
treated with accelerated partial breast irradiation (APBI), instead of WBRT .
The aim of the APBI is to decrease the volume of irradiated breast ,whilst increasing the dose per fraction ( hypo 
fractionation).A number of different techniques can be used for APBI, including LINAC-based intensity modulated 
radiation therapy , interstitial brachytherapy, Mammosite and Intraoperative Radiotherapy ( IORT).
IORT was performed first with the patient being brought into a medical LINAC bunker while sedated. With the
development of mobile RT systems, which can be taken into the operating room, the radiation oncologists can provide 
irradiation of the tumor bed immediately after surgical excision of the tumor ( and surrounding margins of tissue 
according to pathological findings in the operating room).
Mobile systems for IORT include brachytherapy units ( HDR), electron units ( MOBETRON, NOVAC-7), and photon units( 
INTRABEAM).
The INTRABEAM Radiotherapy System ( IRS), manufactured by Carl Zeiss Surgical, Germany, received both FDA and CE 
approval in1999, for any part of the body. Using the TARGeted Intraoperative radiotherapy (TARGIT) technique , 
treatment is performed in the operating room (OR), and depending on the tumor size excised, the one-time radiation 
dose can be delivered in less than an hour.
The components are:

1- a miniature electron beam -driven X-ray source which provides a point source of isotropic low energy X-Rays (50 
kVp/40 or 40 kVp/40 ^A) at the tip (Gold target) of a 10cm long 3.2mm diameter probe, an Internal Radiation 
Monitor(IRM) that measures the backscattered radiation. The XRS is controlled by a separate Control console 
(Figure 1),

2- a set of spherical applicators ( 1.5-5 .0 cm) to uniformly conform the lumpectomy cavity around the X-Ray source, 
a Surgical Carrier system for precise positioning of the X-ray source into the targeted area (Figure 2),

3- 3-a set of Quality Assurance (QA) and dosimetry tools, a special water phantom for checking the factory calibrated
X-ray source (Figure 3).
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FIGURE 1. X-Ray source and IRM

Spherical Applicators
• A set of spherical applicators to adapt for varying tumor size
• Made of polyetherimide (C37 H24O6N2)
•Size ranging from 1 5cm to 5.0cm with 5mm increment
• Reusable up to 100 sterilization cycles, biocompatible and 
radiation resistant
• can be steam sterilized

Intrabeam Surgical Carrier Sy
• 6 degrees of freedom [
• Weight compensation I
• Magnetic brakes j
• Easy, flexible and precise probe placement in the treatment area.

Figure 2. Spherical Applicators and carrier system

Intrabeam cart
•To store all treatment and QA compoenents 
•Easy transportation to/from OR room 
•QA check can be performed on the cart 

•To avoid schedule OR room for the QA.

Figure 3. Intrabeam Cart with the computer and control system and the QA tools 
The international multicenter TARGIT-A randomized controlled trial ( 1) was carried out ( 33 centers in 11 countries 
,between March 2000 to June 2012), to compare the one single dose TARGIT technique and conventional fractionated 
dose( 5-6 weeks) EBRT in women with breast cancer carefully selected to satisfy the trial protocol. IORT is given as a 
single dose of 20Gy at the surface of the applicator, delivered directly to the tumor bed ,after the tumor excision in the 
OR. A total of 3,451 patients were randomized. The 5-year risk for local recurrence had much the same results as EBRT. 
The equipment used for the TARGIT A trial was the Intrabeam Radiotherapy System (IRS).
At present, the IRS was installed in 7 medical centers in Israel. 0lt was installed at the Meir Medical Center in February 
2014, and the first patient was treated in 27/02/2014. A total of 60 patients were treated till December 2015.
We present our QA protocol, based on the European TARGIT-Zeiss recommendations, with special emphasis on the 
maximum allowed deviation from the factory calibrated x-ray source, established by the manufacturer as ±7.8%,as 
compared with the TARGIT -US Phase IV clinical trial started on July 2014(3) which require a maximum deviation of ± 5% .

RESULTS
Our QA routine program (Table 1) is based on the European TARGIT-A trial requirements(4), until national or international 
standards for electronic brachytherapy will be published ( an important step on this direction was the implementation of 
a new air -kerma standard for low-energy electronic brachytherapy sources by NIST-USA(2) ).

Table 1. Quality assurance protocol for the INTRABEAM ( action levels given in parenthesis)
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Frequency Test/procedure Tolerance

Before each use Isotropy and IRMa (PDA) ±5%
Output3 (PAICH) ±3%

Monthly Date and time3 ±5 min
Temperature3 ±1 °C
Pressure51 ±2 mbar
Alignment3 (Pmbe adjuster) 0.1 mm (0.2 mm)
Steering3 (Dynamic offsets) 0.1 mm
Isotropy and IRMa (PDA) ±5%
Output3 (PAICH) ±3%

Six monthly Environmental dose surveyb according to local legislation
Chamber constancy check ±1%

Annually or after service or source calibration (Al! monthly checks and confirm configuration settings) 
Steering3 (Deflection) N/A
Linearity3 ±3%
Output—chamber in water or solid water* ±5% (10%)
Isotropy—chamber or TLDs in water0 ±5% (10%)
Depth dose—chamber or film in water* ±5% (10%)

Biennially or after chamber calibration Chamber intercomparison—superficial unit ±0.5%

1 Internal system check.
bProviding the same OR and layout is used for each procedure. 
cOne applicator size only.

Only the isotropy and output checks are performed before each treatment and the combination with the operator 
interface of the control console allow complete monitoring of critical treatment parameters during the treatment.
When performing the independent verification of the Zeiss factory bare X-ray source( XRS) calibration, after the annual 
factory recalibration of the XRS, we found a deviation of 13%, considerably higher than allowed. After consulting the 
manufacturer, the only way suggested by them to solve the problem, was to replace the PTW parallel plate ion chamber, 
until one of them produced passing results. This is of course not a desirable solution, as all the PTW chambers were found 
to be well calibrated and in good measuring conditions. The situation is getting more complicated with the launching of 
the TARGIT-US clinical trial, which requires a maximum deviation of +/- 5% .Ongoing discussions are being held to solve 
this issue.
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CONCLUSION
The new innovative INTRABEAM RT system was described, and is already clinically available in several Israeli medical 
centers, modelled on the TARGIT protocol. The contradiction between the required precision between USA and Europe
TARGIT's is under discussion.
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Dosimetry Investigation of an Applicator System for Intraoperative Radiation Therapy by Monte Carlo Simulations

Alex Nevelsky1, Egor Borzov1, Raquel Bar-Deroma1, Itzhak Orion2
1Oncology, Rambam Health Care Campus, Israel 

2Nuclear Engineering, Ben Gurion University of the Negev, Israel

Introduction Design and dosimetry characteristics of a commercial applicator system for intraoperative radiation therapy 
(IORT) utilizing ELEKTA Precise accelerator have been previously reported. The system is geometrically more complex than 
the standard electron applicators used for external beam therapy. Moreover, the geometry is different from the reference 
conditions used in various dosimetry protocols. The first purpose of this work was to validate the measured dosimetry 
data by Monte Carlo (MC) simulations. The second purpose was to validate the EGS5 code for the simulation of electron 
beams from an Elekta Precise linac. Detailed information on all components of the Elekta Precise linac head was provided 
by the vendor. This information was used to build the head models for the 6 MeV, 9 MeV and 12 MeV electron beams.
The EGSnrc code package (which includes BEAMnrc and DOSXYZnrc codes) was used for MC simulation. BEAMnrc is an 
extensively validated code which can be regarded as a benchmark for MC simulations. The incident electron beam 
parameters (energy spectrum, FWHM) were adjusted to match the measured data (depth doses and profiles) at SSD=100 
cm for 14x14 standard electron applicator. EGS5 is a general purpose MC code currently developed at KEK (Japan). EGS5 is 
based on the well-known EGS4 code and contains some important improvements. In EGS5 code, the complex head 
geometry is described using combinatorial geometry and can be visualized using CGVIEW graphical interface. Depth dose 
profiles and lateral dose profiles at the depth of dose maximum were obtained the 6 MeV, 9 MeV and 12 MeV electron 
beams for the standard 14x14 electron applicator using both codes.MC transport parameters and the incident electron 
beam parameters used in EGS5 simulations were selected to be the same as those used in BEAMnrc simulations. The 
results of the simulations were compared to the in-water dose measurements which were performed in the IBA water 
phantom.
An IORT hard-docking commercial system (Arplay Medical) includes PMMA cones with different diameters and a set of 
secondary lead collimators. The telescopic device allows changing of source to surface distance (SSD). The inner diameters 
of the available cones are 40, 50, 60 and 80 mm. 6, 9 and 12 MeV beams from Elekta Precise linac are used for IORT 
treatments. The EGSnrc code package was used for MC simulation of the IORT system. Using the incident electron beam 
parameters defined for a 14x14 applicator by matching calculated and measured data, IORT simulations were performed 
for all combinations of IORT cone diameters and beam energies. BEAMnrc code was used to generate the phase-space file 
in a plane at the IORT cone end. This file was used in DOSXYZnrc code to calculate PDDs, profiles and output in a water 
phantom at SSD= 100 cm for each combination of cone diameter and beam energy. MC calculations were compared with 
the available set of measurements used in clinical practice.
Dosimetric properties of the IORT system were investigated using MC simulations. Angular and spectral distributions of 
electron beams at different levels of the IORT system were analyzed. Optimal design of the IORT system was investigated.

Results Agreement between calculation results for EGS5 and BEAMnrc codes was within 1%/1mm. EGS5 can therefore be 
used for full linac modelling for medical physics applications. Unlike BEAMnrc which requires an additional code 
(DOSXYZnrc) for dose calculations in phantoms, the EGS5 code has an advantage of being capable of dose distribution 
simulations in a phantom in one run. The disadvantages of using the EGS5 code include long simulation times compared 
to EGSnrc-based codes and the lack of developed graphic user interface. Introduction of the CGVIEW software made the 
task of geometry description in EGS5 much easier, however additional efforts should be invested in this field.
IORT system simulation showed that for all combinations of energy and cone diameter, the calculated PDDs were within 
2%/1 mm agreement with the measurements and calculated profiles were within 3%/1 mm agreement with the 
measurements. Calculated output factors were within 3% agreement with the measurements. Thus the measured 
dosimetry data used for IORT clinical calculations were successfully validated by MC simulations. These results also
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indicate that MC simulations can complement and/or replace extensive experimental measurements needed for the 
commissioning of IORT techniques.
A better understanding of the electron beam characteristics for our IORT system has been obtained. It was also shown 
that differences between the spectra for IORT and for the reference field exist but are not as large as reported in 
literature for other IORT system designs. Hence, relative dose distributions obtained from ionization chamber 
measurements according to the dosimetry protocols are in good agreement with the MC calculations.
As the mean electron energy is similar between the IORT and the reference field, the mean energy difference will affect 
the water-to-air stopping power ratio by less than 0.1%. Output factors determined with the ion chamber are also in good 
agreement with those predicted by MC simulations.
No difference in spectrum and angular distribution between the IORT cones of different diameters was observed. This fact 
explains why there was almost no difference in PDDs between the cones, for the same beam energy.
Regarding dose uniformity, it was shown that a brass ring placed inside the IORT cone helped to obtain a uniform 
superficial dose distribution. The original lead filter opening does not allow getting the best uniformity for the superficial 
dose distribution, however it reduces the amount of dose leakage through the cone wall which originates in the brass 
ring.
Conclusions EGS5 code and the CGVIEW graphical interface allow accurate modelling of electron beams from a medical 
linear accelerator. Additional improvements in the user interface and calculation efficiency are needed. The measured 
dosimetry data used for IORT calculations have been validated by MC simulations. Better understanding of dosimtric 
properties of the IORT system was obtained. This work proves that MC simulations can serve as a useful tool for design 
improvements of an IORT system.
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Monte Carlo Modelling of Elekta Agility MLC and Steretactic Cones

Alex Nevelsky, Egor Borzov, Shahar Daniel, Raquel Bar-Deroma 
Oncology, Rambam Health Care Campus, Israel

Introduction The objective of this work was to create an accurate Monte Carlo model of Elekta VersaHD linac for 6MV and 
6MV FFF beams and to apply it for MC simulation of the stereotactic cones. The BEAMnrc code was used to create 
detailed models of the linac head for the 6MV and 6MV FFF beams based on the manufacturer data supplied by Elekta. 
MC simulation with the BEAMnrc code generated the phase-space file which was used in the DOSXYZnrc code to calculate 
PDDs, profiles and output factors in a water phantom. Results from the simulations were compared against 
measurements performed in water phantom with PTW SemiFlex ion chamber and Scanditronix stereotactic diode. Field 
sizes from 1x1 cm to 20x20 cm were considered. The following parameters of the MLC and of the incident electron beam 
were determined: leaf bank rotation (LBROT) angle, leaf spacing at isocenter, the incident beam spectrum, width and 
angular divergence. The incident beam spectrum was defined by matching PDDs, the beam width was determined by 
matching the penumbra in both (in-plane and cross-plane) directions. The angular spread was adjusted by matching the 
profiles of 20x20cm2 field. LBROT angle and leaf spacing were obtained by matching the interleaf measured and 
calculated values. This model was employed for MC simulation of stereotactic cones with nominal diameters of 5 mm, 7.5 
mm, 10 mm, 12.5 mm and 15 mm. PDDs, lateral profiles and output factors were calculated and compared with the 
measured data. Spectral distribution and angular distribution changes were analyzed. Sensitivity of output factors on the 
cone diameter variations was investigated.
Results For 6MV beam, the mean energy and FWHM of the incident electron beam were 6.5MeV and 0.5MeV
respectively. For the beam width, FWHM in the in-plane direction was 0.15cm and in the cross-plane direction 0.25cm.
For 6MV FFF beam the mean energy and FWHM of the incident electron beam were 7.4MeV and 0.5MeV. FWHM in the 
in-plane direction was 0.10cm and in the cross-plane direction 0.20cm. The mean angular spread was 1.1 degree for both 
beams. LBROT angle was 0.01radian. The leaf spacing at isocenter was 0.5cm. Calculated and measured PDDs for all field 
sizes agreed within 1%/1mm. Lateral profiles in both directions agreed within 2%/1mm for all field sizes. Output factors 
agreed within 3%. For the stereotactic cones, calculated and measured PDDs and lateral profiles for all cone diameters 
agreed within 1%/1mm. Output factors agreed within 3% except for the 5 mm cone where the difference was 4%. Output 
factor values are very sensitive to the cone diameter variation; this sensitivity increases with the decrease in the cone 
diameter.
Conclusions An accurate MC model for the VersaHD linac was created to be used with the BEAMnrc code. This model will 
be employed for modeling of stereotactic cones and validation of the measured data.
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Perturbation Effects of the Carbon Fiber-PEEK Screws on Radiotherapy dose Distribution

Alex Nevelsky, Egor Borzov, Shahar Daniel, Raquel Bar-Deroma 
Oncology, Rambam Health Care Campus, Israel

Introduction Radiation therapy in conjunction with surgical implant fixation is a common combined treatment in case of 
bone metastases. However, metal implants generally used in orthopedic implants perturb radiation dose distributions. 
Carbon-Fiber Reinforced (CFR) PEEK material has been recently introduced for production of intramedullary screws and 
plates. In this work, we investigated the perturbation effects of stainless steel, titanium and carbon fiber screws on 
radiotherapy dose distributions by means of Monte Carlo (MC) simulations for a 6 MV photon beam. The EGSnrc code 
package was used for the MC simulation of a 6 MV beam from the Elekta Precise linac. Stainless steel, titanium and 
carbon fiber plates of 1, 3, and 6 mm thickness were used for attenuation and backscatter measurements at SSD=100cm 
and 10x10field. For the same setup, MC dose calculations were performed. Comparison of measured and calculated doses 
was performed in order to verify the validity of the MC simulation results. Next, dose calculations for metal and CFR- PEEK 
screws (manufactured by Carbo-Fix Orthopedics LTD, Israel) were performed. The screw axis was either parallel or 
perpendicular to the beam axis. Dose perturbation was assessed for both situations.

