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CONFERENCE PROGRAM 
 
Tuesday, February 17, 2004 
 

OPENING SESSION 13:30-14:00 

WELCOME SPEECHES     
  
OBITUARIES for : 
Z Hadari, A Radkovski, W Rothenstein and others 

 

  
PLENARY SESSION - 1 14:00-16:00 
 
50 YEARS OF NUCLEAR ENERGY 

 
14:00-14:30 

G Frank  

THE FUTURE OF NUCLEAR ENERGY 14:30-15:00 

J Bouchard  

CLAIMS FOLLOWING HEALTH DAMAGES - THE ISRAELI 
EXPERIENCE 

15:00-15:30 

Ch Zelichov  
  
NEAR-TERM NUCLEAR POWER REVIVAL ?   A U.S. AND 
INTERNATIONAL PERSPECTIVE 

15:30-16:00 

Ch Braun  
  
COFFEE BREAK 16:00-16:30 
  
PLENARY SESSION - 2 16:30-18:30 
  
PRINCIPLES AND APPLICATIONS OF NEUTRON BASED 
INSPECTION TECHNIQUES IN COUNTER TERRORISM 

16:30-17:00 

T Gozani  

OVERVIEW OF SUPERCONDUCTING ION LINACS AND RELATED 
TECHNOLOGIES 

17:00-17:30 

A Facco  

PRODUCTION OF RADIOPHARMACEUTICALS BY CYCLOTRONS 17:30-18:00 
F Schmitz   
NUCLEAR CENTERS AS CRADLE FOR ADVANCED 
DEVELOPMENTS IN ELECTRO-OPTICS 

18:00-18:30 

E Azoulay  
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Wednesday, February 18, 2004 
 

PARALLEL SESSIONS 09:00-10:30 
  
REACTOR PHYSICS - 1 ROOM  1 
Chair: E. Shwageraus  

ON THE FISSION SPECTRUM UNCERTAINTY  
JJ Wagschal, BL Broadhead  

PRODUCTION OF Am-242m IN THE MONJU FAST REACTOR  
Y Ronen, M Aboudy, D Regev  

AM-242m FUELED NUCLEAR BATTERY  
Y Ronen, A Hatav,  N Hazenshprung  

LWR THORIUM-BASED EQUILIBRIUM-TRU (TRU-SUSTAINABLE) 
FUEL CYCLE: FROM 2D FUEL LATTICE MODEL TO THE FULL 3D 
CORE LEVEL MODEL 

 

E Fridman, G Raitses, A Galperin, E Shwageraus  

BURNABLE POISON OPTIMIZATION FOR SEED-BLANKET CORES  
S Koren, G Raitses, A Galperin, E Shwageraus  

COMPUTATION METHOD COMPARISON FOR TH BASED SEED-
BLANKET CORES 

 

S Kolesnikov, A Galperin, E Shwageraus  

  
RADIATION DETECTION, METHODS AND SYSTEMS - 1      ROOM  2 
Chair: Y. Orion  

VEDS-AUTOMATED SYSTEM FOR INSPECTION OF VEHICLES 
AND CONTAINERS FOR EXPLOSIVES AND OTHER THREATS 

 

T Gozani, F Liu, M Sivakumar  

COMBINING TECHNOLOGIES-RADIOGRAPHY AND NEUTRON 
BASED- FOR CARGO SECURITY APPLICATIONS  

T Gozani, F Liu, A Akeryx, D Brown  

ON THE MEASUREMENT OF K-40 IN NATURAL AND SYNTHETIC 
MATERIALS  BY THE METHOD OF HIGH-RESOLUTION GAMMA-
RAY SPECTROMETRY 

 

N Lavi, Z B Alfassi  

A NEUTRON COUNTER BASED ON MEASUREMENT OF PROMPT 
GAMMA RAYS  

ZB Alfassi, T Zlatin, O Manor, S Dubinsky, U German  

BACKGROUND REDUCTION OF A HPGE-BGO ANTI-COMPTON 
SYSTEM AND ITS APPLICATION TO SOIL CONTAMINATION 
MONITORING 

 

S  Levinson, A  Israelashvili, O  Shachal, O  Pelled, U German  

COINCIDENCE SUMMING CORRECTIONS IN GAMMA RAY 
SPECTROMETRY: OVERVIEW AND EXPERIMENTAL DATA  

G Haquin  
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NON-IONIZING RADIATION ROOM  3 
Chair: M. Margaliot  
EYESAFE LASER RANGEFINDERS  

M  Sniri, M Margaliot, A Amitzi  

COMPUTER SIMULATION OF THE RADIATION PATTERN FROM 
CELLULAR ANTENNAE, CALCULATION OF THE MINIMAL 
SAFETY DISTANCE AND LOBS WIDTH 

 

R Hareuveny, I Eliyahu, M Margaliot  

EFFECTS OF RADIO FREQUENCY RADIATION FROM MOBILE 
PHONES ON HUMAN SUBJECTS 

 

I Eliyahu, R Luria, R Hareuveny, M Margaliot, N Meiran, G Shani  

A NOVEL APPROACH TO IMPLEMENTING THE 
PRECAUTIONARY PRINCIPLE FOR EXTREMELY LOW 
FREQUENCY ELECTROMAGNETIC FIELDS (ELFS) 

 

S Kandel, R Hareuveny  

MEASUREMENTS AND ANALYSIS OF ENVIRONMENTAL RADIO 
FREQUENCY ELECTROMAGNETIC RADIATION (RFR) IN 
VARIOUS LOCATIONS IN  ISRAEL 

 

A Shachar, R Hareuveny, M Margaliot, G Shani   

SURVEY OF WORKPLACES WITH POTENTIAL EXPOSURE TO 
RADIO FREQUENCY AND MICROWAVE RADIATION 

 

R Hareuveny, A Shachar, M Margaliot  

  
COFFEE BREAK 10:30-11:00 

 
PARALLEL SESSIONS 11:00-13:00 
  

MEDICAL ASPECTS OF RADIATION - 1 ROOM  1 
Chair: U. German  
BIOLOGICAL HALF-LIFE OF RADIOACTIVE STRONTIUM IN 
HORMONAL RESISTANT PROSTATE CANCER PATIENTS 

 

G Haquin ,  A Vexler, O Pelled, T Riemer , N Kaniun, H Datz, Z Yungreiss,   
U German, R Marko, A Teshuva, R Kol, R Ben-Yosef   

 

DEVELOPMENT OF A BRACHYTHERAPY SOFTWARE 
NOMOGRAM EQUIVALENT 

 

DA Silvern  

DEVELOPMENT OF NEW RADIOACTIVE SEEDS TM-170 FOR 
BRACHYTHERAPY COMBINED WITH AUGER ELECTRONS 
EMISSION 

 

A Hwaree, I Orion, G Shani  

AUGER ELECTRON THERAPY: PHOTOELECTRIC ABSORPTION 
AT THE L-EDGE FOR CANCER RADIOTHERAPY 

 

B Laster, S Novick, J Feldman, P Hambright, D Dixon, L Fraiberg  
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BRACHYTHERAPY SEED IMPLANTATION IN KHJJ TUMORS ON 
BALB/C MICE 

 

J Feldman, S Novick, L Fraiberg,  BH Laster  

LDL RECEPTORS AS GATEWAYS FOR INTRACELLULAR 
PORPHYRIN UPTAKE 

 

S Novick, B Laster, M Quastel  

METHODS FOR DETERMINING METAL UPTAKE IN CELLULAR 
DNA FOR AUGER ELECTRON THERAPY 

 

V Seror, S Novick, P Hambright, E Weiner, B Laster  

DERIVATION OF OPTIMIZED PORTAL FILM CHARTS FOR THE 
ECL FILMS, FOR 6 AND 10MEV LINEAR ACCELERATOR 

 

S Faermann, A. Tsechanski, Y. Krutman  

  

RADIATION PROTECTION - 1 ROOM  2 
Chair: Y. Laichter  
FAST DEPLOY RADIATION MONITORING ARRAY – 
EMERGENCY SOLUTION  BASED ON GPS AND CELLULAR 
NETWORK 

 

E Vax, A Broide, A Manor, E Marcus, R Seif, J Nir, Y Kadmon, D 
Sattinger, S Levinson, N Tal 

 

IMPROVED ACCURACY OF ACTIVITY DETERMINATION FOR 
NON-HOMOGENEOUS BULKY SAMPLES 

 

   O Presler, U German, ZB Alfassi   

REDUCING THE UNCERTAINTIES OF LUNG COUNTING WHEN 
EMPLOYING AN ARRAY OF FOUR HPGE DETECTORS 

 

O Pelled, U German, S  Tzroya , G  Pollak, Z B  Alfassi    

MDA IMPROVEMENT TECHNIQUE FOR LUNG COUNTER 
MEASUREMENTS OF URANIUM WORKERS 

 

O Pelled, U  German, G  Pollak, A  Tshuva  

MEASUREMENT OF ORGANIC BOUND TRITIUM (OBT) IN URINE 
SAMPLES BY LIQUID SCINTILLATOR  COUNTING 

 

R  Gonen, E  Katorza, M  Eini, G  Haquin, U  German,   O  Pelled,  
A  Tshuva, R  Marko   

 

MCNP SIMULATIONS OF A NEW TIME-RESOLVED COMPTON 
SCATTERING IMAGING TECHNIQUE 

 

I Yaar  

MONTE CARLO SIMULATIONS VALIDATION STUDY: 
VASCULAR BRACHYTHERAPY BETA SOURCES 

 

I Orion,  S Koren  

THE NEED FOR NEW DOSIMETRIC APPROACH IN CT 
DOSIMETRY 

 

A Ben-Shlomo, E Iacobovici  
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DOSIMETRY ROOM  3 
Chair: T. Biran  
SURVEY OF OCCUPATIONAL EXPOSURE INVOLVED IN 
MEDICAL INDUSTRIAL AND EDUCATIONAL USES OF 
RADIATION IN ISRAEL 1997-2002 

 

T Biran, S Malchi, Y Shamai  

MEASUREMENTS OF RADIATION DOSES FROM F-18 FDG  
T Biran, J Weininger, S Malchi, R Marciano ,R. Chisin   