Results For the plates, the results of our Monte Carlo calculations for all materials were found to be in good agreement 
with the measurements. This indicates that the MC model can be used for calculation of dose perturbation effects caused 
by the screws. The dose at the entrance surface of the plates was increased (the effect of backscatter) by 22% for stainless 
steel, 18% for titanium and less than 1% for CFR- PEEK. There was only minor dependence (less than 1%) on the thickness 
of the plate. For the same plates, the dose at the exit surface was reduced by 10, 13 and 17% for steel and by 8, 10 and 
13% for titanium for the thickness of 1, 3 and 6mm correspondingly. For the CFR-PEEK plates, the dose was increased by 
less than 2%. For the CFR-PEEK screws, the dose perturbation was less than 5% compared to more than 30% perturbation 
for the metal screws.

Conclusion CFR-PEEK implants have good prospect for use in radiotherapy because of less dose alteration and possibility 
of more accurate treatment planning. This could favorably influence treatment efficiency and decrease possible over- and 
underdose of adjacent tissue. The use of such implants has potential clinical advantage in the treatment of neoplastic 
bone disease.
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IAEA MTR Benchmark Static Calculations Using Serpent and DYN3D Codes
Marat Margulis, Erez Gilad

Nuclear Engineering, Ben Gurion University of the Negev, Israel

INTRODUCTION
The main goal of this work is to evaluate the Serpent code(1) capabilities as a physics lattice code for MTR plate-type 
fuel assemblies and the DYN3D nodal code(2) capabilities in modelling full MTR cores. The calculation scheme 
utilizes the Serpent code for unit cell and burnup calculations, including few group cross sections and assembly 
discontinuity factors generation, as well as for reference full core calculations. The obtained few group constants are 
then used by the nodal code DYN3D for full three-dimensional core calculations. The current study consists of 3D 
Monte Carlo and deterministic nodal diffusion calculations, which are compared with the results in Appendix F of 
IAEA-TECDOC-233(3) and with WIMSD4, MCNP5 and OpenMC codes(4,5).
This article reports on the first stage in the development of a transient thermal-hydraulic system code for research 
reactor accidents analysis - THERMO-T, which eventually will interface with DYN3D on the core boundaries and use 
its three-dimensional multi-group nodal diffusion neutron flux solver(6).

BENCHMARK PROBLEM
In this paper both highly enriched (HEU) and low enriched (LEU) uranium cores are considered for beginning of life 
(BOL) and end of life (EOL) configurations. The detailed description is given IAEA-TECDOC-233(3) .The core grid size is 
6x7, containing 21 fuel elements, 4 control elements and a central flux trap. The core is surrounded by a radial 
reflector made of graphite and water and a 15 cm of axial reflector made of mixture of Al-H2O. The active core 
height is 60 cm, making the total core height 90 cm. The core is considered operating at a constant coolant and fuel 
temperatures set to 20oC and pressure of 1.7 bar. The core power is set to 10 MWth.
The benchmark specifies 3 energy groups - fast group (En > 5.531 keV), epithermal group (0.625 eV < En < 5.531 
keV) and thermal group (0.625 eV > En). A total of six core configurations were considered at different burnup stages 
- FRESH, BOL and EOL (see Figure 1). The Serpent calculations were carried out with 20 inactive and 200 active 
cycles, with 150,000 neutron histories in each cycle.
The Serpent code was also utilized to generate few group cross sections and assembly discontinuity factors (ADFs) to 
be supplied in to DYN3D for full core calculations. For this purpose, two energy groups were selected, with 0.625 eV 
as a boundary between them. The few group constant generation procedure is straight forward, i.e. simulation of a 
fuel element with reflective boundary conditions. However, the treatment of ADFs for non-fuel elements (reflectors) 
is not embedded in Serpent. Therefore, a special procedure was implemented outside Serpent for the ADFs 
generation for reflector region(7), which requires the knowledge of the heterogeneous flux and the in and out 
currents on the boundary between the fuel and the reflector obtained from Serpent. Then the DFs are calculated 
according to the ratio DFg =
RESULTS
The burnup capabilities of Serpent were examined using an effective unit cell. The burnup results were compared to 
the benchmark results of Argon National Laboratory (ANL), which were carried out with EPRI-CELL code, and WIMS- 
D4(4). The corresponding infinite multiplication factors are summarized and compared in Table I. The Serpent 
results are in good agreement with WIMS-4 and the benchmark results. It should be stated that no significant 
deviation from the benchmark results was found for 235U, 236U, 238U and 239Pu. However, deviation of the atom 
densities of 135Xe and 149Sm were found and can be explained by the different neutron data libraries that were 
used. i.e. differences in cross sections fission yield values, decay constant, and decay chains accounted for in the 
different codes.
The effective multiplication factor keff obtained by different codes in the benchmark problem and the calculated 
values by Serpent and DYN3D, using 2-group cross sections and ADFs generated by Serpent, are presented in Table II.



Obviously, the results vary depending on the codes and neutron data libraries. Specifically, the results of Serpent and 
DYN3D for the FRESH core configuration are in a good agreement with MCNP5 and OpenMC.
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Figure 2. Core fuel element 235U burnup distribution (top-BOL, bottom-EOL).

TABLE I. Serpent according to the 235U burnup for HEU and LEU
Burnup

(%)
HEU (93%) LEU (20%

Benchmark
(ANL) WIMS-4D Serpent Benchmark

(ANL) WIMS-4D Serpent
0 1.73698 1.735448 1.75230±5.2E-5 1.65475 1.652070 1.66245±8.8E-5
5 1.63697 1.637512 1.65359±5.1E-5 1.56410 1.563171 1.57233±9.0E-5
10 1.61653 1.615755 1.63240±5.6E-5 1.54447 1.542582 1.55189±9.2E-5
25 1.54853 1.546186 1.56322±6.2E-5 1.47972 1.477211 1.48531±9.4E-5
30 1.52227 1.519024 1.53645±6.3E-5 1.45544 1.452372 1.46020±9.8E-5
45 1.42692 1.424007 1.44056±7.4E-5 1.37191 1.370568 1.37572±1.1E-4
50 1.38761 1.384741 1.39982±7.9E-5 1.33935 1.338147 1.34265±1.2E-4

Normalized power distributions calculated by Serpent for both HEU and LEU at BOL and EOL are shown in FIG.6. As
expected, the results are highly symmetric and show good agreement with the results obtained with MCNP5 and 
OpenMC. The deviations (in %) of the normalized power distribution calculated by OpenMC and MCNP5 with respect 
to Serpent, per each fuel element, are shown in FIG.7. The same power distributions were also calculated by DYN3D 
using the few group constants obtained by Serpent calculations. The deviations (in %) of the normalized power 
distribution calculated by DYN3D with respect to Serpent, per each fuel element, are shown in FIG.8.

Table II. Comparison of keff values obtained by different codes

Organization (code)
HEU (93%) LEU (20%)
Fresh BOL EOL Fresh BOL EOL

BGU (Serpent) 1.18310 1.02392 1.00037 1.16636 1.02003 1.00074
BGU (DYN3D-no DF) 1.18391 1.02400 1.001217 1.16707 1.02157 1.00127
Difference 1 58 pcm 102 pcm 90 pcm 52 pcm 147 pcm 57 pcm
BGU (DYN3D-with DF) 1.18333 1.024209 1.00038 1.16667 1.02000 1.00049
Difference2 16 pcm 27 pcm 1 pcm 21 pcm 3 pcm 25 pcm
UPisa (MCNP5) 1.18962 * * 1.17238 * *

PIEAS (OpenMC) 1.19382 * * 1.15494 * *

ANL (DIF2D) 1.18343 1.023233 1.00038 1.16830 1.02127 1.00142
* Data available only with xenon-free conditions
1 Difference between Serpent and DYN3D without calculation of DF for axial and radial reflectors
2 Difference between Serpent and DYN3D with calculation of DF for axial and radial reflectors 
All the error in the MC calculations were below 0.02%
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FIG. 6. Power distribution for different core configuration calculated by Serpent.

FIG. 7. Power distribution comparison between Serpent and MCNP5 (left) and OpenMC (right).

FIG. 8. Power distribution comparison between Serpent and DYN3D.
CONCLUSIONS
The Serpent and DYN3D codes were extensively validated against EPRI-CELL, WIMS-D4, MCNP5 and OpenMC codes 
in a variety of calculations as defined in the IAEA benchmark for 10 MW MTR pool-type reactor. These calculations 
include both HEU and LEU fuel compositions, unit cell calculations and few group constants generation, unit cell and
full core k-eigenvalues and burnup calculations, and full core 3D flux and power distributions.
The Serpent results for unit cell kM calculations are consistently higher with respect to EPRI-CELL and WIMS-D4 
results, with average deviations of 490 and 280 pcm for HEU and LEU, respectively. This deviation is not significant 
since the deviation between EPRI-CELL and WIMS-D4 results ranges between 50-150 pcm. The effect of the usage of 
ADFs in full core calculations is demonstrated in Table II, where the differences in keff values between DYN3D and 
Serpent drop once ADFs are used. Moreover, the results of both Serpent and DYN3D are in an excellent agreement 
with one another, and in very good agreement with the results of other Monte Carlo codes.



Finally, the capabilities of the Serpent/DYN3D code system to calculate an MTR research reactor were demonstrated 
and validated for steady state calculations. On-going and future work includes the coupling of the Serpent/DYN3D 
code system to a thermal-hydraulic system code, which is being developed at Ben-Gurion University, for the purpose 
of accidents analysis and asymmetric transient calculations in research reactors.
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This paper presents a decision support system (DSS) - the various capabilities of the system in combination with 
SCADA system. The contribution to employee safety and proper and orderly work of the process.
SCADA system has the ability to perform mathematical and logical operations of complex system in real time. 
When there is a requirement to perform complex operations on database it is recommended to use an external 
system that fit together with the SCADA system.
A possible solution is a decision support system (DSS) with SCADA system with following configuration.

Figure 1 - decision support system (DSS) together with the SCADA system 
decision support system (DSS) does not replace SCADA system but to integrate with complement the knowledge 
needed to work in process, decision support system help deal with unstructured situations or semi-structured.
This system will be able to perform extensive analyses and working with database and thus will recommend different 
decision - making.
Administrative work requiring urgent on various issues frequently under pressure time constraint.
The system expands the information operator leading to uniformity in the engineers and technicians in the process. 
Thus creates homogeneity in the operator's engineer to events on the ground.
Serval additional applications for decision support system (DSS) :

• Decision support system (DSS) will be a database of information equipment in the field. The system will have 
the ability, to operate all the equipment maintenance to run the optimum energy efficiency. The system will 
be able to make intelligent equipment maintenance area.

• Decision support system (DSS), will be a major platform of various data collection and monitoring radon gas. 
Decision based on valid suffix in advance and provides troubleshooting advice in real time.

Radon monitoring array in the process including safety controllers are connected to sensors in the field. This system 
based on a communication protocol TCP/IP.
The decision support system ability monitor data collected channels from various in the field.
For example monitoring of radon gas is underground structure.
The radium in the soil or in construction materials and flange produces radon.
Radon is a noble gas without taste or smell or color.
Because it is chemically nobleman does not ride with others elements so radon enters easily through the ground and 
through the pores of the building materials and spread in the air.
Radon source is from the ground some radon atoms are always present in the air.
Every second some of them disintegration spontaneously, active radon concentration is determined as the number 
of disintegration in one cubic meter.
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When radon gas is disintegration in the air he can get into respiratory tract and lungs.
Radon is disintegration in the human body, it exposure especially alpha rays, it will cause lung cancer.
DSS system can provide a solution in a process monitoring system for many data channels collected from various 
sensors in the field. The system performs intelligent analysis of data collected from the field minimize the probability 
of injury life.
DSS system can provide many solutions of existing problems with process facilities for example:

• energy saving
• increasing production output
• reducing production costs
• diagnostics equipment
• handling poisons and prevent environmental problems.
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Introduction:
The optical excitation of F centers (an electron is trapped in the negative ion vacancy) has been investigated in a 
various alkali halides. Some of the studies have focused on the effect of the bleaching on the thermoluminescence 
(TL) characteristics of the materials while others have attempted to obtain enhanced understanding of the physics of 
F center formation during irradiation and the interaction of the F centers with other defects(1),(2). Dortner and 
Hoffman(3) experimentally investigated the F center bleaching kinetics of several alkali halides and obtained the 
result that the values of the recombination coefficient of the bleached electron with the V3 center (two holes 
trapped by two halide ions) in the various materials differ by several orders of magnitude - a somewhat unexpected 
result which indicates interaction between the V3 center and the particulars of the host lattice. Mayhugh(4,5) 
carried out both optical absorption (OA), optical bleaching at 4 eV (associated with the TL peak 5-trapping center) 
and 5 eV (F band) on LiF:Mg,Ti and suggested following TL mechanism. The electron freed from the TL peak 5 
trapping center migrates in the conduction band until its recombination with a hole at a V3 center. This 
recombination converts the 2-hole V3 center into a 1-holeVK center which is unstable at room temperature and the 
released hole migrates in the valence band, finally recombining at an unidentified “activator” with an electron which 
has tunneled from a nearby F center - thus giving rise to the TL emission. Alternate models have since been 
suggested(6) in which the complex glow peak consisting of glow peaks 4, 5a and 5 arises respectively from the h- 
only, e-h, and e-only population of a spatially correlated trapping center-luminescence center (TC/LC) complex. This 
model has been used to explain many of the ionization density dependent characteristics of these glow peaks but 
the separate OA bands supporting this interpretation have not yet been observed.
The TL mechanism in LiF:Mg,Ti is extremely complex. There are a great number of defect trapping and
recombination states in the forbidden gap leading to extremely complex glow curve and absorption spectrum. The 
role of F centers and V3/VK centers in the recombination mechanism has yet to be elucidated. In the following we 
investigate optical bleaching and OA measurements in an attempt to unravel some of the mysteries.

Analysis of OA Spectra:
Previous investigations of the OA spectrum of LiF:Mg,Ti following photon/electron irradiation have always identified 
the structure of the low energy side of the F band (5.08 eV) as a single broad band at 4.0 eV(7). A typical 
deconvoluted OA spectrum following irradiation is shown in figure 1.
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Figure1. Deconvoluted OA spectrum at a dose-level of 2500 Gy.
The poor fit to the experimental spectrum at ~ 4.45 eV has prompted various authors to include an additional band 
of unknown origin at this energy. Nail et al(8) reviewed the Im-Tstop, bleaching and dose response characteristics of 
this band and suggested that it may be due to an intrinsic defect or possibly associated with chance impurities other 
than Mg, Ti. Recent, very high dose measurements (up to 1.4 MGy)(9) indicate that the shape of the OA spectrum in 
the vicinity of 4 eV is changing as a function of dose.
This behavior demonstrates that the 4.0 eV band is composed of two bands at 3.84 eV and 4.3 eV. The ratio of the 
optical density (OD) at 4.3 eV to 3.84 eV increases from approximately 0.9 at 0.8 kGy to approximately 3 at 100 kGy 
(see figures 2a-2b).

Energy (eV)

Figure 2. Deconvoluted OA spectrum at a) 0.8 kGy and b) 100 kGy showing the 4.0 eV band as composed of two 
bands at 3.84 eV and 4.3 eV.
With this alternate interpretation there is no need to include the “4.45 eV” band in the deconvolution of the OA 
spectra and excellent fits can be obtained at all levels of dose. We, therefore, propose a different interpretation of 
the OA spectrum, i.e., that the “4.0 eV” band is composed of two bands at 3.84 eV and 4.3 eV of significantly 
different dose response (see figure 3).
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Figure 3. The dose response of the 3.84 eV and 4.3 eV bands.
The increased relative population of the 4.3 eV band with increasing dose, suggests an association of the 4.3 eV band 
with the e-h configuration and the 3.84 eV band with the e-only configuration respectively of the TC/LC pair giving 
rise to composite TL peak 5.

Analysis of Optical Bleaching.
We are currently carrying out a series of high resolution optical bleaches of irradiated LiF:Mg,Ti at photon energies 
corresponding to the major OA bands. A major motivation is an attempt to support (or negate) the above 
interpretation of the 3.84 eV and 4.3 eV bands. In addition we investigate the complex mechanisms involving F 
centers and V centers in the OA and TL mechanisms of LiF:Mg,Ti. Due to restrictions of space we present only the 
results of the F band bleach as shown in figure 4. On the contrary to expectation to observe an increase in the OD of 
the other then F center bands it can be seen that all the OA bands decrease in intensity except for the 5.45 eV band. 
The decrease of the other bands clearly indicates the strong participation of holes released in the V3 to VK 
transformation as originally suggested by Mayhugh(4). The interpretation concerning the stronger decrease in the
4.3 eV band relative to 3.84 eV band is inconclusive since both electrons and holes (from V3 centers) are released 
during the bleach and these could influence the occupation of the electron-hole or electron only configurations in a 
complex manner.

0.2
5.08

Energy (eV)

Figure 4. The effect of a 5.08 eV bleach (0.85x1015 photons per sample) on the absorption spectrum following 
irradiation to a dose-level of 2500 Gy.



Conclusions:
A new possible interpretation of the optical absorption spectrum of irradiated LiF:Mg,Ti is suggested. With this 
interpretation excellent fits to the experimental spectra can be obtained over the entire dose range. The new bands 
(3.84 eV and 4.3 eV) are suggested to arise from the e-only and the e-h trapped charge configuration of the TC/LC 
complex. However, an alternate explanation may be that they are somewhat different physical configurations of the 
TC/LC structure. Bleaching at 5.08 eV establishes the important contribution of V3 centers in the absorption and 
recombination mechanism and is not inconsistent with the presence of the 3.84 eV and 4.3 eV bands. Further 
bleaching experiments at various photon energies are expected to fully support or negate the correlation of the two 
OA bands with the charge configurations of the TC/LC structure.
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INTRODUCTION

A neutron beam containing several discrete energy lines in the range of 10-4000 eV may be produced using a 232Th 
filter in conjunction with a white neutron source. Filter materials for neutrons such as scandium, iron and silicon are 
often used in reactors when a monochromatic neutron beam is required [1]. These filtered beams are used in a 
variety of studies ranging from cross section measurements [2] to medical applications [3].
The basic idea behind the use of a neutron filter is to utilize the neutron absorption cross section in the vicinity of 
nuclear resonances. The absorption cross section as a function of energy E is given by [4]:

ct( £ ) =
4 ( E - E, )2 +r2 L

4R (£ - E,) + 4ttR

EWhich represents an interference between a Breit-Wigner resonance (of peak energy o ) and potential scattering 

given by 4ftR . where E is the neutron energy; T the full width at half maximum of the resonance; the reduced 

de-Broglie wavelength of the neutron, R the effective nuclear radius, 0 o o7 where is a spin

x, rrelated statistical factor, 0 is the reduced neutron wavelength at the resonance energy and ” is the neutron 
width. Taking as an example the 69.24 eV resonance in 232Th, the above interference relation yields an absorption 
cross section curve having a maximum of 6764 b at the peak and a minimum of ~ 4b at 67.29 eV which means a drop 
in n-absorption of a factor of ~ 1700 over a narrow E-range of 2 eV as illustrated in Figure 1. Thus 232Th can act as a 
powerful filter of a white n-beam passing energies around 67.29 eV and creating a narrow energy "window" whose 
width is ~ 3 eV. Each resonance in 232Th acts in the same fashion thus creating a multi-line neutron beam as was 
done in the case of 238U [1].

Figure 1: a) Total cross section of the 69.3 eV resonance in 232Th (left panel). b) Calculated shape of the filtered 
neutron beam after passing through a 10 cm of metallic 232Th (right panel) in the energy range 60-74 eV

In the present work, we calculated the filtered neutron spectrum after passing through 10cm of 232Th. In the 
calculations, the absorption cross sections were taken from nuclear data files (total cross sections) ENDF/B-VII [6] 
libraries and the intensity of the incident neutron spectrum was assumed to be the same at all energies (white 
spectrum). Note that the best candidates for use as good neutron filters are monoisotopic elements with an even- 
even nucleus with relatively large spacing between resonances. This result may be understood from a consideration 
of the statistical factor and from the fact that a multi-isotopic element can only degrade the quality of the filtered 
beam. In this respect the choice of 232Th as a neutron filter is one of the best which can be selected.



RESULTS

Figure 2 (top panel) represents the calculated spectrum of neutrons after passing 10cm of 232Th filter in the energy 
range: 10-4000 eV. Evidently, a multi-line neutron spectrum having narrow widths and distinct energies is obtained. 
A list of the energies of the higher intensity lines together with their half widths are given in Table 1. The bottom 
panel of Figure 2 shows the absorption cross section curve for the same energy range taken from Ref. [5]. It is 
interesting to note that, as expected from the results of Figure 1, the energy position of the peaks of the neutron 
lines coincides with the energies of the cross section minima of the bottom panel.

Figure 2: (Top panel): Calculated neutron flux after passing through 10 cm of 232Th in range 10-4000 eV. A white 
neutron beam of uniform intensity vs energy is assumed. (Bottom panel): Plot of the absorption cross section vs 
energy. Note that the peaks in the filtered n spectrum appear in the same position as the dips in THE ABSORPTION 

CROSS SECTION.

Table 1: Energy and FWHM of selected peaks
Peak Number Energy [eV] FWHM [eV] Peak Number Energy [eV] FWHM [eV]

1 67.29 2.75 11 1517 5.54

2 168.8 2.17 12 1588 2.58

3 327.7 1.45 13 1629 3.52

4 461.5 1.57 14 1971 2.14

5 673.4 2.37 15 2508 2.67

6 739.6 2.11 16 2563 1.53

7 803 3.04 17 2733 1.98

8 1009 1.43 18 3027 3.34

9 1248 1.50 19 3294 3.49

10 1397 1.97 20 3906 3.30



CONCLUSIONS

This study suggests the use of the 232Th filter as a multi-line neutron source generating a sharply defined energy 
lines in the range of 10-4000 eV, characteristic of 232Th, and hence different from that of any other filter. The results 
presented in this work can be used in applications such as precise studies of total cross section measurements at 
very well defined energies. Such multi-line neutron beams can also be used in neutron scattering measurements as 
was done in [1]. It will be interesting to study the effect of varying the temperature of the 232Th absorber on the 
widths of the resonances. Such experimental studies are best suited to carry out using an Electron Linac, such as the 
one at RPI, USA, or a spallation n-source such as that at Oak Ridge or at Rutherford Laboratory in the UK where 
white neutron sources are available with very high intensities.
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INTRODUCTION
The extensive exploration of uranium oxidation is partly driven by the pursuit for deeper understanding of the 
conditions for handling and long-term disposal of spent nuclear fuels (1,2). Recent studies by Chernia et al.(3,4) 
demonstrated that the oxide growth mechanism on the 0-uranium surface is controlled by elastic strain and by anion 
hoping towards the oxide-metal interface, which is directed preferentially along [110], due to chains of oxygen 
defects clusters along [110](5) and consequently, [110] becomes the principal growth direction of UO2 on uranium. 
During the buildup of the oxide layer, elastic strain is gradually formed due to the oxide-metal density mismatch. At a 
certain oxide thickness the developed cracks accelerate the oxidation towards a linear or para-linear time 
dependence. By means of ellipsometric measurements Lin et al.(6) found that the initial oxidation of uranium obeys 
a parabolic kinetic law with activation energy of 17.6 kcal/mol. Schweke et al.(7) utilized in-situ UV-vis reflectance 
measurements to conclude that the initial oxidation of U-0.1w%Cr, up to ~150 nm obeys an invers-logarithmic 
kinetics law with activation energy of ~21 kcal/mol. Gharagozloo and Kanouff (8) introduced a theoretical modeling 
of ionic diffusion driven by an electrostatic potential. The derived invers-logarithmic and parabolic oxide growth 
rates were found to fit well the experimental data below 200oC and oxide thickness up to ~300 nm. At higher 
thickness deviation from the model was explained by spalling of the oxide.
Ex-situ measurements usually involve cooling of the reacted sample down to room temperature, before measuring 
the oxide thickness. Due to the stress that develops across the oxide layer, such cooling triggers its exfoliation and 
therefore hinders the monitoring of its growth. To circumvent this limitation in-situ measurements are highly 
beneficial.
X-ray diffraction is a powerful tool for monitoring the oxidation of uranium. In addition to the measurement of oxide 
thickness it may reveal the various oxide phases and their crystallographic orientations. Furthermore, it may follow 
the different oxidation rates that characterize the distinctive metallic planes. In the present work in-situ X-ray 
diffraction and scanning electron microscopy (SEM) were utilized to study the oxidation of U-0.1w%Cr under oxygen 
pressures of 150 Torr and within the temperature range of 90-150oC.

EXPERIMENTAL
The apparatus used for the experiments is based on a self-modified Philips PW1158 hot stage for X-ray diffraction. 
The hot stage chamber can reach a vacuum of 1x10-6 Torr and refilled with various gases. The sample is positioned 
on a copper holder that can be heated while monitoring its temperature by a K-type thermocouple. The 
diffractometer is of a Bragg-Brentano configuration and Cu K0 radiation was used.
The U-0.1w%Cr sample was mechanically polished by 10m diamond paste, cleaned and placed into the chamber. The 
sample was heated in vacuum up to the desired temperature and then exposed to 150 Torr oxygen. Continuous 
diffraction scans were acquired during heating and gas exposure. SEM micrographs were acquired at the end of 
some of the experiments.

RESULTS
Representative XRD spectra taken during oxidation at 150oC are shown in Fig. 1. The attenuation of the metallic 
uranium lines and the developing of the oxide overlayer are clearly observed. The oxide thickness formed on the 
surface during the oxidation was evaluated from the attenuation of the metallic uranium diffraction peaks, according 
to Eq. (1). This method also allows to follow the oxidation kinetics of the different crystallographic uranium planes at 
the surface.

(1) X = -lnltx^
Where X is the oxide thickness, It is the metallic peak intensity during oxidation, 10 is the intensity of the peak before 
oxidation, 0 is the diffraction angle and 0 is the linear absorption coefficient of the radiation by the overlayer oxide 
(2761 cm-1).



Fig.1. XRD spectra taken during the oxidation at 150oC. The different crystallographic peaks of the metal and the 
oxide are denoted. The Cu peaks are originated from the sample holder.

Fig. 2 presents the oxide thicknesses vs. time, as obtained for the indicated temperatures and for the different 
crystallographic metal planes. Oxidation rates were found to strongly depend on the crystallographic orientation. 
The U(112) is the fastest while U(002) is the slowest to oxidize. We note that after an initial slow oxidation stage, 
breakaway and faster oxidation occurs. Fig. 3 presents the oxidation rates of the U (111) plane at the denoted 
temperatures. The oxidation starts with a parabolic kinetic rate and when the oxide thickens, at ~O.250m, breakaway 
and linear growth rates are observed. The activation energy were calculated for the parabolic and linear stages by 
using Arrhenius plots and yielded values of Qparabolic=17.5 kcal/mol and Qlinear=19 kcal/mol, for the initial 
parabolic and linear oxidation stages.
The oxide phase that develops during the oxidation experiments was identified as UO2. Width analysis of the oxide 
peaks, using Williamson-Hall equation can provide information about the oxide grain size and strain. From the 
Williamson-Hall plot, presented in Fig. 4, grain size of ~150 nm and strain of 0.005 were deduced. The two dominant 
growth planes of the oxide are the UO2(111) and UO2(220). Chernia et al [3] argued that the latter is the principle 
growth direction since it facilitates the migration of ions. Fig. 5 presents the ratio between UO2(111) and UO2(220) 
vs. oxide thickness. It can be seen that first UO2(111) is the preferable growth plane but during oxide thickening, 
especially at higher temperatures, the growth rate of the UO2(220) increases and both planes grow simultaneity. 
After cooling the sample, oxide exfoliation occurs. Complementary SEM analyses were performed on the partial 
exfoliated surface, as presented in Fig. 6. It can be seen that the SEM oxide thickness is in very good agreement with 
the thickness provided by the XRD calculations. Enhancement of the rate of oxidation was detected around uranium 
carbide (UC) inclusions. Lateral cracks in the oxide, due to the high stress that develops, had been observed.
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Fig. 5. UO2(111)/UO2(220) vs. oxide thickness

Fig. 2. Oxide thicknesses vs. time, as obtained for 
the indicated temperatures and for the different 
crystallographic metal planes.

Fig. 4. Williamson-Hall analysis of the 
oxide picks widths.



Fig. 6. (a) SEM micrograph from the partially exfoliated oxide, after oxidation at 120 oC, excellent
agreement was found with the XRD results. (b) Enhanced oxidation was detected around uranium 
carbide (UC) inclusions. Lateral cracks in the oxide are clearly seen.
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CONCLUSIOS
1. The oxidation of U-0.1%wCr in oxygen atmosphere starts with parabolic kinetics law. At ~ 0.250m 

oxide thickness breakaway and linear oxide growth are found.
2. The calculated activation energies for the oxide growth are Qparabolic=17.5 kcal/mol and Qlinear=19 kcal/mol.
3. The uranium crystallographic plains are oxidized at different rates. U(112) is the fastest and U(002) the slowest 

to oxidize.
4. Initially UO2(111) is the preferred growth plain. As the oxide thickens, especially at higher temperatures, 

UO2(220) growth rate increases and both planes grow simultaneously.
5. SEM reveal cracks that develop in the oxide layer due to the high stresses. Oxidation is enhanced in the vicinity 

of the UC inclusions.
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Validation of PUCHOK-LM Subchannel Thermal-Hydraulic Code as Applied to MBIR Reactor
Sergey Afonin, Dmitry Afremov, Yuri Lemekhov, Elena Orlova, Vladimir Smirnov, Valery Shishov 
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The systematized results of PUCHOK-LM code validation based on experimental data are presented. The code, 
developed at JSC NIKIET, is designed for steady-state thermal-hydraulic analisys of fast-neutron liquid-metal-cooled 
reactor fuel assamblies by subchannel method. This work considers the use of PUCHOK-LM code as applied to the 
sodium-cooled reactor .
The general structure of the code, mathematical models and closing dependencies are described in brief .
The calculation results of temperature fields agree with experimental dates for the region of maximum coolant heat
ups in a range of 12%.
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Introduction
Following a radiological event, such as a nuclear accident or a radiological terror attack, estimation of the radiation dose 
to which first responders and the public were exposed is critical. Radiation dose serves as a guideline for mass triage and 
helps decide whether to suggest medical treatment or not. In most scenarios few people, if any, will be wearing standard 
dosimeters; therefore, there is a need for the retrospective estimation of the radiation dose. Nowadays, there are various 
techniques for retrospective personal dosimetry based on biological markers (biodosimetry) [1], but they are complex, 
expensive, require a long time for sample preparation and measurement, involve an invasive procedure, and are usually 
performed far from the scene. Thus, there is a need to develop a method for retrospective biodosimetry which will be 
fast, inexpensive, reliable, non-invasive and portable.

Materials and Methods
Electron paramagnetic resonance (EPR) is a well-established method to measure free radicals and oxygen in many 
biological systems. It involves the use of high static magnetic fields and radio frequency (RF) irradiation, similar in a 
sense to MRI (magnetic resonance imaging) systems. Free radicals are known to be unstable and react fast with their 
environment. One exception is free radicals "trapped" in a matrix that are known to be stable for long periods of 
time, such as the CO- radical in hydroxyl apatite which forms the tooth outer layer (tooth enamel) with a life time of 
millions of years.
The radical formation process involves exposure of the tooth enamel to ionizing radiation, which causes 
paramagnetic defects in the matrix. Therefore, it is possible to use the EPR technique to measure and quantify the 
dose. However, while previous studies have proved the effectiveness and accuracy of EPR for this application[2] [3], 
the large size, high complexity and high cost of such systems made them unattractive for mass triage applications.