THE LINEARITY OF THE HIGH TEMPERATURE PEAKS IN TLD100 
FOR THERMAL NEUTRONS AND GAMMA RAYS IRRADIATION 

 

M  Weinstein, U  German, A  Abraham, S  Dubinsky , Z B  Alfassi    

USE OF STATISTICAL CHECKS AS MAINTENANCE TOOLS FOR 
TLD READERS 

 

M  Weinstein, Y  Shemesh, A  Avraham, U  German  

INVESTIGATIONS OF CR39 DOSIMETERS FOR NEUTRON 
ROUTINE DOSIMETRY 

 

M Weinstein, A  Abraham, A  Tshuva, U German  

OPERATION OF PERSONAL ELECTRONIC DOSIMETERS AT 
NRCN 

 

M  Weinstein, Y  Shemesh, A  Abraham, A  Tshuva,  U  German  

ENVIRONMENTAL DOSIMETRY BY TLD CRYSTALS AT THE 
NRCN AND THE SURROUNDING REGION 

 

S  Levinson, M  Weinstein, I  Lichtman, A  Tshuva, U  German  

THEORETICAL ASSESSMENT OF AIRCREW EXPOSURE TO 
GALACTIC COSMIC RADIATION USING THE FLUKA MONTE 
CARLO CODE 

 

R. Ashkenazi, J. Koch, I. Orion  
DEVELOPMENT AND APPLICATION OF A CODE FOR INTERNAL 
EXPOSURE (CINEX) BASED ON THE  CINDY CODE 

 

T Kravchik, N Duchan, R Sarah, Y Gabay, R Kol 
 

 

LUNCH BREAK 13:00-14:00 
 

PARALLEL SESSIONS 14:00-15:30 
  

REACTOR PHYSICS - 2 ROOM  1 
Chair: Y. Ronen  
REACTOR CONCEPTS FOR ULTRAWEIGHT AND 
ULTRACOMPACT SPACE POWER & PROPULSION 

 

S Anghaie  

EXPERIMENTAL INVESTIGATION OF POST FLOW INSTABILITY 
DRYOUT DUE TO LOSS OF FLOW ACCIDENT 

 

J Aharon , I Hochbaum, G Vaidenfeld, M Katz, M Haim, Y Weiss  

DEPLETED REACTOR ANALYSIS WITH MCNP-4B  
M Caner, I Silverman, M Bettan  
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SOLUTION OF THE MOVING DRY-ZONE BOUNDARY PROBLEM  
D Hasan, Y Nekhamkin, E Wacholder, E Elias  

EVALUATION OF DOUBLE-HETEROGENEOUS GEOMETRY 
EFFECT ON INERT MATRIX FUEL NEUTRONICS 

 

E Shwageraus, P Hejzlar, M S Kazimi  

SAFETY ORIENTED PARAMETRIC OPTIMIZATION OF HTGR BY 
THERMAL HYDRAULIC MODELING AND SIMULATION 

 

D  Saphier  

USING THE DSNP MODULAR MODELING SYSTEM FOR THE 
SAFETY ASSESSMENT OF ADVANCED NUCLEAR POWER 
PLANTS 

 

D  Saphier  

  
RADIATION PROTECTION - 2 ROOM  2 
Chair: D. Litai  
WHAT BECOMES OF NUCLEAR RISK ASSESSMENT IN LIGHT OF 
RADIATION HORMESIS? 

 

JM  Cuttler  

THE CHARTER AND THE ACTIVITIES OF THE ISRAELI 
NATIONAL PROFESSIONAL ADVISORY COMMITTEE ON 
RADIATION PROTECTION 

 

T  Schlesinger, J  Gilat,  I  Levanon  

COMPREHENSIVE APPROACH FOR MONITORING AND 
ANALYZING THE ACTIVITY CONCENTRATION LEVEL OF PET 
ISOTOPES 

 

A  Osovizky, J  Paran, N  Ankry, E  Vulasky, B  Ashkenazi, E  Dolev, E  
Gonen,  N  Tal 

 

ON THE USE OF THE HOTSPOT CODE FOR EVALUATING 
ACCIDENTS INVOLVING RADIOACTIVE MATERIALS 

 

D Sattinger, R Sarussi, Y Tzarfati, S Levinson, A Tshuva  

PLASMA-GASIFICATION-MELTING SYSTEM (PGM) FOR 
TREATMENT OF LOW AND INTERMEDIATE LEVEL 
RADIOACTIVE WASTE (LILRW) GENERATED BY NUCLEAR 
POWER PLANTS (NPP's) 

 

D Pegaz  

FIVE YEARS OF A COMPUTER BASED NEW TRAINING 
PROGRAM IN SAFETY AND RADIATION PROTECTION 

 

B Ben-Shachar, M Tshuva, I Fitussi, D Ankri  

EFFECTIVE LEARNING ON THE WEB – USING THE INTERNET 
FOR SAFETY TRAINING 

 

T Bar-Noy, H Sugarman  
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ACCELERATORS - 1 ROOM  3 
Chair: A. Nagler  
THE SARAF PROJECT – SOREQ APPLIED RESEARCH 
ACCELERATOR FACILITY 

 

A Nagler, I Mardor, D Berkovits,  C Piel  

THE SARAF 40 MeV PROTON DEUTERON SUPERCONDUCTING 
LINAC, DESIGN AND STATUS 

 

H Vogel, K Dunkel, M Pekeler, M Peiniger, C Piel, P vom Stein, I Mardor,   
A Nagler 

 

BEAM DYNAMICS SIMULATIONS FOR SOREQ SARAF 
ACCELERATOR 

 

S Halfon, A Shor, G Feinberg, D Berkovits,  C Piel  

BEAM LOSS SIMULATIONS FOR SOREQ SARAF ACCELERATOR  
G Feinberg, A Shor, S Halfon, D Berkovits, K Dunkel  

SARAF SIMULATIONS WITH 6D WATERBAG AND GAUSSIAN 
DISTRIBUTIONS 

 

A Shor, G Feinberg, S Halfon,  D Berkovits  

DESIGN OF A THERMAL NEUTRON RADIOGRAPHY CAMERA 
BASED ON SARAF ACCELERATOR 

 

K Lavie, Y Eisen, A Pernick,  Y Ronen  

  
COFFEE BREAK 15:30-16:00 
  

PARALLEL SESSIONS 16:00-17:30 
  

MEDICAL ASPECTS OF RADIATION - 2 ROOM  1 
Chair: S. Faerman  
DOSIMETRY STUDIES OF A SPECIAL APPLICATOR FOR POST 
HYSTERECTOMY BRACHYTHERAPY 

 

N Schwob, G Shani, I Orion  

FAST FILM DOSIMETRY CALIBRATION METHOD FOR IMRT 
TREATMENT PLAN VERIFICATION 

 

N Schwob, A Wygoda  

A TECHNIQUE FOR IMPROVING OF MATCHING OF LATERAL 
PHOTON BEAMS AND ANTERIOR  ELECTRON BEAM IN THE 
INTER-ORBITAL SPACE 

 

L Rozentur, A Bivas, A Wygoda  

FOLLOW UP ON A WORKLOADED INTERVENTIONAL 
RADIOLOGIST'S OCCUPATIONAL RADIATION DOSES- A STUDY 
CASE 

 

S Ketner, A Ofer, A Engel  

NEONATES ARE OVER EXPOSED TO X-RAY RADIATION 
DURING THEIR STAY IN NICUS 

 

H Datz, M Margaliot, A Ben-Shlemo, G Shani, D Bader, S Sadetzki, A 
Uster, K Marks, T Solomkin, D Zangen 
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TRENDS AND TECHNOLOGICAL DEVELOPMENTS IN MEDICAL 
X-RAY IMAGING 

 

E Iacobovici, A Ben-Shlomo  

  

RADIATION DETECTION, METHODS AND SYSTEMS - 2      ROOM  2 
Chair: O. Pelled  
DETERMINATION OF GOLD TRACES IN 4TH CENTURY B.C. 
SILVER COINS BY NEUTRON ACTIVATION ANALYSIS 

 

Y Ronen , G Kubani  

CALIBRATION OF CHARCOAL CASSETTES FOR RADIO-IODINE 
SAMPLING 

 

S  Levinson, O  Pelled, I  Ballon, S  Oved, U  German  

UPGRADING THE EGS4 MONTE CARLO CODE SYSTEM FOR 
ULTRA SOFT X-RAYS SIMULATIONS 

 

O Avraham,  I Orion  

DIFFERENTIAL DETECTOR FOR MEASURING RADIATION 
FIELDS 

 

A Broide, E Marcus, I Brandys, A Schwartz, U Wengrowicz, S Levinson, R 
Seif, D Sattinger, Y Kadmon, N Tal 

 

OPTIMAL FILTER FOR RADIATION DETECTION  
Y Kadmon, U Wengrowicz, A Broide, E Vax, N Tal  

ALGORITHMS FOR RADIATION MEASUREMENT DATA  
U Wengrowicz, E Vax, E Gonen, R Saief, Y Kadmon, N Tal  

 

ACCELERATORS - 2 ROOM  3 
Chair: Y. Shamai  
SELECTED ASPECTS OF SARAF ACCELERATOR SHIELDING  

A Pernick, Y Eisen  

PRELIMINARY RESULTS OF ACCELERATOR TARGETS COOLING  
I Silverman, A Nagler, D Kijel  

INTEGRATED SAFETY IN "SARAF"  
P Dickstein, Y Grof, M Machlev, A Pernick  

LOW-ENERGY REACTIONS IN NUCLEAR ASTROPHYSICS - 
EXPERIMENTS AND PLANS 

 

M Hass, D Berkovits  

NEW METHODOLOGY FOR A COMPREHENSIVE MODULAR 
SAFETY CONTROL SYSTEM IN A CYCLOTRON SITE 

 

Y  Kaufman, M  Kravitz, M  Arad, A Osovizky, J  Paran, B Sarussi, M  
Ellenbogen, N  Tal 

 

 



Ancore Corp.  1 

Principles and applications of neutron based inspection techniques in 
counter terrorism 

 
 

Tsahi Gozani 
 

Ancore Corporation, an OSI Systems company, Santa Clara, California, USA 
 

 
Non-intrusive inspection of objects of all sizes, from luggage to shipping containers and 
from postal parcels to trucks is a vital component of any national security effort from 
aviation to the control of all land and sea ports of entry. 
 