Results
In order to overcome the drawbacks of conventional EPR instrumentation, The group of the magnetic resonance lab 

of the Technion has recently developed and built a miniature EPR probehead [3]. The probehead (Fig.1) operates in 
pulsed mode at a frequency of ~11.2 GHz and supplies a static magnetic field of -400 mT for in-vivo measurement of 
paramagnetic defects in tooth enamel.

Magnet

Figure 1 - Overview of the probehead including the magnet and resonance designed to fit adult jaws structure.

The probehead was designed to enable the front incisors of the subject to be placed close to a resonator while the 
measurement procedure is carried out. Experimental results with irradiated incisor teeth validated the probehead 
sensitivity, which is able to detect signals in tooth irradiated at various doses from 2 to 30 Gy (Fig.2).
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Figure 2 -EPR Signal at different doses and noise levels measured by the probehead from the teeth samples (shown
in the frequency domain). “I” represents the integral (in arbitrary units) of the frequency domain signal over its
spectral extent [3].

Discussion & Conclusions
Even though EPR is a well-established method of retrospective dosimetry, systems used today as well as our system 
have limits regarding sensitivity and measurement time. This is especially a problem at low doses. Furthermore, even 
with high sensitivity measurements, there are inherent limitations to the current approach, which relies on the 
integral EPR signal as a measure of the dose. This parameter is considered to be heavily dependent on the tooth 
enamel volume, which is a-priori unknown.

While the current prototype shows great promise, our goal for the near future is to significantly improve its 
capabilities for a wide variety of parameters. We are therefore currently looking into different ways of analyzing the 
EPR signal. Thus, to further improve the performances without depending on the tooth volume, other signal 
characteristics and EPR techniques, such as advanced dipolar spectroscopy and relaxation times, may be more suited 
for better estimating the spin concentration in the enamel.
The first approach treats distance between spins by looking at the dipolar interaction between the spins and 
measuring the influence of one spin on another. The distance could correlate to spins concentration. When spins are 
located close together, as in the case of a large concentration of radicals, their interaction is large. Measuring the 
distance is possible in a multi-channel system by using two frequencies. This pulse technique allows us to pump spins 
(labeled B) in a corresponding frequency B and observe the change on the spins (labeled A) local field in a correlated 
frequency A. This is somewhat similar to the NMR (nuclear magnetic resonance) method to study nuclear 
interactions. The technique is called PELDOR (pulsed electron double resonance), or DEER (double electron electron 
resonance) and can be used to observe electron electron interactions [4]
A second possible approach is to look at the spin-spin relaxation time, denoted as T2, which is related to processes of 
energy exchange within the spin system and does not involve the lattice. This measurement requires two pulse 
sequences resulted in an echo, this echo decay allows for extracting T2 distribution in the matrix, the decay depends 
on spin-spin interactions and thus depends on the concentration that is correlated to the radiation dose.

It can be concluded that while EPR shows great promise as a simple and reliable tool for retrospective biodosimetry, 
much work is still required to improve its accuracy and confirm its reliability. This work involves some basic research 
of the chemical and physical characteristics of the radiation-generated defects in the enamel, as well as of the 
dosimetric characteristics of tooth enamel.
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Performance Analysis of Radiation Hazard Meters at Radio Frequencies
Nir Mordechay Yitzhak, Ronen Hareuveny, Itzhak Ben David

Radiation Safety Division, Soreq Nuclear Research Center, Israel

INTRODUCTION
In the last decades, public concerns in relation to possible health effects of exposure to electromagnetic radiation 
(EMR) at radio frequency (RF) have increased dramatically. As a result, many EMR measurements are conducted 
around different sources, mainly cellular base stations, in order to assess the exposure levels around them and 
ensure their compliance with the exposure limits. These measurements are generally conducted with commercial 
EMR meters, also known as radiation hazard meters.
The meters differ from each other by parameters such as their type, nominal frequency range response and nominal 
field intensity range(1). Most meters measure the amplitude of the electric field (EF) using RF diodes. Few of them 
measure the magnetic field (MF) using loop detectors, or the power density using special thermocouple technics. 
Since the angular response of a single detector probe is strongly dependent on the polarization and the direction of 
the impinging wave, an array of 3 orthogonal detectors is commonly used in order to achieve an isotropic response. 
Proper use of such meters necessitates annual calibration as described in IEEE Std.1309(2). It should be emphasized 
that the calibration process does not include any change in the meter itself. This work presents a preliminary analysis 
of the calibration results of approximately 150 meters that were calibrated at Soreq NRC EMR laboratory.

MATERIALS and METHODS
The calibration process is conducted by exposing the meter to be calibrated to a stable and spatially uniform 
reference RF radiation (RFR) inside an anechoic shielded chamber (Faraday cage). The reference RFR is linearly 
polarized with a well-defined frequency. The propagation direction of the wave (Poynting vector) is parallel to the 
long axis of the probe. The EF and MF reference amplitudes are determined by a reference meter that has been 
calibrated in a primary laboratory at the frequencies of the calibration process.
The result of each measurement is the calibration factor (CF), which is the ratio of the reference meter readout to 
the readout of the meter to be calibrated, both expressed in units of power density (S):

CF = Sref./Scal. = EFref./EFcal.

Each CF refers to a single set of frequency (f), amplitude and field polarization.
The calibration process of most meters can be summarized by three parameters expressed in dB, as follows: 
1. Flatness (F): maxCF(f)minCF(f)F = 10log10

2
while the field polarization is constant.

The anisotropy (A) is measured by rotating the EM field polarization in the plane perpendicular to the long axis 
of the probe by 6 steps of 60° each: maxCF(0)minCF(0)A= 5log10

3

where 0 is the rotation angle(2).
For a 3-detector probe, if one or two of the detectors is totally malfunctioning, the anisotropy will be greater 
or equal to 1 dB.

Linearity (L): maxCF(Sref.) L = 10log10------------- LZSH
0 minCF(Sref.)

while the field frequency and the polarization are constant.

RESULTS
Figures 1 and 2 present the flatness and the anisotropy of the meters versus the meter type, respectively. The 
borders of each box represent the 1st and the 3rd quartiles, the middle line represents the median, and the whiskers 
represents the 1st and 9th deciles. The number above the whisker is the number of calibration processes conducted



for each meter type. In each figure the left box refers to all meters combined. In Figure 1, only meter types that have 
been calibrated at 5 frequencies or more are included.
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Figure 2. Anisotropy of different meter types (the left box represents all meters combined).

DISCUSSION and CONCLUSIONS
As can be seen from both figures, different meter types introduce a very wide range of flatness and anisotropy.
The flatness of the meters is considerably high, with a median above 4.1 dB, namely a factor of 2.5 in response to 
different frequencies. Since the commercial meters cannot distinguish between different frequencies, a calibration 
factor is not applicable for mixed frequencies measurements(3). As a result, high errors may occur while measuring 
broadband signals.
Contrary to the poor flatness, most meters show a relatively better anisotropy, with a median of 0.37 dB (factor 1.2). 
However, some meters show an anisotropy of over 1 dB, probably due to a total malfunction of one of the detectors, 
a phenomenon which will hardly be detected without a suitable calibration.
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The Courts as Regulators: the Case of Cellular Antennas
Ronen Hareuveny1, Adi Ayal2
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2Faculty of Law, Bar Ilan University, Israel

INTRODUCTION
Placing a cellular antenna (base station) in Israel requires two kinds of permits: one defining permitted levels of 
radiofrequency (RF) radiation emissions, and the other defining building restrictions. The Ministry of Environmental 
Protection (MoE) determines the maximum permissible radiation levels, based on internal criteria which are not 
clearly defined in the governing statute. In practice, the MoE imposes standards ten times more restrictive than 
those of the International Commission on Non Ionizing Radiation Protection (ICNIRP) and most western countries [1]. 
Nonetheless, the cellular companies can build sufficient antennas even within these stringent guidelines. In addition 
to environmental permits, antennas require building permits allotted by the local municipality, according to size, 
location, etc. Of the nine thousand registered cellular antennas in Israel, about 40% are exempt from building 
permits due to their being indoor antennas or defined as “wireless access devices”.
In this paper we report our analysis of the manner in which legal proceedings were used to attack the placement or 
continued use of cellular antennas [2]. In order to do so, we mapped court decisions according to a number of 
parameters.

METHODS
Our analysis included all court decisions between 1997-2014 including the terms “radiation”, “antenna”, and 
“cellular” - and their variations. After examining and refining the results for relevance, we found 161 court decisions 
dealing with our subject matter. These were coded according to year, jurisdiction, plaintiffs, defendants, legal basis, 
and more.

RESULTS
Table 1 shows all 161 proceedings based on year and jurisdiction. We removed 16 cases not dealing with the 
placement of cellular antennas, and were left with 145 relevant results. Table 2 details the issues involved in each 
case, based on primary and secondary subject.
Analysis of the cases shows that the trigger for most lawsuits was the local municipality refusing to grant building 
permits. Most cases involve residents objecting to placement of nearby antennas, and the local building commission 
accepting their claim. Cellular companies then appeal the decision to the Regional Building Commission, and some 
cases continue to Administrative Courts.



Table 1: Court Decisions by Year and Venue

Year
Appeals

Commissio
n

Administra
tive Court Peace District Supreme Labor Total

1997 1 1
1998 1 1 2
1999 2 1 3
2000 9 1 10
2001 16 1 1 1 19
2002 2 2 1 1 6
2003 6 3 2 11
2004 4 1 1 6
2005 5 2 3 10
2006 2 5 5 1 1 14
2007 4 2 2 2 3 13
2008 3 1 5 1 1 11
2009 8 3 2 13
2010 2 1 1 1 5
2011 6 1 3 1 11
2012 11 1 1 1 14
2013 10 1 11
2014 1 1
Total 91 24 27 9 8 2 161

Table 2: Court Decisions by Subject and Venue

Subject

Main and 
Secondary 
Subjects

Main Subject

Cases Percen
t

Appea
ls

Comm
ission

Admin
istrati

ve
Court

Peace Distric
t

Supre
me

Total
Cases

Perce
nt

Residential 116 57 67 16 17 4 3 107 74
Impairing View 22 11 11 11 8

Sensitive Locations 17 8 9 6 1 1 17 12
Right to Demonstrate 15 7 1 1 1
Public Right to Know 11 5 1 1 1

Regulation of 
Wireless Devices 10 5 3 1 1 5 3

Loss of Property 
Value 8 4 3 3 2

Illegal Placement 3 1.5
Bodily Harm 1 0.5

Total 91 22 22 6 4 145 100

Herein are some major results:
1. Over 70% of court decisions are generated by the administrative venues, rather than the general court system.
2. Although in most cases the clear reason for objection is the radiation emitted from cellular antennas, these 

issues are rarely addressed directly. Instead, proceedings deal mostly with procedural issues such as the size 
and placement of the device.

3. Similarly, cases deal with the specific antenna, rather than with general issues and the principles involved.



4. Most proceedings deal with residential neighborhoods and “sensitive” locations, such as retirement homes,
hospitals, and educational facilities [Table 2].

5. Discussions in local commissions mention radiation, but do not go into the exact levels, true effect on humans, 
required coverage of cellular systems, or other scientific and technical criteria. Instead, they focus on general 
statements such as environmental harm, the lack of necessity for so many antennas (without details or criteria 
therefore), and the antennas serving non-local passersby ("NIMBY - not in my back yard"). Appeals 
commissions, on the other hand, deal with procedural and legalistic issues, that antennas conform to MoE 
requirements, so the only issue left is whether the antenna conforms to building requirements regarding size 
and placement.

6. In most cases (91) the cellular company brings suit, rather than being defendant (45) or not being involved (10 
cases).

7. Almost half of the cases were heard in one of the six legal districts (Center District).
8. Cellular companies are by and large victorious: 83% when they bring suit, and 62% when they are defendants.

Altogether, cellular companies win 76% of the time (80% when dealing with “sensitive” locations).
9. Almost none of the cases deal with the cellular telephones themselves.

CONCLUSIONS
1. Placing a cellular antenna is met with wide resistance by the public. Although no scientific evidence shows any 

clear harm to human health, citizens are willing to go through emotional and financial hardship to convince the 
state that antennas should be removed. We believe legal proceedings reflect public fear more than scientific 
truth.

2. Although cellular radiation is heavily regulated by the Ministry for Environmental Protection, most cases are 
heard by administrative venues, and deal with procedural issues dealing with building codes rather than 
radiation or the harm resulting from it.

3. We believe this stems from the law giving individuals standing with regard to procedural and administrative 
issues, rather than the substantive issues involved. Local municipalities are more sensitive to public fears, 
relative to central governmental offices. Local commissions support citizens even when these object to 
antennas conforming to the strict regulations in place - ten times more restrictive than those prevalent 
internationally. Cellular companies are thus constantly involved in “planning wars” with local authorities.

4. Although local commissions are receptive to neighbors expressing their fear, appeals are won by cellular 
companies. Concerned citizens thus win initially, only to meet defeat and disappointment later on. Although 
resistance to antennas rarely succeeds, legal proceedings on the matter are prevalent and continue to be so 
over time. The law thus operates more as a symbolic right to be heard, rather than an operative method of 
affecting reality.

5. The wide resistance to cellular antennas reflects the NIMBY phenomenon, whereby citizens agree to cellular 
technology, as long as antennas are not placed nearby. Moreover, even those attacking the placement of 
antennas are likely users of the system, i.e. use cellular telephony themselves. The large antennas create 
widespread resistance, while the small handheld devices are used regularly. The law thus reflects a reality 
whereby complaining is easy, but doing is harder, and requiring others to correct is prevalent - even when self
help is not employed.

6. Our research shows other issues worth investigation. One of them is the mapping of civil activity against cellular 
antennas, including the shaming of individuals renting their apartments to cellular companies, as well as violent 
action such as burning antennas and attacking cellular employees. We also believe international comparative
analysis is warranted, to investigate the reasons Israel's legal and social infrastructure generates these results.
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Small Modular Reactors and Generation IV Nuclear Reactors: Prospects for Integration within Modern Electric 
Systems 

Barak Tavron
Seismical and Engineering Applications, Israel Electric Corporation, Israel

In recent years, electricity systems undergo rapid changes in their generation, transmission and distribution sections. 
The massive introduction of intermittent renewable energy sources imposes requirements for flexible operation of 
current generation and transmission systems. Lower voltage private electricity producers demand alternative 
operation of the distribution systems. New developments of smart grids and energy storage technologies are also 
expected to be integrated into the electricity systems in the mid-term period.

Small modular reactors (SMR) belong to mainly evolutionary LWR technologies with enhanced safety, security and 
economic features. An SMR unit sizes (up to 300MWe), fits well to the range of existing oil, coal and gas unit sizes 
and present the environmentally suitable candidate for replacing old polluting and CO2 emitting plants. SMR unit 
sizes and their enhanced load following capabilities may match well future electricity system requirements.

Generation IV Nuclear Reactors are "revolutionary" systems which are designed to meet very high safety, security 
and economic standards. These systems are expected to be deployed after 2030's.

We intend to present a review of several promising SMR and Generation IV technologies while assessing their 
suitability to the requirements of the modern electrical systems.
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DNA Topoisomerase-IB Inhibition due to Exposure to Gamma Radiation 
Rotem Daudee1, Rafi Gonen1, Itzhak Orion2, Ester Priel3 
1Safety Division, Nuclear Research Center Negev, Israel

2Unit of Nuclear Engineering, Ben-Gurion University of the Negev, Israel 
3Shraga Segal Department of Microbiology, Immunology and Genetics; School of Pharmacy, Ben- 

Gurion University of the Negev, Israel

INTRODUCTION
In events such as radiological terrorism, accidents involving radioactive materials and occupational exposures, there 
is a great need to identify exposures to relatively low radiation levels. In many situations, the evaluation of radiation 
doses is not possible using physical dosimeters as they are not worn, and it is desirable to achieve this. Situation like 
this can be determined by using sensitive biomarkers (1, 2, 3).

DNA Topoisomerase-IB (Topo-I) is an essential nuclear enzyme that is responsible for the topological state of the 
DNA. The enzyme is involved in a variety of DNA transactions, including replication, transcription, recombination and 
DNA repair (4,5). The aim of the present work was to investigate the influence of gamma radiation on the catalytic 
activity of this enzyme, and to evaluate its applicability as a biological dosimeter.