The neutron-based technologies are unique in meeting all key requirements of reliable 
inspections. They provide accurate, rapid and objective detection of a wide array of 
threats:  explosives, chemical agents, nuclear materials and devices, other hazardous 
materials, drugs, etc. 
 
The technologies being currently employed in the field, such as standard x-ray, x-ray 
based computed tomography, and trace detection (for luggage), and x-ray or γ -ray based 
radiography (for containers) are inherently deficient for lacking some or all of these key 
attributes. 
 
The neutron-based technologies, on the other hand, possess to various high degrees all 
the required attributes. They achieve this feat through their penetration and the 
production and detection of characteristic elemental gamma rays created mainly in two 
nuclear reactions: (n,γ) with thermal neutrons and (n,nΝγ) with fast neutrons produced by 
appropriate accelerators. 
 
These nuclear processes are the basis for several inspection technologies such as the TNA 
(thermal neutron analysis), FNA (fast neutron analysis), PNI (conventional microsecond 
pulsed neutron inspection combining the previous two), and PFNA (nanosecond pulsed 
fast neutron analysis). 
 
The principles of operation, applications, and advances in inspection systems will be 
reviewed.      
 
 
 
 
 



 

OVERVIEW OF SUPERCONDUCTING ION LINACS AND 
RELATED TECHNOLOGIES 

 

Alberto Facco 
 

INFN- Laboratori Nazionali di Legnaro, I-35020 Legnaro (Padova) Italy 
 

 
Particle accelerators, fundamental tools in physics, are presently becoming part of 

everyday life, being extensively used in industry, medicine and, in the future, also for energy 

production and nuclear waste transmutation. Accelerator technology is very important not 

only for the progress of science but also because it often finds unforeseen application a long 

time after its development. Different particle types, different energy range and different 

applications require different kinds of accelerators. Electrostatic accelerators provide DC 

beams but are limited in energy to about 20 MeV per charge unit; for higher energies, rf 

accelerators are required. In circular accelerators, like synchrotrons, the beam is passing many 

times through the same rf accelerating structures in order to acquire the requested energy; the 

limits come from synchrotron radiation and magnetic field intensity that force the construction 

of very large rings. Cyclotrons are cheap machines suitable for intermediate energy cw beams 

(up to hundreds of MeV); they are limited in current and in energy by extraction problems and 

by dipole magnet size. Linear accelerators, where the beam goes only once through rf 

accelerating structures, can provide cw beams from very low to very high energy (they are not 

limited by synchrotron radiation), and they can allow for the highest beam current, up to 

hundreds of mA (figure 1). The next frontier in energy, after the construction of the LHC 

synchrotron at CERN, will be probably reached by a superconducting linac. 

The technology of accelerating structures also changes with energy, current and particle 

type. While electrons travel since the very beginning near the speed of light in accelerators, 

requiring essentially only one type of resonator, hadrons become relativistic after reaching the 

GeV range; to reach this energy, a large number of different resonators types are required, 

Figure 1. Superconducting 
resonator for β=0.61 protons, 
and cryomodule scheme (SNS, 
Oak Ridge). 
 



with a somehow specialized technology (figure 2). Resonators must produce the highest 

accelerating field with the lowest possible power dissipation. The technology, in this case, has 

made a breakthrough since the application of rf superconductivity. Even if the surface 

resistance of superconductors is not zero in the presence of rf electromagnetic fields, rf power 

consumption of superconducting cavities is by many orders of magnitude lower compared to 

normal conducting ones; this is only partially counterbalanced by the power required to 

maintain liquid Helium temperature. Superconductivity is almost mandatory in low current ion 

linacs, where the power delivered to the beam is negligible in comparison to the one dissipated 

in the resonators walls. This is the case for the large radioactive ion beam facilities proposed 

in USA (RIA) and Europe (EURISOL). Also in high intensity linacs, however, SC resonators 

are the best choice for CW operation, since normal conducting cavities cannot be operated at 

high gradient due to cooling problems. Even in large pulsed machines, like the Spallation 

Neutron Source under construction at Oak Ridge, the use of the superconducting technology is 

suggested by cost and reliability reasons. 

A special category of accelerators, which is living a time of important development, is 

the one of the high intensity (in the mA range and above) proton linacs. Special issues of such 

machines are the presence of high beam power, space-charge dominated non relativistic beams 

with “halo”, accelerating structures for nearly every beam velocity. A large variety of possible 

applications (nuclear waste transmutation, spallation neutron production, energy amplifier, 

radioactive ion production, neutrino factories, etc.) prompted many studies and proposals of 

new machines with final energy ranging typically from a few tens of MeV to about 1 GeV; 

high power requirements and reliability issues introduced new kinds of problems in linac and 

Figure 2. Different kinds of superconducting cavities the low- and intermediate-

energy beam acceleration (LNL, ANL, …). 



resonators design. Typical requirements are low beam losses (anyhow <1W/m to avoid excess 

of activation), high reliability and, in some cases (sub-critical nuclear reactors powered by 

particle beams), absence of beam interruptions longer than 0.3 s. Although cyclotrons could 

reach the performance up to about 1 mA, only linacs are presently competitive at higher 

current.  

The consolidated scheme of such kind of accelerators includes a normal conducting 

(NC) injector and an RFQ (β≤0.1), a low- and intermediate-energy section (∼0.1≤β≤0.5) 

containing the normal to superconducting transition, and a superconducting (SC) high energy 

section (figure 3). Efficiency, gradient and aperture are larger in SC cavities than in NC ones, 

and they allow a more flexible and modular design. A variety of superconducting cavity types 

cover the many different proposed applications. The trend is to extend the superconducting 

sections as low as possible in energy, taking advantage of the large acceptance of short 

superconducting cavities in order to increase linac reliability and, in some cases, to allow 

acceleration of deuteron beams.  

The field of Superconducting linacs is nowadays more active than ever, with many 

laboratories involved. The construction of new accelerators, (radioactive ion linacs, high 

energy electron linacs and high intensity proton ones like the SARAF project at SOREQ in 

Israel) has started or is foreseen, and new proposals are coming for new applications. High 

beam power and reliability requirements brought new kinds of problems that required a new 

approach in proton accelerator design. While the high-β linac technology is mature and well 

established, the low- and intermediate-β one still presents different competing schemes where 

beam dynamics studies and cavity development are steadily evolving. Significant effort is 

being put worldwide in these activities at the frontier of accelerator technology.   

P RFQ-NC Low and Intermediate energy section High energy section-SC

∼100 keV ∼ 3÷7 MeV ∼80÷400 MeV ∼600÷2000 MeV

NC-SC transition 

P RFQ-NC Low and Intermediate energy section High energy section-SC

∼100 keV ∼ 3÷7 MeV ∼80÷400 MeV ∼600÷2000 MeV

NC-SC transition 

Figure 3: Schematic layout of a high intensity proton linac. 



PRODUCTION OF RADIOPHARMACEUTICALS BY CYCLOTRONS 
 

 
Schmitz F., Van Naemen J., Monclus M., Van Gansbeke B., Kadiata M., Ekelmans D., Moray 

M., Penninckx R., Goldman S. 
 
PET/Biomedical Cyclotron Unit, ULB-Hospital Erasme, Route de Lennik, 808, B-1070, Brussels, 

Belgium 
 
During these last ten years, the radiopharmaceuticals producers’ community has experienced 

tremendous changes.  Historically, this occurred mainly because of 

- hardware improvements : cyclotron, targets, radiochemistry 

- involvement of the regulatory affairs and large extension of medical use 

- use of new radioisotopes or new radioisotopes production techniques 

 

Companies specialized in the development and installation of accelerator-based systems 

dedicated to the medical applications brought on the market cyclotrons well fitted to the requests 

of the industrial community or universities and so covering every segment of the market (table1).  

These machines are fully automatic, and need reduced maintenance; they are highly specialized 

for defined tasks.  They can produce high beam intensity and realize dual beam irradiation.  Also 

the prices are reducing considerably.  The targets and the automatic system follow the same trend.  

Unfortunately, the flexibility of these devices for new area of research and development has been 

dramatically reduced.  

 

The growing number of PET cameras has increased the popularity of PET tracers used for 

nuclear imaging.  Consequently, there is a growing demand for these radiopharmaceuticals 

compounds labeled with short-lived radioisotopes for clinical applications.  From a research and 

development tool in the eighties, PET has now grown up to a clinical tool.  Moreover, depending 

of the social welfare, reimbursement of some PET examinations is granted, which accelerates the 

trend for an extended use of  PET tracers.  Regulatory affairs try to establish and standardize the 

control on these radiopharmaceutical compounds produced in a growing number of local 

radiopharmacies owning a baby cyclotron.  On the other hand, the attention of equipment 



suppliers was brought in the setting up of a total quality control follow up.  These efforts were 

successively achieved by getting for instance the  ISO 9001 certificate.  

 

The third factor of major changes in the cyclotron technology relates to attempts of transferring to 

cyclotron facilities the production of radioisotopes previously generated in nuclear reactors.  This 

is the case, for instance for palladium-103 used in brachytherapy.   

 

Improvement of cyclotrons, successful development of local radiopharmacy dedicated to PET 

tracer production have contributed to an increase of production facility owning a cyclotron and 

radioisotopes produced by these accelerators.  

 

References 

 

IAEA-dcrp/cd 

 

Table 1 : General basic characteristics of cyclotrons available on the market. 