RESULTS
Osteoblast-like cell line MG-63 were cultured for several days, then transferred to 50ml sterile tubes. The tubes 
containing the cells were irradiated by a 60Co gamma source for different doses. After irradiation, the cells were 
transferred back to the incubator for 2 hours, and then the nuclear protein was extracted from the cells by using a 
common method described in the literature (6).

Topo-I catalytic activity was determined by the gold standard method that uses specific Topo-I reaction mixture that 
includes supercoiled plasmid as the substrate and nuclear protein extracts as the source of Topo-I (7). Topo-I relaxed 
supercoiled DNA provides different topoisomers which are seen by the agarose gel as a ladder of DNA molecules 
which differing in their topological structure. Equivalent amounts of nuclear proteins were added to a specific Topo-I 
reaction mixture and the reaction was stopped after a defined period of time (the reaction activity was calibrated 
prior to the addition of the nuclear proteins. The control sample, which was not irradiated, could relax the majority 
of the supercoiled plasmids and therefore served for the calibration of the reaction parameters).

Figure 1 and figure 2 shows the Topo-I activity assay results of samples that were exposed to different doses of 
gamma radiation. The results reveal significant inhibition in Topo-IB enzymatic activity after irradiation (a more 
dense supercoiled band in comparison to the supercoiled control band represents inhibition). In addition, the results 
of the experiment represented in figure 2 shows that the inhibition in not proportional to the dose detected.

Control 3Gv

Figure 1: Topoisomerase-IB assay results for nuclear extracts of MG-63 cells exposed to 3Gy of gamma radiation.
MG-63 cells were irradiated to a dose of 3Gy with 60Co source and incubated for 2 hours. Nuclear 
protein extracts were prepared and Topo-I activity was examined. R-Relaxed, S- Supercoiled.



Figure 2: Topoisomerase-IB assay results for nuclear extracts of MG-63 cells exposed to 4Gy and 8Gy of gamma 
radiation. MG-63 cells were irradiated to a dose of 4Gy and 8Gy with 60Co source and incubated for 2 
hours. Nuclear protein extracts were prepared and topo I activity was examined. R-Relaxed, S- 
Supercoiled.

Control 3Gy

IP: Anti-Poly-ADP Ribose
WB: Anti Topo-I

Figure 3: gamma radiation increased Poly-ADP-ribosylation of Topoisomerase-IB derived from MG-63 cells. MG-63 
cells were irradiated to a dose of 3Gy with 60Co source and incubated for 2 hours. Nuclear protein 
extracts (300mg) were precipitated with anti-Poly-ADP-Ribose antibody. The immune complexes were 
analyzed by western blotting with anti-Topo-I antibody.

In order to verify whether the reduction in Topo-I Catalytic activity happens due to post-translational modification 
(PTM), Topo-I enzyme was precipitated using anti-Poly-ADP-Ribose antibody (ADP-ribosylation is a known PTM 
inhibitor of Topo-I catalytic activity). After precipitation, the nuclear protein was analyzed by western blot (8) and 
reacted with specific anti-Topo-I antibody. The results of this experiment, which are presented in figure 3, indicate a 
participation of ADP-Ribosylation post-translational modification of the enzyme due to the irradiation.

CONCLUSIONS
In the present work it was found that exposing MG-63 cells to gamma radiation resulted in a significant inhibition of 
the catalytic activity of DNA-Topoisomerase-I. The inhibition found was in the range of up to or at least 8Gy. In this 
work we found some evidence that the catalytic activity of Topo-I was inhibited by ADP-ribosylation of the enzyme 
following irradiation. The reduction in Topo-I activity after exposure to gamma radiation may be applicable as a 
biological dosimeter (biomarker) for ionizing radiation exposure. Further studies are needed in order to elucidate the 
limit of detection (LOD) of the exposure dose that can be detected by the enzymes inhibition's activity and the 
duration of the inhibition effect.
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Study of Radiation Induced Processes at Surfaces in the Context of Radioactive Waste
Tomer Zidki1, Ronen Bar-Ziv2

1Chemical Sciences Department and the Schlesinger Center for Compact Accelerators and Radiation 
Sources, Ariel University, Israel

2Chemistry Department, Nuclear Research Center Negev, Israel

Understanding radiation chemical effects at the interfaces between solid materials and aqueous solutions present 
many fundamental challenges with a wide range of practical applications. Catalytic effects in the radiolysis at the 
water/particle interface have long been observed to increase the yield of molecular hydrogen production from the 
one-electron reducing species (e.g. short-lived radicals) produced during water decomposition. Water is in intimate 
contact with solid surfaces in the radiation fields of nuclear reactors and of wet nuclear waste materials in storage 
containers. Knowledge of the long-term radiation effects of these heterogeneous systems is of technological 
interest. In my talk I will discuss several mechanisms in which H2 is produced in the radiolysis of water/Nanoparticles 
systems (e.g. SiO2 and Noble metals). I will also discuss the reaction mechanisms of alkyl radicals produced by y- 
radiolysis in the presence of metal particles (and nanoparticles) dispersed in aqueous solutions.
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Differences and Similarities in Hydrogen Absorption in 4f- and 5f-Electron Compounds 
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1Department of Condensed Matter Physics, Charles University in Prague, Czech Republic 
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INTRODUCTION
Interstitial doping by hydrogen can be used for changing both crystal and electronic structure of intermetallic 
compounds. As a result, the new compounds (hydrides) exhibit qualitatively new physical properties and such 
modifications provide us with additional information on the peculiarities of interatomic interactions in the initial 
compounds. One should consider two main effects of hydrogen absorption on intermetallic compounds. Hydrogen
can be considered as a “negative” pressure (acts as small perturbation on the system expanding it). The other
sometimes more important effect is the bonding of hydrogen to other atoms in the lattice.
This work presents the results of hydrogen absorption of selected compounds. It shows the similarities and 
differences in the hydrogen absorption in 4f- and 5f-electron compounds.

RESULTS
The easiest way to study the differences in the hydrogen absorption is to perform the experiment on the 
isostructural compounds. We have chosen the An2T2X family (An = U or RE, T = transition metal, X = p-metal) 
crystallizing in the Mo2FeB2 tetragonal crystal structure (1).

U-compounds
Magnetic properties of 5f-compounds (formation of 5f bands, 5f states at the Fermi level) strongly depend on the 
inter-U distances. Hydrogen intrusion can easily modify the lattice by expanding it without changing the crystal- 
structure type. The volume expansion leads to a band narrowing, which can be used to tune magnetic properties. 
E.g. in the case of U2Co2In which exhibits no magnetic ordering and the susceptibility curve is almost temperature 
independent, the hydrogenation leads to the enhancement of magnetic interactions in the hydride. U2Co2InH1.9 
was found to be an antiferromagnet with TN = 2.4 K. The possibility to tune magnetic properties is also manifested 
during hydrogenation of U2Co2Sn which is a paramagnet. Magnetic susceptibility curve for a-U2Co2SnHx (small 
amount of hydrogen) shows that it orders ferromagnetically around 33 K with a very small detected moment. 
Further increment of absorbed hydrogen leads to antiferromagnetic order in U2Co2SnH1.4 (see left panel of the fig. 
1)(2).

Figure 1a: Magnetic susceptibility of U2Co2Sn and 
its hydrides (left panel) measured in p0H = 3 T. 
(The anomaly at T « 100 K corresponds to the 
UCoSnH1.4 impurity phase.)

Figure 1b: Temperature dependence of magnetic 
susceptibility of Tb2Pd2Mg measured in p0H = 3 T 
compared to its hydride.

RE-compounds
There was found that RE2T2X can absorb much more hydrogen than U2T2X.Several types of reaction of the Rare 
Earth 2-2-1 compounds RE2T2X to hydrogen were found. One type is the expansion of the tetragonal unit cell similar



as in the case of U-compounds (2 H/f.u.) found at RE2Pd2In with heavy RE(3). Another type is amorphization(4) 
(found at RE2Pd2In for early RE = La, Ce, Nd), yielding > 4 H/f.u. Orthorhombic distortion (5) (RE2Ni2In, RE = Nd, 
Pr,Ce, La) can accommodate up to 7 H/f.u. The monoclinic structure found for RE2Ni2Mg hydrides can apparently 
have even higher H concentration approaching 8 H/f.u. The crystal-structures of all these hydrides can be obtained 
by distortion of the starting Mo2FeB2 structure. We have found that Nd2Pd2Mg is representing a new example of 
the reaction on hydrogenation. Due to the rearrangement of atoms (fig.2) in Nd2Pd2MgH8 the structure of the 
hydride cannot be regarded as simple derivative of the structure of the initial compound.
For all the studied RE2T2X the hydrogen absorption leads to the suppression of magnetic order (fig. 1b).
For RE compounds, hydrogenation affects mainly the 4f - magnetic moments (localized,atomic character, do not 
contribute to bonding) and their ordering. The exchange coupling is reduced presumably by reducing the 
concentration of conduction electrons.

Tb2Pd2Mg
(P4/mbm)

AIB;

Tb2Pd2MgHB
(Fmmm)

Nd2Ni2lnH7
(Pbam)

AIB; AIB, AIB,

Figure 2. Relationship between the crystal structures of Mo2FeB2-type intermetallics: Tb2Pd2Mg (also the hydrides 
with 2 H/f.u.) and hydrides with more than 2 H/f.u.: Nd2Ni2InH7, Ce2Ni2MgH7.7, and Tb2Pd2MgH8. The AlB2-type 
related fragments are shown in yellow, CsCl-type - grey, NiAs-type - green.

CONCLUSIONS
We have been studying several systems based on uranium and rare-earths.If we compare U and RE compounds of 2
2-1 type, we can conclude that contrary to U compounds, RE compounds can absorb much more hydrogen. We have 
shown that expansion of the U-U spacing is the crucial parameter responsible in strengthening of magnetic 
properties in U-based hydrides. The involvement of the f-states in metallic bond, which takes place at actinides and 
not in lanthanides, makes the U-based compounds apparently more stable against hydrogenation. E.g. Uranium 
compounds of the 2-2-1 type can absorb up to 2 H/f.u. In contrary, some of the RE compounds of identical type can 
absorb even 8 H/f.u. It is also interesting that the hydrogen absorption in rare-earth compounds has opposite impact 
on magnetic properties even though it leads to lattice expansion in both cases. It RE-compounds it leads to weaker 
magnetic interactions (RE magnetic moment naturally cannot disappear) and the H impact disrupting the RKKY 
interaction seems rather general. The reduction of concentration of conducting electrons due to the H bonding is the 
most natural reason. On the other hand the interactions in U-compounds are strengthened due to the lattice 
expansion which leads to a band narrowing resulting in higher density of states at the Fermi level.
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INTRODUCTION
Aluminum alloys are used as structure material in the nuclear industry thanks to the low neutron cross section and 
resistance to corrosion in high purity water, pH and temperature. Although aluminum has a huge advantage when 
compared to other metals, it is not always completely impervious to corrosion. Its protective oxide layer, the alumina, 
can become unstable when exposed to extreme pH levels.
The goal of this work is to understand the effect of fluoride ions in aluminum surface.
It was found that At low concentrations of fluoride the aluminum oxide dissolves as a fluoride complex but at high 
concentrations a new structure is formed on the alumina surface involving fluoride, aluminum, potassium ions (in the 
case of KF) and oxygen .The resulting structure improves the stability of alumina.

RESULTS
The reaction of fluoride ions with alumina was found to depend strongly on the concentration of fluoride ions in an 
aqueous solution. At relatively low concentrations ([F-]<0.1M), the aqueous concentration of aluminum ions is relatively 
high (ICP measurements), thus the aluminum oxide dissolves as a fluoride complex.
At high concentrations of fluoride ([F-]>0.5M) the aqueous concentration of aluminum ions is low, beneath 0.5ppm, the 
limit of detection (ICP measurements),

Figure 1 concentration of aluminum ions as function of fluoride concentration in aqueous solution at pH 6

Surface analysis indicated A new structure formed on the alumina surface involving fluoride, aluminum, potassium 
ions (in the case of KF) and oxygen. The structure is characterized by XRD, SEM and EDS.

Figure 2: EDS spectrum of Fluoride treated alumina



Figure 3:SEM micrograph of untreated alumina (A) and "Fluoride treated" (B).

Aluminum surfaces “fluoride treated” showed a better resistance to dissolution in both acidic and basic media at 
different pH values.

Al ppm

pH pH

Figure 4: 1 aqueous concentration of aluminum ions at different pH values for "Fluoride treated" and Untreated 
reference, at pH 4, 6, 9 (A) and pH 2, 12 (B)

This new structure improved the passivation at all salts that were tested (KF, NH4F, NaF) Compared to Untreated 
reference

■ Al+NaF

Figure 5: Compared aqueous concentration of aluminum ions at different pH values, compared different salts for 
"Fluoride treated" and Untreated reference



Figure 6: picture of aluminum stripes, "Fluoride treated" (A), Untreated reference (B)

Conclusions
• The solubility of alumina was found to be dependent strongly on the concentration of fluoride ions. There is an 

optimum of fluoride concentration (~0.05M) for dissolving Al2O3.
• High concentration of fluoride results in a modification of the alumina structure that improves the passivation of 

alumina, the solubility of aluminum ions decreases in comparison to the untreated alumina.
• “fluoride treated” at Aluminum surfaces showed a better resistance to dissolution in both acidic and basic media.
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Introduction
There is a critical importance in determining an appropriate plan for fire safety in nuclear reactors. The importance 
stems from the high radiation levels and fission products, which might release to the environment, in case of fire in 
the reactor. Probabilistic safety assessments done on nuclear facilities for electricity generation, shows that fire is 
one of the main factors likely to damage the reactor. Since the research reactor processes are varied and change 
according to the experiments goals and according to changes in the auxiliary equipment and procedures, changes 
may be needed in the fire safety features. For this reason, a dynamic fire safety plan is required for research 
reactors. Our recommendation is that this plan will be based on a mixture of guiding documents like: "Fire Protection 
Program Criteria for Research Reactor", ANS/ANSI 15.17-1981, "Standard for Fire Protection for Advanced Light 
Water Reactor Electric Generating Plants", NFPA 804, National Standards in fire safety, etc. as detailed further in this 
article.
Objectives of the Fire Safety Plan
The aim of the fire safety plan is to ensure, as reasonably achievable, that the systems related to safety, can perform 
the functions for which they are intended and that there is compliance with the preset conditions and limits. 
Protecting the safety systems of the reactor through safety plan, will prevent a continuous fire to sabotage the 
safety shutdown of the reactor or uncontrolled release of radioactive materials to the environment. It will also lead 
to a minimum damage to the public safety and site staff, ensure the integrity of the components and will maintain 
continuous operation of the reactor.
Fire Safety Plan Content
The first chapter in the safety plan should be a general chapter, which reviews the methods, tools and procedures 
that will allow compliance in the fire safety plan objective. There is no need to implement all the presented methods 
and tools, but it is necessary to choose an appropriate combination, that will bring to compliance with the fire safety 
plan objectives.
The next three chapters should include detailed information about:
1. Passive protection from fire.
2. Active protection from fire.
3. Fire prevention.
For each category, it is required to establish a formal system of procedures. This system should include the following 
data:
1. Tests, examinations, maintenance and operation of the automated and manual systems and equipment, use for 

fire protection, such as: fire detection systems.
2. Tests, examinations and maintenance of fire protection passive features, such as: fire barriers.
3. Presentation of the requirements for the used analysis.
4. Requirements for entering to limited sites.
5. Requirements for qualification.

Passive Protection from Fire
Passive protection from fire can be achieved by limiting the fire effect since the moment it started, in order to limit 
its spreading to other areas, where safety related systems might be, by means that do not require automated 
operation of the equipment or human response. The methods for achieving this goal include: design of the reactor 
taking into account systems important to safety (such as: non-combustible materials), fire barriers, separation and 
isolation. The resistance rating of the fire barriers or separation distance between open spaces or a combination of 
them, will be determined according to risk analysis.
Active Protection from Fire
Active protection from fire can be achieved by using means that require automated operation of the equipment or 
human response, in order to perform their function, such as: automated systems for fire detection and data transfer, 
automated or manual systems for fire extinguish. This category also include the supporting systems, such as: pumps 
of the extinguisher systems, automated valves, all the safety assurance actions necessary to fire safety and all the 
emergency response actions (such as: evacuation and staff control). Active fire protection actions include: pre-fire 
planning, training of the fire staff, response planning of the fire staff and comprehensive planning in emergencies.



The pre-fire plan must include information about the radiation and contamination effects on the fire safety team and 
efforts.
Fire Prevention
The aim of this part is to prevent fire event or at least to minimize the probability to its occurrence. It is necessary to 
develop, implement and update, fire prevention safety plan to all the accessible areas, which will be accompanied 
with documentation actions. The fire prevention will be achieved through enforcement of administrative actions, 
concerning control on ignition potential sources and on the quantity and location of combustible materials. There 
are a few ignition potential sources, such as: cutting, welding, open flame work, electric equipment and smoking. 
Control on these resources can be achieved by granting permits and procedures.
In addition, this chapter should establish and document the following data:
1. Information on the overall fire safety, include fire reports and overall emergency plan.
2. Examinations documentations include corrective actions. The examination should be made for areas with high 

radiation.
3. Control on combustible materials, by means such as: administrative procedures, making inventory list of all the 

combustible materials, storage and use.
4. Application of fire prevention inspection (according to NFPA 601, Standard for Security Services in Fire Loss 

Prevention).
5. Procedure for reporting on fire, include investigation requirements and corrective actions requirements.
6. Procedures for the building materials and equipment selection.
7. Procedure for materials and equipment storage and treatment.
8. Procedures for overall maintenance work control.
9. Control on ignition sources.
Safety Requirements
There are general and detailed requirements which one must take into account in the fire safety plan. The general 
requirements should include, at least the following data:
1. Performing and documenting safety analysis for safe shutdown in fire event for every site.
2. The analysis should include at least Fire Hazard Analysis (FHA), Safe Shutdown Analysis (SSA) and internal 

inspection of external fire events belong to the reactor.
3. Documentation of significant data, such as: the programs and the physical structures of the buildings and the 

equipment, include fire areas and appropriate fire rating, inventory list of the combustible materials, the 
required equipment for fire protection, description of the required equipment for safety shutdown of the 
reactor, analysis of the estimated fire for each site, include its effect on safety shutdown equipment (worst case 
scenario), analysis of possible effects of fire on human life safety, contamination release, defects in operation 
and damage to property (realistic scenario), analysis of the possible effects of other risks, such as: earthquakes, 
storms and floods, on fire safety, analysis of other possible effects of fire that was not halted, on issues which 
are not relevant to safety shutdown, analysis of the facility potential to recover at the end of the fire, analysis of 
the passive protection of the nuclear safety related systems and components in case of careless operation or 
breaking fire protection systems, analysis of smoke control systems and their possible effects on nuclear safety 
and operation at each site and analysis of the emergency planning and coordination requirements.

4. A preparation of a table or providing a calculation which defines the equipment required to safety shutdown, is 
required, for each fire area.

5. A logic stop diagram, that defines the required conditions to obtain and maintain safety shutdown of the reactor, 
is required.

6. For analysis of external fire events relevant to the reactor in severe accidents, a risk assessment is required.
The detailed requirements should include, information relating to the following:

1. Defects on fire safety systems and features and on other reactor systems that affects directly on the fire risk 
level.

2. Maintenance and testing of the fire safety systems.
3. Design basis events and requirements, such as: fire-earthquake interaction, manual fire safety operation, 

alternative shutdown ability.
4. General facility design (organization of the facility), include fire areas, structural separation and openings in 

fire barriers.
5. Life safety.
6. Construction materials and buildings.
7. Air conditioning and ventilation systems.
8. Drainage.
9. Emergency lightning.



10. Lightning protection.
11. Electric cables and systems.
12. Exposure protection of the buildings from fire.
13. Communication systems.

General Systems and Equipment for Fire Protection
There are general and detailed requirements which one must take into account in the fire safety plan. The general 
requirements should include, at least the following data:

1. Fire risk analysis for determination of fire safety requirements is required for the reactor.
2. All those systems should be for fire protection systems only, except for systems, equipment and devices 

suitable for water hoses and when using them as extra backup to nuclear systems related to safety.
3. All the fire protection equipment should be registered or certified for its purpose.

The detailed requirements should include, information relating to water inventories, valves inspection, upright tubes 
at primary yards, washing taps and buildings, fire extinguish systems, fire alarm systems and fire detector systems. 
Risks Definition and Protection for the Reactor Building and Systems
Fire safety systems definition and selection should be based according to fire risk analysis. The definition and the 
requirements for the fire safety systems should be made for the primary and secondary containment at normal 
operation, fueling and maintenance, control room, main cable channels, computer and communication rooms, 
switching ant control of electronic equipment, buttery rooms, emergency standby diesel generators, nuclear safety 
relevant pump rooms, new fuel rooms, used fuel storage fuel, radioactive waste storage and treatment areas, safety 
relevant water containers, documentation storage areas, water cooling towers, acetylene-oxygen gas fuels, ion- 
exchanger resins storage areas, dangerous chemical storage areas, storerooms, extinguishing pumps rooms, 
transformers, boiler and combustion systems, offices, stores and storage areas, technical support and emergency 
response areas, entering structures and temporary structures.
Quality Assurance of the Plan
A quality examination and documentation control on the area examinations is required for at least once in a month. 
The examination should include visual review of the facility areas, in order to locate new potential fire situation. A 
documentation review is also required.
A review and assessment of the fire safety plan is required, for at least once in a year. An updating should be made 
as needed. The assessment should establish on data from the examinations and documentation reviews. The 
approval of the plan should be made by the regulatory body.
Conclusion
Fire is a significant risk factor in nuclear reactors, which should be examined carefully. It is important to establish a 
fire safety plan to research reactors, as there is for power reactors. Writing a safety plan based on a mixture of 
several guiding documents, can provide a solution to the unique character of research reactors.
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INTRODUCTION
In order to start up a nuclear core, a neutron source or emitter is typically utilized. Typically materials utilized for 
neutron sources are those including combination of 0,n emitters such as polonium-beryllium, plutonium-beryllium or 
americium-beryllium or a pure neutron emitters such as californium. In addition to performing a start-up function, 
the sources are utilized during core shutdown to ensure the operability of monitoring and detection apparatus, such 
as neutron detectors aligned with the reactor core. This is in accordance with governmental regulations applicable to 
the nuclear industry, which dictates that means must be provided for monitoring or otherwise measuring and 
maintaining control of fission process under all operating conditions, including shutdown.
Accordingly, neutron sources for commercial reactors have been positioned within the nuclear core, and remain 
within the core. Small test reactors also utilized sources driven through a hollow shielded tunnel up into the test 
core, which are subsequently removed at power operation.
Starting-up a nuclear reactor means to generate a controlled nuclear fission chain reaction. This process is an 
extraordinary complex process that needs to be controlled, monitored and handled clearly and safely at all time. The 
IRR-2 reactor utilizes a hollow shielded tunnel in the reactor head for insertion of the neutron emitting source. 
Previously the insertion and height adjustment of the neutron source was done manually by the operator at a 
remote position above the core as typically done in swimming pool type research reactors. The source operator 
received instructions from the control room regarding the source position (height) based on the count rate of 
neutron detectors present at the control room. At this setup, the position of the neutron source is human factor 
affected without any limitation upon velocity movement of the source. Moreover, the human factor hazard may play 
a significant role in safety. Therefore, drive mechanism for the neutron emitting source, that includes safety 
provisions and is operated remotely from the reactor control room was developed and implemented.
METHODOLOGY
The methodology for development and implementation of the drive mechanism for the neutron emitting source was 
based on proven components utilized in the IRR-2 for drive mechanism of the control rods. This methodology is cost 
efficient and significantly reduces the hazards and risk assessment involved in implementation of new and unfamiliar 
components. The development process involved a top level requirements (TLR) specification as follows:

• The drive mechanism for neutron emitting source has to be operated remotely from the 
reactor control room.

• At least two independent indications regarding the source position (height) has to be 
available at the control room desk.

• The drive mechanism as well as the electrical mechanism will be equipped with alarm 
indicators regarding the status of the system (movement, position, fault, etc.).

• The velocity movement of source has to be in the range of 7-10 mm/sec.
• In case of electrical blackout, the drive mechanism will halt the source position.
• The drive mechanism will halt the source position in case of excess velocity or/and 

torque forces.
• The system will be equipped with elevation limiters (electrical and mechanical)
• The drive mechanism and its components will not interfere with loading/unloading of 

fuel elements.
• Moveable elements of the drive mechanism will be protected/covered.

Based on the TLR and the risk assessment, the drive gear for the neutron emitting source (main drive mechanism 
system) was based on the same drive gear as used for the compensation control rods at IRR-2 reactor. This drive 
gear and its electrical system are equipped with alarm indicators regarding the status of the system (movement, 
position, fault, etc.). Moreover, the system is used at the IRR-2 reactor for more than 50 years and its performances 
as well as its readability are well established. The drive mechanism as presented in Figure 1 is located at the external 
part of the core outside the reactor head room and contains all the parts which are responsible to produce the 
movement. Among these parts are the motor, speed clutches, torque limiter and electro-mechanical stopper that 
enable to halt the position. This electro-mechanical stopper enables to freeze (halt) the position for an unlimited



period of time without any power source. Since most of the time the position of the neutron emitting source is fixed 
this electro-mechanical stopper provide the perfect solution.

The drive gear also equipped with three elevation meters: mechanical ring that presents locally the elevation 
(height), optical rotary encoder and absolute rotary encoder which transmit the data to the control room.
A stainless-steel cable supported by pulleys carries out transmission of the movement produced at the drive gear 
to the neutron emitting source. The cable is wrapped on a cable drum that is located in the reactor head room and 
is connected to the drive gear system through a bearing shaft. Figure 2 presents a schematic view of the drive 
mechanism system applied for neutron emitting source.

Figure 2: Schematic view of the drive mechanism system applied for neutron emitting source



Since the drive mechanism and its components should not interfere with loading/unloading of fuel elements the 
elevation cable path has to be adjusted. This is done by a set of pulleys as presented in Figure 3. In order to assure 
tension along the elevation cable a counterbalance weight is addend at the end of the elevation cable. The neutron 
emitting source is hold in a closed rod which is loaded to the reactor core in the same way as the fuel rods.



Ceiling pulleys Side wall pulley
Figure 3: Cable path and pulleys

SYSTEM VALIDATION AND VEREFICATION

The drive mechanism for neutron emitting source was verified through a set of functionality tests. These tests 
included:

• Functionality performance of the electrical system.
• Mechanical performance of the movable parts such as cable drum, pulleys etc.
• Performance check in situ for the entire drive mechanism system connected to a 

counterbalance weight.
• Verification that the elevation cable path does not interfere with loading/unloading of 

fuel elements.
• The velocity movement of source was measured (8 mm/sec) and it fulfills the TLR.
• The elevation limiters (electrical and mechanical) were adjusted and tested.
• Elevation indicators (height) and the alarm indicators were tested in the control room.

At the last stage, the drive mechanism for neutron emitting source was connected to the 
neutron emitting source rod and the system performance was tested for several core 
configurations aligned with the reactor core neutron detectors.

CONCLUSIONS
As part of continues safety improvements methodology, the operator of the IRR-2 reactor has developed and 
implemented drive mechanism for neutron emitting source which is operated remotely from the reactor control 
room. System development and implementation was based on TLR and risk assessment procedures. The drive 
mechanism was based on proven components utilized in the IRR-2. The drive mechanism as well as the electrical 
mechanism is equipped with alarm indicators regarding the status of the system and these are available to the 
operator at the control room. The system was verified through a set of functionality tests and fulfilled all the 
requirements.
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INTRODUCTION
Pressurized water reactors (PWR) have become the mainstay of nuclear energy in the past decades. These reactors 
are considered both reliable and safety, therefore they constitute the large majority of all Western nuclear power 
plants. It is known that large cores, in terms of neutron migration length, are subject to spatial instabilities [1-2]. In 
addition, high reactor power is also required for these instabilities to occur. Such instabilities usually rise due to 
delayed negative feedbacks of fission products, mainly by the formation of iodine and xenon, which yield spatial and 
temporal oscillations [3].
Spatial instabilities in PWRs have been studied previously [4]. These studies have focused on the control mechanisms 
which are required to prevent such instabilities in present day reactors. However, qualitative understanding of the 
oscillation mechanisms and thresholds, in terms of reactor size and power, are still not very clear.
In present-day PWRs, the control procedures are well established to prevent unstable oscillations [5]. However, new 
generation core designs include larger core sizes and higher power levels. Such design may be vulnerable to 
instabilities driven by higher harmonics, for which current reactors are susceptible. It is hence important to study the 
behavior and characteristics of unstable oscillatory modes in PWRs, and to analyze their dependence on the physical 
parameters that govern the dynamics in power reactors.

XENON FEEDBACK
Xenon-135 has a large thermal absorption cross section of 2.6 • 106 barns and a half-life against p-decay of 9.2 
hours. It is produced according to the following fission production chain:

6.1% p-
fission (235U) ---------- * 135Te ------------

' ' <1 min

0.2%

(n,Y)

Figure 3: Chain of fission products, including tellurium, iodine and xenon.

If a flux tilt is introduced intro a reactor, the xenon concentration will increase (decrease) in the region in which the 
flux is reduced (increased). Due to its strong absorption, the xenon will enhance the flux tilt. After a few hours the 
xenon will start to decay, and the multiplicative properties will reverse, followed by a reverse flux tilt. It is possible 
that the delayed xenon production effects will induce growing oscillations in the spatial flux distribution. Such 
oscillations were observed in large reactors [1].

BUCKLING APPROXIMATION
We start by analyzing a highly simplified model, namely the one-group neutron diffusion equation under the 
buckling approximation: 1d$ = — oXX$ — DB2^

V dI = Yif — M dX = Yx^f^ + ^i1 — AxX — °xX('I:)
where represents neutron flux, and I and X represent concentrations of iodine and xenon, respectively. This model 
captures the feedback relations between the neutron flux and the fission products, as depicted in Figure 1. We 
consider a spherically symmetric reactor core of radius Rwith Dirichlet boundary conditions. By using the buckling



approximation we assume that the spatial dependence of the steady-state flux is spanned in the basis sinc(Br), 
where B = n/R. Using the equation for iodine, the buckling assumption yields a similar (sinc) shape for the iodine 
concentration. The validity of the buckling approximation in this model is yet unclear and currently under research, 
specifically what it dictates on the spatial dependence of the xenon concentration.
The set of equations described in the model has two steady state solutions, a trivial solution (^, I, X) = (0,0,0) and a 
non-trivial solution denoted (^°, I°,X°). We wish to study the stability of the steady-state solutions to small 
perturbations.
The model includes two parameters which depend on the system of choice, namely the macroscopic fission and 
absorption cross sections. It is beneficial to transform these parameters to obtain a better physical interpretation. 
Hence we introduce: P = 2fVH<£° v£fk. f

where P is the power of the reactor and k. is the infinite multiplication factor. In the definition of the reactor's 
power, ^° is the nontrivial flux solution at steady state, H is the energy emitted per fission event, and V is the 
effective volume of the core normalized by the shape factor of the flux (V ~ R3).
We applied linear stability analysis, assuming small perturbations of flux, iodine and xenon around the steady-state 
solutions, and found a range of parameters for which the system is stable. The analysis was repeated for different 
values of k. . The results are shown in Figure 2.

Radius ofthe core [log cm]10
Figure 4: Linear stability analysis of the non-trivial steady-state solution under the buckling approximation, for 
different values of k. . The system loses stability at high reactor powers and/or small reactor sizes.