 

Beam energy (MeV) Particles Typical beam intensity 

on beam stop (µA) 

Typical production 

3 D+ 80 15O 

 

10-13 p- 

5 

H- 

option D- 

100 15O, 11C, 13N, 18F 

16-19 p-, 

8-10 

H- 

option D- 

150 15O, 11C, 13N, 18F, 124I, 
86Y… 

14-19 H+ or H- 

 

2000 103Pd 

 

15-30 H- 

 

1000 123I, 201Tl, 67Ga, … 

 



Near-Term Nuclear Power Revival? – A  U.S. and International Perspective 
 
 

Chaim Braun 
 

Vice President - Altos Management Partners, Inc.; Affiliate Scholar - CISAC/ Stanford 
University 

 
 
 In this paper I review the causes for the renewed interest in the near-term revival of 
nuclear power in the U.S. and internationally. I comment on the progress already made in the 
U.S. in restarting a second era of commercial nuclear power plant construction, and on what is 
required going forwards, from a utilities perspective, to commit to and implement new plant 
orders. I review the specific nuclear projects discussed and committed to in the U.S. and abroad 
in terms of utilities, sites, vendor and suppliers teams, and project arrangements. I will then offer 
some tentative conclusions regarding the prospects for a near-term U.S. and global nuclear power 
revival.  
 
 The near-term need for new nuclear plants is based on the expectation of slow but 
sustained economic recovery, increasing demand for electricity in all regions of the world, and 
the problems encountered in the supply and price of the swing fuel – natural gas. Natural gas 
demand growth for both the residential and electric sectors of the economies of the North 
American continent exceeds the growth rate of new gas drilling and production activities. The 
low priced resources on land and near the coastline are being exhausted in face of the large 
number of new gas-fired combined cycle power plants (CCGT) built over the last five years, and 
the relatively low find rate in gas drilling activities. Consequently natural gas prices reflecting the 
current supply crunch have increased to more than 5.0 Dollars per million BTU, a price range at 
which new nuclear plants are becoming economically competitive. New liquefied natural gas 
(LNG) projects will take a long time to implement. By then the rising electric demand will absorb 
the available generation from the current excess of CCGT plants capacity. It is expected that 
within the next ten years – the period required to build new nuclear plants in the U.S. – the 
present excess generating capacity will have been worked off, and the demand for new capacity 
in various locations may justify the construction of new nuclear power plants.  
 
 Since the mid 1980’s the U.S. nuclear power industry has embarked on a program to 
design, license, and be ready to build new nuclear power plants in the U.S. and abroad. This 
program had many elements, starting with the revision of the plants licensing process – working 
with the Nuclear Regulatory Commission (NRC) on the 10CFR Part 52 licensing reform, 
proceeding with the designs of two evolutionary and two passive safety nuclear plant designs 
sponsored by the advanced Light Water Reactors Program, then submitting three designs for 
Design Certification licensing –the System 80+, the ABWR, and the AP-600, and finally starting 
in 2003 Submitting three utility power plant sites for Early Site Permits (ESPs) licensing and 
starting a new round of plant design certifications involving the AP-1000, the ESBWR and 
possibly the ACR-700 as well as a European design. The U.S. Department of Energy (DOE) has 
issued a new solicitation in November 2003 requesting utilities participation in combining a 
Certified Design with a pre-approved site, and preparing and ultimately submitting for licensing 



combined Construction Operation License (COL) applications. Early indications are that this 
solicitation will result in a meaningful utilities response which may allow the testing of the yet 
unproven part of the licensing reform – the COL regulatory process. 
 
 This progress could not have been made without three other supporting processes which 
include: The substantial improvement in plant operations and reduction in operating and 
maintenance (O&M) costs which has happened in the U.S. and abroad – based on various utility 
self-help programs; The Congressional approval in 2003 of the Yucca Mountain project in the 
State of Nevada as a final repository for spent fuel from commercial U.S. nuclear power plants 
(This approval is now contested in the courts by the State); and The continued construction of 
advanced (Generation III – Generation III+) reactors in South and East-Asia and now in Finland, 
France and elsewhere. Two ABWRs have been constructed more than five years ago in the 
Kashiwazaki-Kariwa site in Japan and have operated successfully since, and two other ABWRs 
are now under construction in the Lungmen site in Taiwan. Finland has issued a bid for its fifth 
nuclear Power plant in 2002, and that bid was won by the European Pressurized Water Reactor 
(EPR) design, developed by the French-German company Areva. France intends to build another 
EPR in Metropolitan France in parallel with the Finland Project, and other projects are under 
discussion. The Canadian design team of Atomic Energy of Canada Ltd (AECL), capitalizing on 
their successful, two-unit CANDU-6 project in Qinshan Phase III in China, is now embarked on 
the design, licensing, and active marketing of an Advanced CANDU Reactor (ACR-700). The 
ACR-700 will be licensed in Canada and in the U.S. and is proposed for construction in the 
Canadian Province of Ontario, as well as in several potential sites in the U.S. and abroad.  The 
world nuclear plant design industry is consolidating into one U.S. designer, one U.K. owned and 
U.S. operated designer, a French-German, and a Canadian design teams, and a Russian Exporting 
company. Japanese and Korean nuclear design teams are serving the needs of the growing 
domestic nuclear power sectors in those two countries. It is worth reflecting whether the near-
term market for new nuclear power projects can support a truly private sector company without 
significant host government backing.  
 
 What will it take to get utilities to commit to a new nuclear plant project? In general, 
utilities, as well as other investors, like to receive a reasonable return on their invested capital, 
they like the potential for a long-term string of profits in the later years of operation once the 
initial investment is repaid, they particularly need to control all the different risks inherent in a 
large up-front capital investment project such as constructing a new nuclear plant, they would 
like to minimize the negative impact of the new project on their other operating power plants, and 
most importantly, they would like to minimize the expected reduction in the utility’s stock price, 
while the nuclear plant project is under construction. The last item here is most important as a 
significant portion of the utility’s management compensation is in the form of stock or stock 
options assignments. All these factors were evident in the discussions leading to the submission 
of the year 2003 Energy Bill to the U.S. Congress. The Bill was approved by the U.S. House of 
Representatives in November 2003, but the vote in the U.S. Senate was deferred to early 2004. 
Some of the financial incentives sought by interested utilities were in the form of loan guarantees 
covering a significant portion of the up-front capital investment. Other incentives requested were 
in the form of risk guarantees – payments of interest costs, or payments of the total cost (direct 
expenses plus interest charges) resulting from construction delays incurred through no utility 
fault during the yet untried COL licensing process. Other incentives sought were in the form of 



post-construction support, i.e. generation (production) subsidies, similar to those granted to other 
renewable resources energy producers such as wind farm operators. The utilities have requested 
all three types of support mechanisms, particularly the last two.  In the end, Congress in its 
wisdom has chosen only the post-construction production supports as the politically acceptable 
new nuclear projects financial support mechanism. I review in this paper the various support 
arrangements proposed, and discuss their expected impact on the Congressional Budget and on 
the expected -power plant economics. Examples indicate utilities perspective on the adequacy of 
the proposed incentives package in the proposed Bill, barring other factors such as Carbon Tax 
imposed on fossil power plant emissions. It is now evident that the prospects of the passage of the 
Energy Bill dim, the longer the debate carries over into the year 2004 election season. I further 
discuss what could be done in case the Bill is further delayed.  
 
 In the last part of this paper I review the more important new nuclear power plant projects 
now committed to in various countries, and under discussion by various utilities in the U.S., 
Europe, and most importantly,  in South- and  East-Asia. For each project I will discuss the utility 
owner, the likely vendor team and design chosen, and where possible, the type of construction 
project involved. The previous discussion on new nuclear power plant economic competitiveness, 
with or without various financial incentives, the review of new nuclear plant projects worldwide, 
and the expected impacts of expected Carbon Tax legislation, as well as various transmission grid 
upgrade proposals, all allow me to make some cautious observations regarding the likelihood of a 
new nuclear era, starting in the second decade of the twenty-first century.  
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The fission spectrum can be analytically represented in several different forms, such as a 
simple Maxwellian, the Watt fission spectrum, or the more modern and physically sound 
Madland-Nix representation. A quantitative estimate of the uncertainty matrix associated with 
the fission spectrum is needed in many nuclear data applications. Criticality safety, neutron 
cross section adjustment and reactor pressure vessel surveillance dosimetry are just a few 
examples. A simple way to estimate the relative uncertainty in the fission spectrum, in any 
representation, is to represent it in terms of the relative uncertainties in certain characteristics 
of the fission spectrum, such as the mean energy of the secondary fission neutrons, E , and w , 

the relative root-mean-square width about the mean energy, which is ( ) 22/1 EEEw −= , or 
“width” for short[1]. These two characteristics are correlated and their correlation has to be 
estimated[2]. The following figure depicts the correlation between the mean fission energy 
E and the fission width w , Cew, as a function of the correlation between the Watt fission 
spectrum parameters, Cab. Even if the parameters of the Watt spectrum are not correlated, i.e. 
even if Cab=0, the mean fission energy E and the fission width w are strongly anti correlated. 
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As already mentioned, our purpose is to derive the relative uncertainty (or covariance) matrix 
associated with a fission spectrum, utilizing the relative uncertainties in the mean fission 
energy E and in the fission width w . These relative uncertainties can for instance be derived 
from the raw experimental data or from the uncertainties in the parameters of a Watt fission 
spectrum representation of the measured fission spectrum[3]. 
 
 
The Watt fission spectrum is given in ENDF-102 Data Formats and Procedures[4] as 
 

( ) ( ) ( )EbeebaEEf aEab ′=′→ ′−− sinh/4 /4/3π , 
 

where the parameters a and b are dependent on E, the energy of the neutron inducing fission, 
and E’ is the energy of the secondary neutrons. The parameters a and b are usually determined 
by fitting the Watt formula to the measured fission spectrum data. Although the Watt formula 
has no real physical foundation, it represents the experimental data fairly well over most of 
the energy range of the secondary fission neutrons, it depends on more than a single 
parameter and is still rather simple to handle. 
 
 
The relative variation of the fission spectrum in terms of the relative variations of E and 
of w is 
 

( )[ ]( ) ( )[ ]( )wwwffwEEEffEff /////// δδδ ∂∂+∂∂= . 
 

However, the sensitivities in the square brackets cannot be directly calculated since f is not 
represented explicitly as a function of E and w . In order to calculate these sensitivities, we 
utilize the simple Watt fission spectrum representation. The relative variations in E and in w, 
as functions of the relative variations in the Watt fission spectrum parameters a and b are 
 

( )( )( ) ( )( )( )bbbEEbaaaEEaEE /////// δδδ ∂∂+∂∂=  
( )( )( ) ( )( )( )bbbwwbaaawwaww /////// δδδ ∂∂+∂∂= . 

 
Inverting the 2x2 matrix relating the relative variations of E and w to the relative variations of 
a and b we get 
 

( ) ( )( ) ( )( )[ ]wwbEEbEEbwwbDETaa ///////1/ δδδ ∂∂−∂∂=  
( ) ( )( ) ( )( )[ ]wwaEEaEEawwaDETbb ///////1/ δδδ ∂∂+∂∂−=  

 
where DET is the determinant of the transformation matrix.  
These expressions of the relative uncertainties in the Watt fission spectrum parameters, a and 
b, in terms of the uncertainties in the relative variations in E and in w, can be substituted into 
the equation of the relative variation in ( )EEf ′→ , in terms of the variations in the 
parameters a and b, which is given by: 

( )[ ]( ) ( )[ ]( )bbbffbaaaffaff /////// δδδ ∂∂+∂∂= . 
 

The sensitivities in these square brackets can be analytically calculated and averaged over the 
respective energy groups with the fission spectrum as the weighting function, ultimately 



leading to the multi group fission spectrum covariance matrix as a function of the relative 
variances of E and w and their covariance: 
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The relative covariance matrix associated with the fission spectrum was expressed in terms of 
the relative uncertainties in the mean fission energy E and in the fission width w . This 
expression is valid even when the relative uncertainties in the Watt fission spectrum 
parameters are not known. The Watt fission spectrum was used only to calculate the 
sensitivities of the fission spectrum to the uncertainties in the mean fission energy E and in 
the fission width w . 
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There is a growing interest in the use of 242mAm as a nuclear fuel. Since the thermal 
absorption cross section of 242mAm is very high (σa = 8950 barn) the best way to obtain 
242mAm is by a capture of fast or epithermal neutrons in 241Am. As a result, we have 
considered to replace the radial blanket of fast reactor which is usually depleted uranium with 
241AmO2.  

We have considered the 714 MWth MONJU reactor [1] and we replaced some of the 
radial blanket and the outer core assemblies with 10676 kg of 241AmO2 fuel. The parameters 
of the MONJU reactor are given in Table I.  

The reactor core is presented in Fig. 1. We have calculated the reactor core using the 
MCNP Monte Carlo code [2]  

For burnup calculation we have used the burnup chains of the actinides. The obtained 
results of the 242mAm breeding is given in Fig. 2 and Table II. 

The amount of the 242mAm enrichment is given in Fig 3. We see an increase of the 
enrichment with burnup. Although the total amount of 242mAm is stabilized after 16 years, but 
the enrichment is not. In our calculation about 7.2% enrichment is obtained after 6570 days. 
However higher enrichments can be obtained. Obtaining such higher enrichments might 
indicate that in quite many cases 242mAm nuclear fuel can be used without further enrichment. 
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           Table II              Table I 
            242mAm Breeding and core reactivity                                  Principal Design Data of MONJU 

 
 

 
 
 
 
 

241Am 
Irradiation 

[days] 

Keff 242mAm 
production 

[kg] 

242mAm          
(241Am+242mAm) 

[o/w] 

0 1.02975 ± 0.00062 0 0.000 
365 0.99998 ± 0.00059 45.921 0.502 
365 

  (refueling) 
1.03722 ± 0.00060 45.921 0.502 

730 1.00734 ± 0.00060 87.992 0.991 
730 

  (refueling) 
1.03939 ± 0.00062 87.992 0.991 

1095 1.01234 ± 0.00061 126.504 1.470 
1095 

  (refueling) 
1.04289 ± 0.00059 126.504 1.470 

1460 1.01714 ± 0.00058 161.125 1.934 
1460 

  (refueling) 
1.04842 ± 0.00059 161.125 1.934 

1825 1.01919 ± 0.00060 192.354 2.388 
1825 

  (refueling) 
1.05171 ± 0.00060 192.354 2.388 

2190 1.02312 ± 0.00058 220.178 2.831 
2190 

  (refueling) 
1.05355 ± 0.00060 220.178 2.831 

2555 1.02460 ± 0.00057 244.644 3.260 
2555 

(refueling) 
1.05775 ± 0.00058 244.644 3.260 

2920 1.02545 ± 0.00057 265.839 3.675 
2920 

 (refueling) 
1.05726 ± 0.00057 265.839 3.675 

3285 1.02654 ± 0.00058 284.102 4.078 
3285 

 (refueling) 
1.05964 ± 0.00059 284.102 4.078 

3650 1.02826 ± 0.00054 299.514 4.470 
3650 

 (refueling) 
1.05929 ± 0.00057 299.514 4.470 

4015 1.02762 ± 0.00058 312.253 5.097 
4015 

 (refueling) 
1.05914 ± 0.00058 312.253 5.097 

4380 1.02814 ± 0.00058 322.476 5.217 
4380 

 (refueling) 
1.05832 ± 0.00056 322.476 5.217 

4745 1.02708 ± 0.00053 330.347 5.573 
4745 

 (refueling) 
1.05975 ± 0.00055 330.347 5.573 

5110 1.02607 ± 0.00054 335.960 5.914 
5110 

 (refueling) 
1.05975 ± 0.00055 335.960 5.914 

5475 1.02413 ± 0.00055 339.579 6.245 
5475 

 (refueling) 
1.05900 ± 0.00055 339.579 6.245 

5840 1.02172 ± 0.00052 341.336 6.565 
5840 

 (refueling) 
1.05783 ± 0.00054 341.336 6.565 

6205 1.02013 ± 0.00051 341.387 6.872 
6205 

 (refueling) 
1.05634 ± 0.00052 341.387 6.872 

6570 1.05634 ± 0.00052 339.887 7.167 

Rector type Sodium-
cooled 

loop-type 
Thermal power [MW] 714 
Electrical power [MW] 280 
Fuel material PuO2-UO2 
Core equivalent diameter [m] 1.79 
Core height [m] 0.93 
Core volume [m3] 2.335 
Plutonium Enrichment (inner core/ 
outer core) [% fissile plutonium] 

15/20 

Core fuel inventory (uranium + 
plutonium metal) [kg] 

5900 

Blanket fuel inventory (uranium 
metal) [kg] 

17500 

Average burnup [MWd/kg] 80 
Number of inner core assemblies 108 
Number of outer core assemblies 90 
Number of radial blanket 
assemblies 

172 

Number of control rods 19 
Number of pins per core assembly 169 
Number of pins per radial blanket 
assembly 

61 

Cladding material Type 316 
stainless 

steel 
Cladding outside diameter/thickness 
(in core) [cm] 

0.65/0.047 

Cladding outside diameter/thickness 
(in radial blanket) [cm] 

1.16/0.05 

Power density [W/cm3] 283 
Upper blanket thickness [cm] 30 
Lower blanket thickness [cm] 35 
Radial blanket thickness [cm] 30 
Breeding ratio 1.2 
Reactor inlet/ outlet sodium 
temperature [°C] 

397/529 

Refueling interval [days] 180 



 
 
 
 

 

                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. MONJU reactor with americium assamblies 

Figure 2. .  242mAm buildup during 241Am irradiation 
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 A nuclear battery based on a direct energy conversion of the fission products is presented. 

The principal behind direct-charging or direct-conversion [1] is based on the direct conversion of 

fission product energy into electrical energy, using a high voltage potential. The kinetic energy of 

the fission products is thus converted to potential energy and the charges collected in the 

conductive electrodes create an electrical current.  

High-power nuclear batteries are important due to the fact that they have almost no moving parts. 

As a result, maintenance problems (especially important in outer space) are considerably reduced.  

Such energy conversion is possible by using a nuclear reactor with ultra-thin fuel elements of 

0.2µm of 242mAm. The amount of nuclear fuel is 376g and the dimensions of the battery are 

m4.24.24.2 ×× (including the vacuum spacing), with a BeO moderator and Be electrodes. The 

total power of the reactor is 10.6 MW and the electrical power is 0.672 MW.    

The reactor is composed of  242mAm as a nuclear fuel with a thickness of mµ2.0  and a moderator 

of cm4 of BeO and two cm5.0 thickness electrodes of Be, as presented in  

Fig. 1. The moderator-to-fuel-volume ratio is 000,250/ =fm VV .  

The infinite multiplication factor for this design is [2] 8.1=∞k . 

In order to obtain an actual reactor, we have considered the form of a cube with x-y dimensions 

of m4.24.2 × and with 24 electrical units, as presented in Fig. 1. Ignoring the He coolant 

channels, as well as the vacuum for the buckling calculations, we have an actual cube of 

m4.24.24.2 ×× , with a buckling of 241014.5 −−× cm .    
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Using the BOXER code system [3], we have calculated two parameters. The first parameter is 

effk ; the value of 477.1=effk . In order to reduce effk to 1=effk during operation, we need control 

rods, which will be inserted into the moderator. 

We have determined the neutron thermal flux to be scmneutrons 213 /105× . As a result, the 

power of one unit will be 441.5 kW and of the reactor 10.6 MW (th). 

The voltage is V=2.024MV and the electrical field is thus 0.506 MV/cm, which is well below the 

upper limit of 1MV/cm for electrical fields of electrodes in a vacuum [1]. 

The total power of the reactor is 10.6MW and the electrical power is 0.672MW. We need to 

remove 9.928MW of heat, or 0.414MW per one unit. To remove this amount of heat, we have 

considered Helium cooling in the moderator, as demonstrated in Fig. 1.  