The linear stability analysis reveals a threshold instability line in the parameter space of system radius (R) and 
steady-state power (P). The non-trivial steady-state solution loses its stability for high reactor powers. For large 
systems there exists a threshold power; beyond this power the steady state diverges. This qualitative behavior was 
reported elsewhere [2]. As depicted in Figure 2, the system has an asymptotic behavior; at very large system lengths, 
the core is found to be stable for any power value. When the core radius is considered, the threshold line states that 
for a given power, the system loses stability for small values of lengths. The asymptotic behavior depends on the 
value of k. . This phenomenon was not reported before.
FUTURE OBJECTIVES
The study described above is in progress. We plan to study the xenon-driven oscillations using the theory of pattern 
formation in nonequilibrium physics. In this framework we first identify the basic eigenmodes which span the time 
and space-dependent solution of the complete neutron diffusion equation. Then, we shall study the stability of the 
non-trivial steady state to the growth of these modes using linear stability analysis. The nonlinear regime will be 
studied by numerical integration of the partial differential equations. We will identify the new states the system 
evolves to and characterize them in terms of the growing eigenmodes and their harmonics by calculating the power 
spectra in time and space [5]. Finally, we also wish to analyze systems of higher dimensions and different 
geometries.
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This work presents the TELEPOLE II, a new extendible survey meter with an upgraded platform. The new TELEPOLE II 
is based on a microprocessor with enhanced performances. It supports several wired and wireless communication 
types and a parallel reading from the wide-range extendible survey detector and the personal protection detector. In 
addition, a large dot matrix TFT screen was integrated to provide customized graphical display and a clear 
presentation of the readings in a bright day light and during low light conditions.

Introduction
The TELEPOLE II is a telescopic gamma meter designed to obtain readings in wide radiation fields and 
at hard-to-reach areas (i.e. vehicle surveys, elevated piping), while supporting the ALARA principles.
The TELEPOLE II integrates advanced mechanics which construct a new enhanced four-segment pole 
that extends to 4 m long and collapses to 1.2 m for easy transport. It has rugged, sturdy construction 
combined with neat design that meets the IP67 waterproof standards.
The instrument is based on two GM tubes located on the pole for the survey task and a third GM tube 
for measuring the radiation field at the used location. The TELEPOLE II includes a built-in 
microprocessor, data memory, Bluetooth and RF transmitter to provide maximum reach back 
capabilities. This design enables to operate the device as a stand-alone instrument, or integrated into 
a control system via wireless or line communication.
This paper describes the development process, the device advanced technologies and the instrument 
performance test results.

Method
The development of the TELEPOLE II device focused on integrating two technologies for enhancing 
the performances. The first component is the new 32 bit microprocessor and the second component 
is a large TFT dot matrix display.
The selected 32 bit microprocessor has very fast processing rate. The microprocessor firmware 
supports a boot-loader written in the international Y-Modem protocol that enables to upgrade and 
maintain the instrument locally.
The microprocessor has several counters which enables a parallel reading from the two wide-range 
extendible survey detectors and the personal protection detector. It also enables the user to connect 
versatile external detectors. Each external detector can also be used autonomously, by simply 
connecting it to a Computer using a standard USB cable. The microprocessor also supports several 
A/D port, which enables battery power sampling and therefore accurate indication of the batteries 
conditions and also optional analog current measurement of the detector output for maintaining 
overflow conditions at extremely high radiation fields.
The microprocessor supports the peripherals required for maintaining several wired and wireless communication 
types (Bluetooth, Xbee, USB, RS232) which can operate in parallel and transfer on-line the measured data to central 
control station. The waterproof (IP-67) external detector is also based on the new microprocessor. The built-in 
processor allows to facilitate independent communication with either the Control Box or directly to the RMVC PC 
based software[1] and sustain calibration factors internally to provide easy and instant switching of detectors.
The microprocessor enables an automatic range switching. The detector probe assembly includes two GM detectors: 
Low range - ZP-1201 (17 cps/mR/h) and high range - ZP-1301 (1.7 cps/mR/h). The microprocessor enables to read 
both detectors in parallel. In a field of 0.01 mR/h to 1500 mR/h the measurement is performed by the low range 
Geiger. In case the radiation field increases above 1500 mR/h, the low range Geiger is disconnected, and the 
radiation field is measured by the high range Geiger. For hysteresis purposes, the switching between the low and 
high range Geigers is done at 1500 mR/h when the radiation field increases (low range Geiger is disconnected), and

RMVC - http://www.rotemi.co.il/text/upload/HPSupport/RMVC2015_exe.zip

http://www.rotemi.co.il/text/upload/HPSupport/RMVC2015_exe.zip


at 400 mR/h when the radiation field decreases (low range Geiger is connected). In order to maintain wide radiation 
field range one of the two GM detectors has high sensitivity and the other low sensitivity. This can cause some 
inaccuracy measurement in the region where the Geiger with the high sensitivity has increased dead time and the 
Geiger with the low sensitivity has low number of counts, meaning not enough statistics to provide both accurate 
reading and the required response time. The new microprocessor enables to count both detectors in parallel, see 
figure 3. Therefore, in the intermediate radiation field range the actual radiation field can be calculated by both 
detectors readings and provide the desired accurate measurement.
The large 3.2” colored TFT 240x320 pixels display[2] provides graphical presentation of the readings and a clear 
display both in a bright day light and during low light conditions. The display indications are shown in Figure 1. The 
dot matrix display enables to use the same screen space for different messages, hence increasing the size given for 
the message. The display mode can also be switched into analog mode, a display format required by some of the 
users.

Icon Display Bar

External Detector

Color Coded Frame 
(Thresholds) 

Secondary Display: 
(Internal Detector, 

Freeze Reading or Graph)

Meu Display Bar

Figure 1: A - display indications B- Analog display mode

The meter display can be toggled between four different display modes, the first big characters are used to display 
the external detector measuring reading and the second smaller character are used to display different options 
according to operator's request. The combination of the advanced microprocessor and the colored dot matrix 
display enables (see figure 2) to presents clearly the instrument setup and alarms (2a) the readings of both external 
and internal detectors (2b), a trend graph of the reading over the past 5 minutes (2c) and the dose rate with the 
dose readings (2d).

Results
The performances of the TELEPOLE II instrument were tested by the PHE[3] - UK accredited national laboratory, 
according to ANSI42.17A (Specifications for Health Physics Instrumentation-Portable Instrumentation for Use in 
Normal Environmental Conditions). The results present the instrument's compliance with all the requirements. Some 
parameters, such as energy response and angular are part of the Geiger's intrinsic characteristics. However response 
time and linearity reading over the wide measuring range are achieved by the algorithm set by the manufacturer. 
Response Time - Response time is defined as the time required for an instrument to respond to, and recover from, a 
step change in radiation levels from 10% to 90% (90 to 10%) of the radiation level. The results for the increasing and 
decreasing response time of the external detector are shown in table 1.

3.2" TFT LCD Single Chip Driver 240x320 Resolution.
Public Health England - Radiation Metrology Group Report 77451



Table 1 - increasing and decreasing response time of the external detector

Average Dose Rate [mR/h] Maximal response time 
according to the standard

[sec]

Measured 
response time

[sec]initial
indication

final
indication

0.563 5.63 30 15
5.63 0.563 30 13
6.11 53.35 10 7
53.35 6.11 10 6
8.33 108.4 5 3
108.4 8.33 5 4
99.2 1128 3 2
1128 99.2 3 2
1128 10000 2 2
10000 1128 2 2

The characteristics of the display also support the instrument response time performances. The display has a high 
refresh rate over a wide temperature range (-20oC - 50oC) therefore there is no additional delay to the response 
time that is caused by temperature.
The instrument linear reading is presented in Figure 3. It can be noticed that the detector maintain a smooth reading 
even over the radiation field were the measurement is switched between the low sensitive GM and high sensitive 
GM (~1000mR/h). The figure presents that the same slope (conversion of count rate into radiation field) is 
maintained at both low and high radiation fields.

Figure 3 - detector linearity curve

Summary
The TELEPOLE II development, engineering and manufacturing were all performed with the highest quality 
standards. Design reviews were performed and the relevant decisions were implemented. The instruments upgraded 
performances based on its advanced components were presented; including the linear reading over a wide 
measuring range, fast response, communication platforms, and the parallel reading and display of all three 
detectors.

The rugged, low maintenance TELEPOLE II can be used as a stand-alone instrument or it can be integrated as an Area 
Monitor into systems, using existing equipment and software.

The instrument was tested successfully according to international standard by the PHE and for CE mark in the Israeli 
Institute of Standards. The TELEPOLE II is now being used satisfactory by Health physics personnel in Israel and in 
nuclear power stations in the United States.
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INTRODUCTION
Plasticity of metal under stress and irradiation changes dramatically and becomes one of the main factors limiting 
the operating life of nuclear facilities [1]. Creep under irradiation increases by several times. At the same time there 
is significant growth of microhardness in metal under irradiation.
In both cases the reason is the generation of point defects and further development of radiation damage of 
microstructure. On the one hand the generation and accommodation of point defects leads to formation of clusters 
and complexes which can stop the dislocation glide. On the other side the growth of defect concentration favours 
overcoming the barriers by means of absorption of point defects by dislocation.
If the concentration of barriers of j sort is nj and their average size is <dj>, then braking effect of dislocations can be 
described by the expression

Act = a/ij £ „,(<!,} (i)

Where Ao is the increase the yield stress, a is the material constant, p - shear modulus, and b - Burger vector.
Let us consider the influence of complexes of point defect that are obstacles for gliding dislocation. Let each complex 
consist of one or two atoms of impurity and one interstitial atom. The complex can decay due to thermal
fluctuations. Thus the concentration of complexes depends on the concentration of impurity and on the generation 
of point defect. Radiation-induced defects have a finite lifetime because they are mobile enough and can be 
absorbed by different kinds of sinks for example by dislocations, grain boundaries, and so on.
Point defects and their complexes result in the deformation of crystal. Each defect is a centre of dilatation. Owing to 
field of stress, point defects can interact with each other and with complexes. Elastic forces between defects are 
anisotropic. When defects' distribution is homogenous, the force equals zero.
If the energy of the thermal motion of defects is higher than the energy of their interaction, the distribution of 
defects and complexes is stable and homogeneous due to diffusion. When the temperature decreases or the 
concentration of defects increases, the elastic interaction between defects begins to dominate over the influence of 
chaotic motion. The homogeneous distribution becomes unstable and the smallest heterogeneous fluctuation 
increases. At first it occurs for periodical fluctuation with k=kKP. Spatially periodic defect distribution is developed.
Its period is equal to 2^/kKP. The interaction between defects becomes important only at a certain concentration of 
defects thus the formation of a periodic structure has a threshold. The microhardness grows with the growth of the 
complex concentration. And if the point defects and their complexes are distributed in space periodically, the 
microhardness of the sample also changes periodically.
Let us consider the development of spatially periodic defect distribution taking into account only the interstitial 
atoms and their immobile complexes which are the obstacles for gliding dislocations. Let nit,1 be the concentration 
of complexes, each of them consists of one impurity atom and one interstitial atom.
The concentration of the impurity atoms is constant and is equal to nt. Recombination between the interstitials 
atoms and vacancies is neglected.
System of the equations that describes temporal and spatial change of concentrations of the interstitial atoms ni, 
their complexes nit,1, nit,2 and the impurity atoms, not connected with the complexes (nit,0) is the following
dn

■ = k -fin -+ nlt>11Tlt>1 -rlt,2nlt,ini+ nlt,21-divji
(2)dt

dn i
t ,o

dt
dnt,i

dt
dni
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dt
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t 2nt ini + nt ,2 /t 2 t 2
(4)

(5)



where K is the rate of radiation induced generation of the interstitial atoms, pi=zdpdDi is the inverse lifetime of 
interstitial atoms with respect to capture by dislocation. The dislocation density is pd, and zd is the preference 
coefficient. Di=D0iexp(-Eim/kT) is the diffusion coefficient for interstitial atoms. Eim is the migration energy. T is the

y' Y T Ttemperature of the irradiated sample, k is the Boltzmann constant. t,1, t,2 are proportional to Di. Values t,1, t,2 
are the lifetimes for the complexes impurity atom and interstitial atom and impurity atom and two interstitial atoms

Tytrespectively. According to the principle of the detail equilibrium, the values t,j and t,j are connected as
t t. « exp(— E./T) Et,j t,j t, j t,, where t,j is the binding energy of the j type interstitial complex.

The third and fifth terms in equation (2) describe the formation of complexes by attaching interstitial atoms. 
n‘ t n‘ t' , , , , .. , , , n‘ = n. — n' — n' . , . ,t,1 t,1 , t,2 t,2 are the thermal decomposition of the complex. t,0 t t,1 t,2 is the concentration of
free atoms of impurities.
Flux density of interstitial atoms is ji. It depends on their interaction with all other interstitial atoms, both free and 
trapped traps.

f n. n. n.
Jl = - Di

nnn
Vn,--- l-Fltl--- l-Flt2--- l-Fii

< T M T *’■2 T l y
F F ' F '

where T is the temperature in energy units, '', t■' and t-2 are forces which acts between interstitial atoms in 
the area near point r and other defects of the crystal, namely: interstitial atoms, interstitial atom-impurity atom 
complexes and two interstitial atom-impurity atom complexes respectively.

Fij = -Jv ,U,j (r-r'^j 

Fll =-fVrUl (r-r')ni (r'Yr'

, where j=1, 2

Ui(r-r'), Ut,1(r-r') and Ut,2(r-r') are respective energies of elastic interaction.
To obtain the dependence of the yield point on time (dose) we solve the system of equations (2) - (5) and find 
concentrations of complexes (barriers) as function of time. After that we substitute the concentrations of complexes 
(barriers) to growth yield point (1).

RESULTS
Equations (2) - (5) have the only stationary solution (6) - (7). Under certain appropriate conditions of irradiation 
which are to be defined below this solution is stable and physically realized.
n 0 ==KA

ti ti n n0 
t ,1 t ,1 t inti,,10 =

n i 0

y 2(n')2 + y X +1
tti 1tti 2tti 1tti 2nt (ni0 )

t 2

y{ 2(n' Y+tt, tn+1

(6)

(7)

(8)

During irradiation the concentration of radiation defects and their complexes grows and strives to stable stationary 
values. The value of the yield point increases and streams to respective stationary value, too, thus making it limited. 
The upper limit of the yield point is its stable stationary value. It increases when the impurity concentration 
increases.
Let us find the conditions under which the distribution of defects in the material is inhomogeneous. It is assumed 
that the concentration of complexes changes very quickly and adapts very quickly to change of interstitial atoms. In 
this case the derivative of the concentration of complexes can be set equal to zero.
To investigate the stability of the stationary homogeneous distribution (6) - (7) the evolution of its small perturbation 
is considered. 
n = n0 + Sni (r, t) 
n i=nt, i0+n(r ,t)
Substituting (6) - (7) in system (2) - (3) after its linearization we obtain
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Where

Ui (k) = J U,(r)exp(ikr)dr Ut>j(k) = J Utjj(r)exp(ikr)dr , and j=1,2
If the period of arising inhomogeneity is larger than the period of crystal lattice, U(k) can be represented as

U (k ) = Af k 1 f k 1
le-l +B le-lk k ) klk J

k2 +.

where j=1,2

Fourier transforms of the interaction potentials take the form

Ui(k)=Vi0(-1+Bk2),
Ut,j(k)=Vj0(-1+ Bk2)
V 0 = -u (k =0) and Vj0 = -utj (k =0) are functions of the elastic modulus and the dilatational volumes for 
interstitial atom and complexes. The first term takes a minimum value equal -1 when k=kKP. The second term 
describes the effect of spatial dispersion. Value of B is approximately a square of several periods of the crystal 
lattice.

n ,0
Obtaining the set of linear equations (8)-(9) has a nontrivial solution with respect to 5n0i and 5 1when the 
determinant of its coefficients is equal to zero. Therefore the dispersion equation is the following:

DB40=DB n (pv„)+v+0, f i -n (p0)+n av v+fi,
la k la J (10)
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kpn > nIf t t , the distribution of radiation defects and microhardness in the crystal is periodical. Its period is equal to
d — 2^/lkl' ' k' . Elastic interaction between defects dominates at low temperatures, when concentration of defects is
high enough. During irradiation the inhomogeneity of defects and microhardness distribution increases. The 
numerical calculations show that values of period of inhomogeneity ranges from 10-7 to 10-4 m depending on 
irradiation conditions and the characteristics of material.