The Helium coolant is cooled in the radiator by radiating its heat to outer space. The total area of 

the radiator is:  

 

  

 

 
26.100 m  is a lower limit value. The actual area will be larger.  
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1. Introduction 
 
A study was performed in the BNL1 to investigate LWR thorium-based equilibrium-TRU (TRU-
sustainable) fuel cycle. In such a self-sustainable fuel cycle, only TRU lost by the fuel separation 
activities passes to the repository. The equilibrium transuranics inventory is recycled into each 
subsequent reload. Results of the study demonstrate the neutronic feasibility of a fuel cycle with 
“zero-TRU” discharge. A limitation of this study is the fact that a 2D fuel lattice model was used, 
specifically, the linear reactivity model, applied to the results of assembly calculations, assumes a 
single fuel type for all three batches. Thus, the end result of this work is a confirmation of the 
possibility of establishing equilibrium TRU fuel cycle via the full 3D core level calculational 
model. 
 

2. Calculation Methodology 
 

1. Calculations were carried out by the ELCOS2 code system.  
2. The lattice parameters of the core are identical to a standard PWR core (the same as for 

assembly model). 
3. The thorium, uranium, and TRU components were mixed homogeneously (the same as 

for assembly model). 
4. The fuel management scheme is based on three batches, with one-third of the fuel 

assemblies replaced every cycle. 
5. The “first-generation” TRU vector is based on the TRU-uranium vector from Advanced 

LWR. For the initial core, three fuel enrichments were selected to simulate three burnup 
levels: fresh, once-burned and twice-burned. The current 3D study started with the same 
fresh fuel as was used in the assembly (2D) study. The initial amount of the TRU and the 
initial U and Th volume fractions for the pseudo-once and pseudo-twice fuels were the 
same as in the assembly model. Following two transition cycles, a “quasi-equilibrium” 
reload pattern with a typical low-leakage configuration was established: once-burned 
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fuels were placed in the core peripheral positions, while fresh and twice-burned fuels 
were arranged in a checkerboard pattern. 

6. The resulting composition of twice-burned fuel of cycle “i”, at time EOL+7 years, was 
separated into three components: 1) the residual TRU, 2) all U isotopes (remaining from 
original + newly generated), and 3) the remaining Th. These components plus the make-
up enriched U form the next generation re-cycled fuel composition of the cycle “i+8”. 

7. For the “i+8” load the U volume fraction was increased by the addition of the make-up U, 
while the remaining fuel volume was filled with Th. The enrichment of the make-up U 
was kept constant for all transition re-cycles (the same as for assembly model). The 
amount of additional U was adjusted to keep the total amount and the enrichment 
(U233+U235) of U as close as possible to assembly model. 

8. Steps 5, 6, and 7 were repeated for 3 generations until the discharged TRU amount were 
similar to those of the charged TRU. 

9. Starting from the 4th generation the make-up fissile material required to compensate for 
the fissile material depleted in the previous cycle was added by re-enrichment of the 
residual U and adding the required amount of “fresh” enriched U. The fissile properties of 
U233 are better than fissile properties of U235. Therefore, the enrichment level of the “new” 
make-up U was defined as:  
 
 Enrichment of make-up U(%)= 
                       =1.17· (% of U233 in re-enriched U) + % of U233 in re-enriched U 
 
 In assembly model, re-enrichment was performed after the 4th generation. 

 

3. Results and Conclusions 
 

1. After the 4th generation, an equilibrium fuel cycle with “zero-TRU” discharge is obtained 
in the 3D model as predicted by assembly model. The fissile Pu inventory BOC/EOC 
ratio of the equilibrium cycle is very close to unity (See Fig.1).  

2. Starting with generation 3, the total U weight is kept constant (See Fig. 2), which means 
that make up of the fissile material is achieved by the re-enriching of the discharged U 
mixture with an addition of enriched U. 

3. Correspondingly, the total amount of Th reaches equilibrium (See Fig. 2) after the 4th 
generation. The specific U and Th load at BOL of each cycle generates a “new” TRU at 
EOL, which is identical in its amount and composition to the “old” TRU, and therefore 
indicates an approach the equilibrium state. 

4. The differences in weights of fuel components predicted by assembly and 3D models are 
caused by inaccuracy of the linear reactivity model employed in assembly calculations. 
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Figure 1: Assembly (2D) model vs. 3D model material flow in BOC for total TRU and fissile 

Pu in BOC (normalized to maximum per kg/assembly) 
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Introduction: 
The main objective of the Seed and Blanket Units (SBU)[1] core designs is to reduce 
production of Pu and long-term toxicity of the spent PWR fuel. The SBU concept assumes a 
heterogeneous seed-blanket fuel assembly, with spatial separation of the U and Th parts of the 
fuel. In the SBU assembly the Seed fuel is an alloy of 20% enriched metallic Uranium and 
zircalloy, the Blanket fuel is ThO2 mixed with about 13% of 12.2% enriched UO2. The 
Uranium is included in the mix in order to increase the BOL power in the Th pins and dilute 
the bred U233 isotope to avoid proliferation concerns. The 108 Seed fuel rods are located in 
the central region of the assembly and surrounded by 156 blanket rods. The use of metallic 
fuel in the Seed enables high density of fissile material. The U-Zr alloy also has a higher 
thermal conductivity than UO2, although this advantage is partially offset by the low melting 
temperature of metallic fuels. More importantly, compared with oxide fuel, the radiation 
induced creep and swelling phenomena are more pronounced in metallic fuel at elevated 
temperatures due to the loss of its crystallographic state. This loss occurs at a rather low 
temperature of 6600 C [2], and in U-Zr alloys at 6160 C [3]. For this reason, reduction of the 
local pin power peaking in the assembly is particularly important. 
 
Objectives:  
The main objective of this analysis is the reduction of the local power peak in the SBU fuel 
assembly by redistribution of the BP (burnable poison) within the seed subassembly. This is 
the first step in a full BP optimization. The location of the maximum power peak in the SBU 

                                               
  Figure 1: Seed sub assembly sketch for the combined BP design 
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is in the rods adjacent to peripheral guide tubes of the Seed. The design strategy employed is 
to move some Boron (BP) from the inner region to the periphery of the seed subassembly 
maintaining an average content of ZrB2 at 3%. Three design options were tested: (1) the 
higher than assembly’s average Boron concentration was used in the outermost row of fuel 
rods (36 rods), (2) the higher Boron concentration was used in the two outermost rows of fuel 
rods (68 rods), (3) a combination between the two previous cases (52 rods) was analyzed. 
 
Another important parameter to consider is the power share between the seed and the blanket. 
The energy produced in the blanket is likely to be reduced as a result of the BP redistribution 
in the seed subassembly, since the higher BP concentration in the peripheral seed rods 
prevents the migration of thermal neutrons from the seed to the blanket region, thus impairing 
the breeding of U233.  
 
Methods: 
A two dimensional neutron transport code BOXER [4] was used for the analysis. Each case 
was calculated with different BP concentration at the peripheral zone of the seed, conserving 
the total (3% of ZrB2) BP concentration in the assembly.   
 
Results: 
Figure 2 shows the maximum power peak in the SBU during the burnup as a function of 
burnable poison concentration at the seed peripheral zone for all cases described. 
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Figure 2: maximized Power peak vs. Poison enrichment in the peripheral zone in all cases  

 
In the case 1 design, the power peak drops with increased ZrB2 percent from 1.32 to about 
1.15. In cases 2 and the “combined design”, the peak is reduced to 1.21 and 1.16 respectively 
as the BP concentration in the peripheral pins increases. Figure 3 shows the minimum relative 
power share of the blanket during burnup (occurs at the BOC).  



As expected, the relative power share of the blanket decreases as the peripheral zone is more 
poisoned. Fig. 4 demonstrates this behavior by showing the blanket energy relative to the total 
SBU energy. This EOC burnup level (65 MWd/kg) was chosen because it corresponds to a 
typical fresh blanket burnup accumulated during the first fresh seed cycle.   
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Figure 3: Minimum Blanket relative power          Figure 4: Blanket energy relative to SBU 
share during burnup as a function of poison          total energy at the average seed cycle       
concentration in the peripheral zone.                     burnup of 65 MWd/kg 

 
Conclusions and future work: 
 

1. Pin power peak in seed fuel can be reduced by 10-15 % for all configuration 
considered by redistribution of BP within the assembly. 

2. In the combined, optimal design, the pin power peak can be reduced by 12.3%. 
3. Higher concentration of Boron in the periphery of the seed subassembly has a notable 

impact on the blanket power share at the BOC reducing it by up to 4%. 
4.  The ‘combined design’ with 5.5% of ZrB2 at the periphery zone seems to be the 

optimal one. It is a compromise between peak reduction and loss of blanket power 
share. This SBU burnable poison design will be applied with further optimization of 
axial BP concentration in the whole core analysis.  
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Introduction  

One of the possible approaches to introduce thorium into the LWR fuel cycle is by the use of 
the so called Whole-Assembly Seed Blanket design (WASB) [1]. Replacing a standard (U) fuel 
by the thorium based fuel is justified by the following design objectives: 

1. Significant reduction, or if possible, elimination, of the fuel cycle proliferation potential. 
2. Reduction of the spent fuel storage/disposal volume and of safety requirements. 
3. A potential increase in natural uranium utilization and a consequent decrease in fuel cycle 

cost. 
Seed and blanket designs can be analyzed using various whole core neutronic simulation tools. 
However, in some of the simulation tools, for example the Studsvik Core Management System 
(2-D code CASMO [2] and 3-D code SIMULATE [3]), a 2-D transport code can generate the 
burnup dependent cross-sections for the Seed and Blanket fuel regions only by performing 
separate transport calculations, one for each, without accounting for the mutual spectral effects 
of the heterogeneous region. The objective of this study is to investigate the importance of 
these effects. 

 
Description of the work 

This work compares two methods for calculating a given nuclear fuel cycle in the WASB 
configuration. Both methods use the ELCOS Code System (2-D transport code BOXER and 3-
D nodal code SILWER) [4] are compared. 
In the first method, the cross-sections of the Seed and Blanket, needed for the 3-D nodal code 
are generated separately for each region by the 2-D transport code. 
In the second method, the cross-sections of the Seed and Blanket, needed for the 3-D nodal 
code are generated from Seed-Blanket Colorsets (Fig.1) calculated by the 2-D transport code.     
The evaluation of the error introduced by the first method is the main objective of the present 
study. 
 

Results 
Seed and blanket region assemblies with white boundary conditions were calculated with the 2-
D transport code Boxer by the two methods described above. The difference in the reactivity of 
the seed and the blanket, between the two methods, is shown in Fig.2 and Fig.3. The maximum 
difference obtained from the 2-D code is: up to 0.7 percent in seed and up to 4 percent in 
blanket. 
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Fig 1 – The Seed-Blanket colorset 
 

 

 
               Fig. 2. The difference in the reactivity               Fig. 3. The difference in the reactivity  
                  of seed between the two methods                      of blanket between the two methods         

 
 
The seed and blanket regions burnup dependent cross-sections that were generated by the 2-D 
code, with the two methods, were used as input database for the 3-D nodal code SILWER. 
Identical core configurations were examined with the cross-sections prepared with the two 
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methods and the difference in the reactivity between the two calculations is shown in Fig.4. The 
maximum difference in the reactivity between the two methods does not exceed 0.22 percent.   

 

Fig. 4. The difference in the core reactivity vs. days (The lengths of the cycle 530 days) 
between the two calculations 

 
 
Conclusions 

A heterogeneous Seed-Blanket design, of typical WASB dimensions, may be evaluated with 
sufficient precision without colorsets calculation, namely with cross-sections generated 
separately for region with a 2-D transport code. The importance of inter-region spectral is small 
(less then 0.25 percent of ∆ρ) and therefore can be neglected. 
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Many parts of national infrastructures around the world are very vulnerable to terrorist 
threats in the form of large vehicle bombs. The larger bomb, the larger is the damage and 
its extent. 
 
The number of containers and vehicles crossing land or sea ports of entry is huge. Tough 
the probability is low, any vehicle may contain a threat. Any system addressing these 
enormous security tasks should obviously be based on excellent human intelligence to 
focus the attention on a much smaller number of high-risk containers and vehicles. These 
containers must then be subjected to a thorough and reliable inspection for the threats. 
 
Viable security system must incorporate a credible and effective inspection to achieve its 
purposes. It should have high performance and be operationally acceptable.  This means 
the system must possess high detection capabilities, low false positive rate, fast response 
and provide automatic decision eliminating the need for human interpretation.  
 
Ancore has developed a range of new inspection devices, which are highly suitable for 
the above tasks. All the systems are automatic, material specific, high performance for a 
wide range and type of threats. Some of them are also highly modular, and compact. 
Some of the systems are fixed, other are relocatable, or fully mobile. 
 
The presentation will discuss Ancore’s VEDS (Vehicle Explosive Detection System) 
which detects bulk explosives (expandable also to radiological and nuclear threats)) in 
marine containers, trucks and cars. The compact and rugged nature of the VEDS sensor 
makes it suitable for many forms of conveyance: mobile (van mounted), portal, forklift 
mounted, or mounted on container unloading rig. 
 
 The physics principles of the system and some recent applications and results will be 
presented.   
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Inspection of air and sea cargo has traditionally been done by X-ray systems of various 
energies relying on operators to analyze images looking for anomalies in the image of 
cargo that may signify a threat. This has shown only limited success in detecting 
explosives and other threats, which do not have any distinctive shapes. 
  
OSI Systems, through its subsidiaries Rapiscan and Ancore, has combined high-energy x-
ray radiography with thermal neutron analysis (TNA) to create the combined system-
“TNX”. The system provides automatic material specific detection of bulk threat items, 
like explosives, while furnishing the operator with a high-resolution image for weapons 
detection and also to identify anomalies for the TNA to inspect. 
 
Similarly the Pulsed Fast Neutron Analysis (PFNA) can be combined with high-energy x-
ray to create a “PFNX” system for both air and sea cargo applications. This enables the 
operator obtain a three dimensional image of the material composition of the cargo under 
inspection and remove the clutter from the image leaving only the potentially hazardous 
material(s) automatically while viewing a high resolution image for manifest verification 
and weapons. 
 
The current status of the technology will be discussed and data be presented 
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Many regulatory agencies require that all building materials as well as industrial wastes should be 
tested for their NORM concentrations before they can be used or thrown away, respectively. The 
concentrations of  40K,232Th and 226Ra are measured by gamma ray spectrometry with either  
HPGe or NaI(Tl) detectors(1-3). 40K is measured through a single γ line of 1460.8 keV. However, in 
most papers, including the Israeli standard 5098 for the content of radioactive elements in building 
products, it was ignored that this line is mixed with the 1459.2 keV line of 228Ac from the chain of 
232Th. Actually what is measured is not a peak due solely to 40K but rather a composite peak of  
40K and 228Ac . 
 A correction should be made for this contribution. Most of the data in literature has wrong data 
about the concentration of  40K although in many cases the error is less than 1%. However, there 
are cases of considerably higher errors(1-3). It should be emphasized that even if the correction in 
40K concentration is large the correction of external dose index is negligible due to the higher 
weighing factor for 232Th than for 40K as will be shown later. 
The correction can be calculated from the wrong measurement of the Th/K ratio and the data in 
the literature. 228Ac and hence 232Th in secular equilibrium has a γ line of 1459.2 keV with 
intensity of 1.0%(9) or 0.83%(10).  Using both values we can say that the intensity is 0.92 ± 0.09. 
The intensity of the 1460.6 keV line of 40K is 10.7%(6,7) so that the ratio of contribution of   232 Th 
and 40K to the mixed peak is 0.92/10.7=0.088±0.09. 
In this paper we want to measure the ratio of the intensities of the 1460±1 keV for natural Th and 
K in order to quantify the correction of K concentration. In order to compare the intensities by 
measuring the counts of different standards (either for 232Th or for 40K), both of them should have 
the same density and composition in order to ascertain equal self absorption. In order that the 
standards will be similar to environmental samples, the solid matrix for the calibrated standards 
should be with densities of 1.0 to 1.2 g cm-3.   A secular equilibrium between mother and 
daughters activities could be attained in a 232Th sample whose age is larger than approximately 50 
years, due to the half-live of  228Ra  (5.75 years). Calibrated standards of thorium were prepared 
from old Thorium oxide (Specpure, which its purity was 99.95%) . Samples of either ThO2 or 
KCl, were blended with CaCO3 and Na2CO3 (Analytical Reagent Grade). The homogenized 
powders were transferred into a Marinelli beaker of 1 L. A good agreement was obtained from 
measurements of efficiencies vs. energies deduced from Marinelly standards containing 232Th, 
prepared in house, and those of  a commercial Marinelli standard of 1 L containing 226Ra 
(3130±165 Bq) supplied by Amersham Company. A gamma-ray spectrum of a Thorium standard 
is shown in Fig. 1. Various concentrations of either Th or K were used and the number of counts 
under this peak was found to be linear with the concentrations, indicating on the homogeneity of 
the blended powders. Our results show the Th/K  activity ratio  to be 0.097±0.09, in a reasonable 
agreement with the literature. 
The average value of our result and the literature is 0.093. In other words if K is not present at all 
and ignoring the contribution of the 232Th to the mixed peak, it will seem that there is K with 
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activity of 0.093 from that of  232Th. If we found in the literature that the activity of  40K and 232Th 
is the same it means that the author actually had an error of 9.3% in his K determination. Thus the 
error in K calculation is: 
Error in K activity = 9.3x (Th/K) = 9.3 / (K/Th) 
Where the error is in percents and the ratio is the ratio of activities concentrations, given usually in 
Bq/kg. 
Recalculation  of 40K taking into account the contribution of 232Th via its daughter nuclide 228Ac  
in some building materials already published in the literature(1-3) are shown in Table 1. 
Thus for example Malanca et al. (2) found one sample with a ratio K/Th of 0.17 (which means an 
error of 54 % in the concentration of K) and two samples with a ratio of 0.20 (46% error). Some 
other samples in this paper have errors of more than 20%. Ajayi and Kuforiji (3) found also ratios 
lower than unity. Their lowest value is 0.335, which means 28% error in K concentration. 
However the largest error are in the measurements of Bruzzi et al. (1) who measured the 
concentration in zirconium materials. They found K/Th ratios in the range of 0.06-0.11, which 
means error of 150% to 80%. 
 
Error in radiation dose 
. In order to calculate the effective dose received by an individual from NORM is calculated by 
the gamma activity concentration index (I). Tzortzis et al. (6) found that the gamma activity 
concentration index I is given by the equation: 

                                                
3000300200

KUTh CCCI ++=               (1)    

Where CTh, CU and CK are the concentrations of the activities of 232Th chain, 238U chain and 40K, 
respectively, in Bq/kg. For this equation the effective dose in mSv/y is obtained by dividing I by 6. 
Inserting our correction for the measurement of K means that instead of Ck we should write 
                Ck            ⇒⇒⇒     Ck – 0.084xCTh 

Substituting this transformation in equation (1) yield      

          (2)                                      
3000300200

9938.0 KUTh CCC
I ++=                                                 

Equation 2 shows that the maximum error in the effective dose due to ignoring the contribution of 
232Th to the line of 1460 keV is 0.56%. This is the upper limit when only Th is present in the 
sample. If the sample contain also U and K the error is smaller. 
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Table  1.  Recalculation  of 40K taking into account the contribution of 232Th via its daughter nuclide 
228Ac (1459.2 keV peak) to 1460.8  keV peak of 40K, in Italian ceramics industry(1) , building materials 
from the Brazilian State of Espirito2 and Nigerian rocks3. 