CONCLUSION
At low temperature the hardness of metal under irradiation becomes periodic inhomogeneous. The reason of this is 
periodical distribution of radiation-induced complexes due to interaction between defects. The local value of the 
yield stress can greatly exceed its homogeneous steady value that is no longer unstable.
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INTRODUCTION
Thermal neutron radiography imaging is utilized for providing data of root location and volumetric water content in 
soil-root systems (Moradi et al. 2013). Images with this nondestructive method are acquired in short times of 10 to 
20 seconds, allowing for detection of water locations and dynamics when taking a time-series of images (Carminati 
et al. 2010).
The advantage of using thermal neutron imaging for this application over other beam methods (e.g. x-ray imaging), 
is the extremely-high attenuation coefficient due to the high thermal neutron cross-section with hydrogen, as 
compared to other elements in the soil-root system (mainly SiO2) that have insignificant attenuation coefficients for 
neutrons.
The amount of water (hydrogen) in the roots is considerably higher than that in the surrounding soil, allowing for 
good separation between roots and soil in the image. The separation in the image is seen in the grey levels of the 
image, which display the difference in the number of neutrons that arrive to each pixel in the detector screen. The 
contrast in the image improves as these differences get larger (Moradi et al. 2013; Benard et al. 2015).

MATERIALS AND METHODS
Chickpea plants were germinated in growing boxes of 15 cm width and 15 cm height, with thickness of 1.5 cm. Each 
box had one plant. Six weeks after germination, images were acquired by exposing the boxes to the thermal neutron 
beam in the Soreq Nuclear Research Reactor. The boxes were designed in size and material that are favorable for the 
imaging process, taking into account the size of the detector screen and the beam energy. In order to minimize the 
interference of the box with the imaging process, the boxes were made from aluminum, which has a very low cross
section with thermal neutrons.
The thermal neutron camera in Soreq uses a parallel thermal neutron beam with 6-105n/sec/cm2 at the detector, 
using an amorphous silicon flat panel detector (manufactured by Varian) that is 19 x 24 cm, with a 0.127 mm2 pixel 
size.
The water content in the different growing boxes differed by gradually ceasing the irrigation water supply, so that by 
the time the images were taken, each box had different water amounts in it, such that these would be seen from the 
images of the root-soil system.
For quantifying soil water, a calibration process was performed by comparing the grey level of images taken from 
aluminum cylinders containing soil and known varying amounts of water. The "phantom" set was imaged before the 
real specimen in order to fine-tune the measurement's parameters. The "phantom" images were further used for 
the verification with the actual amounts of water in the different cylinders along with the grey levels in the images. 
The error of this method was also determined from this calibration process.
The images were analyzed in a few steps of image processing using Matlab. As shown in Fig.1b, the raw image 
acquired from the detector is relatively noisy, such that the first step before analyzing the results is clearing the 
noise. A specific algorithm for this system was developed (using Matlab). First, noise that is originated from random 
neutron scattering is cleaned using statistical means. After that, further cleaning is made by applying image 
processing manipulations on the raw image, using different Matlab functions. Then, as a first step towards roots 
differentiation, the intensity and contrast of the image are manipulated in order for the roots to become more 
distinct (darker). Sharpening of the image is then conducted by using a convolution filter, which helps separating the 
roots in the image from the soil.
In the next step of the root separation process, the image is converted into a binary image, such that black pixels 
represent roots and white pixels represent soil. Finally, some more cleaning filters are processed on the binary 
image, such as median and outlier filters, and noise cleaning is conducted by applying a few morphological operators 
on the image.



PRELIMINARY RESULTS
Root Detection:
The process of root separation and detection is illustrated in Fig. 1, which displays the digital visual image of the 
root-soil system in the opened box (Fig. 1a), the raw neutron image (Fig. 1b), and the binary root architecture image 
(Fig. 1c). It can be seen that in some of the root regions, marked with coloured circles in Fig. 1, in Fig. 1a roots are 
not visible since they are not on the surface. These roots are hidden by the soil, as can be revealed in Fig. 1b and 1c. 
The neutrons that pass through the sample collide with the roots in the volume, allowing for the visualization of 
internal roots.

c b

L-w. -Ml

Figure 1. Images of the soil-root system from a: (a) visual camera, (b) the digital neutron detector, and (c) the binary 
result of the algorithm. The coloured circles mark a few root regions that can be visualized and revealed by the 
different images in the process.

Volumetric Water Content:

By analyzing the images obtained from the aluminum soil-water cylinders, the attenuation coefficient was estimated 
for each cylinder specimen. Comparison of these images with the known water content of the soil-water samples 
provided data for a function that related water content to the grey level within the image. Using the images of the 
soil-root systems of the growing boxes, this calibration function was used for determining water content values of 
different locations inside the soil.
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INTRODUCTION
Research activities ongoing in the Advanced Reactor Design and Fuel Cycle Analysis Group of UC Berkeley are 
reviewed. The group research thrust is to improve the sustainability of nuclear energy by increasing the utilization of 
the uranium and thorium fuel resources and by minimizing the amount and toxicity of the actinide waste, along with 
improving the economics, safety, and proliferation resistance of nuclear energy. Four ongoing innovative design 
approached will be briefly described:
• Achieving sustainability using thorium fueled reduced moderation boiling water reactors (RBWR-Th)
• Neutron efficient Seed-and-Blanket (S&B) sodium cooled fast reactor cores (SFR) that enable benefiting from the 

breed-and-burn (once-through) mode of operation using proven cladding technology resulting in improved SFR 
economics in addition to enabling new promising fuel cycle options

• 3-D fuel shuffling in large once-through breed-and-burn cores for significantly reducing the radiation damage to 
their fuel cladding while doubling their fuel utilization

• An engineered Autonomous Reactivity Control system (ARC) for improved safety and economics of fast reactors. 
A brief description of each of the studies and results obtained are summarized below. This summary will focus on 
describing the unique features of these concepts and briefly explaining how these unique features enable the 
performance improvements they offer.

SELF-SUSTAINING THORIUM BOILING WATER REACTORS(1)
The objectives of this project are (1) to perform a pre-conceptual design of a core for an alternative to the HITACHI 
proposed fuel-self-sustaining Reduced Moderation BWR (RBWR-AC), to be referred to as a RBWR-Th. The use of 
thorium fuel enables attaining negative void coefficient of reactivity without need for the axially very heterogeneous 
fuel composition used by Hitachi, while improving safety margins. (2) to perform a pre-conceptual design of an 
alternative core to the Hitachi proposed LWR TRU transmuting RBWR (RBWR-TB2) that uses thorium rather than 
depleted U for the makeup fuel; it is referred to as the RBWR-TR. (3) to compare the RBWR-Th and RBWR-TR 
performance against those of the Hitachi RBWR core designs and against the performance of the corresponding 
sodium cooled fast reactors - Advanced Recycling Reactor (ARR) and Advanced Burning Reactor (ABR). Two 3-D core 
simulators that can accurately predict the performance of very axially heterogeneous cores with strong 
neutronics/T-H coupling as is the case in RBWR cores were developed and used for this study. The study main results 
are summarized below:
It is possible to design RBWR cores to be fuel-self-sustaining using ~70% Th and ~30% Depleted Uranium (DU) feed 
fuel with all trans-fertile isotopes recycled unlimited number of times. The optimal core design strongly depends on 
the T-H correlations used. Using the most conservative MIT recommended correlations the core power needs be 
down-rated to 80% of the Advanced Boiling Water Reactors (ABWR). No power down-rating is required when using 
the Hitachi recommended correlations. It is also possible to design RBWR cores to transmute TRU from LWR Used 
Nuclear Fuel (UNF) using thorium as the fertile fuel. The TRU transmutation efficiency is somewhat higher than of 
the Hitachi RBWR-TB2 and the ANL CR=0.5 ABR. All RBWR cores can neutronically burn their fuel to ~50 GWD/T but 
Zircaloy-2 cannot withstand such a burnup due to hydrogen pickup that is accelerated by the relatively high neutron 
flux of relatively hard spectrum. New cladding material will have to be developed for the RBWRs
Relative to Hitachi designs, our RBWR seed is much longer (~1m) and is not axially split by an internal blanket; the 
Linear Heat Generation Rate (LHGR) is significantly smaller; axial power distribution is more stable; safety margins 
are larger; and cladding radiation damage is smaller. Relative to SFR of same conversion ratio, all RBWR cores need 
to recycle ~twice the amount of HM per unit of electricity generated but their discharged fuel is more proliferation 
resistant. Cladding radiation damage is more of a problem for the RBWRs even though their neutron spectrum is 
softer than of the counterpart SFR.

SEED-AND-BLANKET (S&B) SODIUM COOLED FAST REACTOR CORES(2)
The objective of this project was to assess the feasibility of making beneficial use of the 20-30% of the fission
neutrons that leak out from conventional Sodium Fast Reactor (SFR) cores to “drive” a Breed & Burn (B&B)
subcritical blanket that radially surrounds the core and is fueled with natural thorium. Instead of designing the SFR 
core to be of a pancake shape with the dominant neutron leakage in the axial direction, our Seed-and-Blanket (S&B)



cores are designed to maximize the fraction of neutrons that leak in the radial direction and thereby maximize the 
fraction of core power generated from the blanket without exceeding the 200 Displacements Per Atom (DPA) - the 
presently acceptable radiation damage limit of cladding materials (versus ~500dpa critical B&B reactors like the one 
developed by TerraPower will have to withstand). This enables to benefit from the simple and very inexpensive B&B 
blanket using proven technology while maintaining passive safety that is enabled by the unique physics properties of 
the thorium and blanket 233U it breeds. The larger the blanket power fraction is, the lower will be the SFR fuel cycle 
cost. As the blanket operates in the once-through mode there is no need to develop thorium processing and 
233U/Th fuel recycling capability.
The S&B core concept is found highly promising as it offers passive safety along with:
• Significantly smaller investment in the construction of fuel reprocessing and recycled fuel fabrication 

infrastructure required to support a given capacity of SFRs and more economical transmutation of light-water 
reactor (LWR) TRU.

• Improvement in the economic viability of SFRs due to a significant reduction in the fuel cycle cost - due to highly 
reduced fuel recycling requirement, and an increase in the capacity factor that is enabled by the longer cycles - 
due to higher heavy metal loading and higher seed burnup. The improved economics may justify earlier 
commercialization of SFRs.

• Significant utilization of thorium without having to develop thorium fuel reprocessing capability. Use of new 
thorium fuel forms may enable a substantial increase of the thorium resource utilization without fuel 
reprocessing.

In case the discharged blanket fuel is to be reprocessed, the S&B reactors can enable:
• Supporting a significantly higher capacity of LWRs by a given capacity of SFRs of the S&B type thus enabling to 

close the nuclear fuel cycle faster and with smaller investment than possible otherwise.
• New promising fuel cycle options, including fuel-self-sustaining thermal and epithermal nuclear energy systems 

that operate on the Th-233U fuel cycle, such as heavy-water and molten-salt reactors.
The implementation of the S&B cores can be done without significant diversion from the common design practices 
of SFR cores and without the need to develop improved cladding materials. Nevertheless, a more consistent 
comparison between the S&B and ABR core performance is required in order to accurately quantify the claimed 
benefits being offered by the S&B cores.

THREE-DIMENSIONAL FUEL SHUFFLING IN LARGE ONCE-THROUGH BREED-AND-BURN CORES(3)
The overall objective of this project was to investigate the feasibility of designing a sodium-cooled fast reactor that 
will be able to establish and maintain a breed-and-burn (B&B) mode of operation when fueled with depleted 
uranium while discharging the fuel at a peak radiation damage that is significantly closer to the presently acceptable 
200 dpa than to ~500 dpa present B&B core designs call for. The approach explored was to design the core to enable 
an effective three-dimensional (3-D) fuel shuffling to reduce the axial variation of the discharge burnup and, thereby, 
reduce the peak burnup and corresponding minimum required peak radiation damage.
To enable 3-D fuel shuffling the core is made by segmented fuel assemblies consisting of axially stacked assembly 
segments. Each segment is constituted of short vented fuel rods with annular metallic fuel. At the end of a cycle fuel 
assemblies can be reconstituted by changing the axial order of their subassemblies and/or by exchanging 
subassemblies between different fuel assemblies. All these manipulations are to be done above the core by special 
refueling machines.
A combinatorial optimization search methodology of the 3-D shuffling pattern based on the Simulated Annealing 
(SA) algorithm was developed and implemented; it aims to search for the specific shuffling pattern that will minimize 
the peak radiation damage while reducing the burnup reactivity swing, radial power peaking factor and maximum 
change of assembly power over a cycle.
It was found that compared with the optimal conventional 2-D fuel shuffling, the optimal 3-D shuffling pattern offers 
a 1/3 reduction of the peak radiation damage level, down to ~350 dpa; a 45% increase in the average fuel discharge 
burnup, and hence the uranium utilization, without violating all major neutronics and thermal-hydraulics constraints. 
For the same peak dpa level, the average discharge burnup of the 3-D shuffled core is 2.23 times that of the 2-D 
shuffled core, which corresponds to a ~120% relative increase in the DU fuel utilization. These significant 
improvements may enable an earlier commercialization of B&B reactors than otherwise.

AN ENGINEERED AUTONOMOUS REACTIVITY CONTROL SYSTEM (ARC) FOR FAST REACTORS (4)

The objective of this project is to study the feasibility of improving the passive safety and performance of sodium 
cooled fast reactors (SFR) by incorporating within their fuel assemblies an Autonomous Reactivity Control (ARC)



system. The ARC system is an engineered safety system recently invented at the University of California, Berkeley, as 
a spinoff of a previous NEUP sponsored project.
The ARC system can passively provide negative reactivity feedback that is sufficient to compensate for the positive 
coolant density reactivity feedback even in large low-leakage cores. The ARC system is actuated by the inherent 
physical property of thermal expansion, has a very small effect on core neutronics at standard operating conditions 
and does not have an identified failure mode that can introduce positive reactivity. An ARC system can be installed in 
conventional fuel assemblies by replacing one or few fuel rods with rods that fill a safety function - providing 
negative reactivity in the event of coolant temperature rise above nominal. The ARC rod is of the same outer 
dimensions as the fuel rods, but contain smaller-diameter inner tube that is connected to liquid-filled reservoirs at 
the top and bottom of the assemblies. The reservoirs are filled with two separate liquids that stay liquid and 
immiscible throughout the applicable temperature range of fast reactor operation. The lower reservoir contains 
liquid lithium that has a high neutron absorption cross-section. The upper reservoir is filled with liquid pottasium 
that has a small neutron absorption cross-section. As the coolant temperature increases, the liquids in the reservoirs 
thermally expand, pushing the lithium up toward and later into the active core region while compressing the inert 
gas that fills the volume above the lithium between the inner and outer tubes of the ARC rods. Since ARC 
installations in individual fuel assemblies operate independently, the system has a high level of redundancy. 
ARC-systems respond to local transients as well as core-wide accident scenarios. When the core returns to its 
nominal operating conditions, the ARC system automatically returns to its initial state as temperatures decrease, 
without the need for intervention by reactor operators.
There are presently two thrusts to this project: (1) Detailed CFD analysis of the time response of an ARC system to a 
step increase in the coolant temperature; (2) Development of an ARC system module for the ANL SFR safety analysis 
SAS4/SASSYS-1 code system and application of the upgraded code to search for the optimal ARC system design for a 
couple of SFR cores. The accident types to be examined will include ULOF, ULOHS, and UTOP. The ultimate project 
objectives are (1) Improving the passive safety of medium (1000MWth) and in particular large (3000MWth) SFR 
cores without impairing their other performance characteristics. (2) Increasing the power from a reactor module of a 
given diameter by increasing the active core height preserving the reference core passive safety level and conversion 
ratio and minimizing penalty on power density and specific power.
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