 
Recalculated 40K activity due 
to 232Th ( 228Ac) contribution 

(Bq) 

Activity ratio    232Th 
(228Ac) / 40K) 

K (Bq)40 232Th (228Ac)  
(Bq) 

Material 

-------- 13.0 30 390 Zircon mineral1 
41.4 8.8 300 2650 "" 
3.2 10.1 174 1750 "" 

----------- 14.8 46 680 "" 
----------- 16.7 45 750 "" 

    Brazilian  materials2 
44.6 1.5 52 75.8 Sand 
72.5 5.0 141 701.5 Mortar 
73.3 5.1 146 744.8 Plaster 
68.1 2.8 94 264.9 Plaster 
88.4 6.0 211 1256 Plaster 
7.3 3.5 11 38.1 Plaster 

107.3 3.2 155 489 Brick 
5.8 1.2 6.6 8.2 Nigerian rocks3 

5.77 2.7 2.85 7.7  
2.4 3.1 1.1 3.4  
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Figure 1. Gamma-ray spectrum deduced from measurement of a calibrated Marinelli 
standard of 232Th in equilibrium with its daughter nuclides 
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Introduction 
 A neutron dosimeter based on measurement of prompt gamma rays is composed of 
three main elements:  a moderator of the fast neutrons, a converter which transforms the 
thermal neutrons into gamma rays (mostly by (n, γ) reaction), and  the detector of gamma 
rays.  

Chung and co-workers (1,2) studied the possibility to use a Germanium detector to 
measure the neutron dose equivalent rate in a mixed neutron-gamma field. They reported that 
both thermal and fast neutron doses could be evaluated by measuring the photo-peaks at     
596 keV and 691 keV due to the reactions 72Ge(nth, γ) and 73Ge(nf, n' γ) respectively. Chao 
and Niu(3) used a Ge detector covered with moderating material. Fast neutrons were 
moderated in a polyethylene cylinder and then captured in the germanium crystal, where they 
created the 596 keV γ photons, that were counted by the same Ge crystal. Another approach 
was taken by Ghanbari and Mohageghi(4), who used 10B loaded polyethylene as moderator 
and converter. They measured the 478 keV photons, which are emitted from the excited state 
of the 7Li produced by the 10B (n, γ) 7Li reaction.  

In all those studies, where converters were either Ge or 10B, relatively low energy 
photons were produced and measured, which are in the range of high background. There are 
converters that can produce high energy (in the range from 4 MeV to 7 Mev), but the 
efficiency of the detectors in this energy range is very low. An optimal energy range 
considering the two contradicting requirements of low background and high counting 
efficiency is estimated to be over 1 MeV, up to about  2.5 MeV. The purpose of the present 
work was to find an improved combination of converter-detector system with maximum 
efficiency and signal to noise ratio.  
 

Experimental setup 
The neutron source was a lead-shielded 252Cf source. Three different gamma 

spectrometers were used:  a coaxial HPGe detector (GEM10P type of 10% relative efficiency, 
manufactured by Ortec), a 3”x3” NaI(Tl) scintillation detector and a 3”x3” BGO detector. The 
different detectors were employed in order to study the effect of varying resolution and 
efficiency for gamma detection on the system characteristics. The detectors were connected 
through a preamplifier and an amplifier to a multichannel card (TRUMP-PCI-2K MCA card) 
installed in a computer, for measurement of the energy spectra of the emitted photons.  

The converter materials chosen were Cd, Gd, B and Cl, and were selected by two main 
criteria: a high cross section for reaction with thermal neutrons and a high intensity of high-
energy photons. The experimental units were either solid disks of PVC [ (C2H3Cl)n ], where 
the H and C are the moderating elements and 35Cl is the converting element, or cylinders with 
aqueous solutions of various salts including the converting elements [CdSO4 , Gd(NO3)3 , 
Na2B4O7]. The thickness of each solid disk unit was 1.5 cm and of the thickness of each 
solution container was 2 cm. The detectors were placed at a distance of 30 cm from the 



source. Between the detectors and the source (adjacent to the detectors), were placed units of 
moderating and converter materials. For all measurements, the counting time was chosen to 
obtain a net count in the measured peaks of more than 10,000 counts for the HPGe detector 
and over 20,000 counts for the other detectors. 

 
 
Results and discussion 
 Different converter thickness was used between the detector and the source in order to 
find the optimal moderator-converter combination. The optimal PVC thickness was about  7 - 
8 cm, and the optimum thickness of the aqueous mixtures was 4 - 5 cm. This difference is due 
to the lower density of hydrogen in PVC compared to its density in water (0.067 gr H /cm3 in 
PVC and 0.11 gr H /cm3 in water). The results for optimal thickness of mixtures of moderator 
and converter are given in table 1, for the active elements in the converters which were 
investigated.   

 
Active 

element 
Detector  

type 
Concentration 

 (% weight) 

Gamma 
energy  
(keV) 

Net  
count rate  

(cps) 

Background 
count rate 

(cps) 
   558.6 1.95±0.01 0.29 
   651.3 0.31±0.01 0.21 
 HPGe 7.5 806.0 0.24±0.01 0.24 
   1209.4 0.07±0.01 0.09 

Cd   1364.2 0.06±0.01 0.06 
   1399.0 0.05±0.01 0.04 

 NaI(Tl) 7.5 558.6 7.46±0.19 34.00 
   651.3 2.06±0.14 20.35 
   780.0 0.03±0.01 0.41 
   897.3 0.08±0.01 0.19 
   944.0 0.09±0.01 0.20 

Gd HPGe 10.4 961.8 0.07±0.01 0.20 
   977.2 0.04±0.01 0.12 
   1107.3 0.04±0.01 0.16 
   1186.5 0.13±0.01 0.25 
 HPGe 1 478 4.20±0.01 1.34 

B NaI(Tl) 1 478 21.99 ± 1.06 38.33 
 BGO 1 478 16.95 ± 0.82 23.82 
   786 - 789 0.66±0.01 1.02 
 HPGe 56.8 1164.7 0.43±0.01 0.16 
   1950 - 1960 0.14±0.01 0.16 
   786 - 789 2.50±0.05 15.63 

Cl NaI(Tl) 56.8 1164.7 1.74±0.04 12.12 
   1950 - 1960 1.21±0.04 5.93 
   786 - 789 4.27±0.07 21.36 
 BGO 56.8 1164.7 5.23±0.07 16.31 
   1950 -1960 4.20±0.07  10.63 

 
  Table 2:  The count rates obtained for the different detectors with converters of optimal thickness. 

 



 For each converter, measurements with all three detectors were performed. However, 
because of the worse resolution of the NaI(Tl) and BGO detectors relative to HPGe, in some 
cases the gamma peaks could not be detected from the background when using these detectors. 
The background contributions to the detected gamma peaks are also given in table 1.  

 From the table it can be seen, that the highest sensitivity is obtained for an aqueous 
solution of boron due to the high yield of the prompt gamma rays and to the high efficiency of 
the gamma detector at this relatively low energy photons. However, the low energy of these 
photos arises background problems, especially for the NaI(Tl) and BGO detectors. Various 
contributions of the background can be present as direct or scattered gamma rays. 

 The best signal to background ratio (∼6) was obtained for the Cd converter and HPGe 
detector for the 558.6 keV gamma rays, but also this gamma energy is in the problematic 
background region. For the other gamma energies no advantage can be observed for this 
converter. In spite of its very high thermal neutron cross section, Gd does not present an 
efficient alternative either. 

 The PVC (containing Cl) with the HPGe detector seems to be the best choice because 
of the high signal to background ratio of the 1164.7 keV gamma energy peak (∼3). The 
gamma energy is high enough so that there are no interferences expected from the 
background.  The data presented above is based on the background in our laboratory. The 
background may change due to environmental conditions and measuring system setup, but it 
is always lower at high energies.  

 
Conclusions 
 An improvement of neutron detection by prompt gamma ray spectrometry can be 
achieved by optimizing the moderator-converter-detector assembly. A combination of 
high efficiency and low background is the goal, and it can be best achieved if the gamma 
energy is in the range above about 1 MeV up to 2.5 MeV. Most converter elements 
produce gamma rays in the low energy range. If chlorine is used as converter, the 1164.7 
keV peak seems to be a good choice, when an HPGe spectrometer is used. A very 
practical material containing chlorine is PVC. It is an efficient moderator, it is solid, 
common, and can be easily handled.   
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Introduction 
 Accurate gamma spectrometry is widely performed by HPGe detectors. The limit of 
detection of gamma spectrometry system is determined by two main factors: the detector 
efficiency and its background. To obtain higher efficiencies, larger detectors have to be used, 
but their price become forbidding, thus it is common to try to reduce their background. For 
static laboratory systems optimal shielding can be used, but massive shielding is not practical 
for mobile systems intended to be operated outdoors, as for ground contamination survey.  
 The main contribution to the background in an HPGe gamma spectrometer (except the 
background radiation) is due to the Compton scattering. When photons are Compton–scattered 
in the detector, only a part of their energy is transmitted to the detector, and the pulse will not 
contribute to the main photo-peak, but will appear at a lower energy, as part of the background. 
A lower energy gamma peak will be superposed on this background, and its limit of detection 
will be higher. A practical way to solve the problem is to position an additional detector around 
the HPGe and operate it in anti-coincidence with the HPGe detector(1-3). Coincident pulses 
from both detectors, mostly from Compton-scattering, will not be counted, and the background 
will be reduced. This setup is called anti-Compton, and the characteristic of an anti-Compton 
system based on a HPGe detector, surrounded by a BGO scintillator, is presented in this work. 
Its application to ground monitoring is also presented.  
 
Materials and methods 
 The gamma spectrometer is a HPGe detector of 50% efficiency, model EGNC50 made 
by Eurisys/France. The BGO anti-Compton detector was of type ALC152 manufactured by 
Crismatec.  Its thickness was 23mm. The electronics was of modular type including signal 
amplification and logic NIM units. The signals were received by a PCA card mounted in a 
computer, which performed the multi-channel operation.  
 In order to define the expected spectrum and to compare it with the actual anti-
Compton suppression, a Monte Carlo simulation was performed by using the "Photon" code 
described elsewhere(4). The Monte Carlo simulation defined the best achievable theoretical 
conditions of the operation of the anti-Compton system.  
 
Results and conclusions 
 The results of the anti-Compton operation when measuring a 137Cs source are seen in 
figure 1. The upper spectra are the original spectra, without anti-Compton suppression (the 
anti-coincidence circuit was set off), and the lower spectra are the results (theoretical and 
experimental) by applying the anti-Compton suppression. 
 



  
                            (a)                                                                                  (b) 
Figure 1. The pulse height spectra of the HPGe detector due to a 137Cs source, for normal and  

anti-Compton operation :    (a) theoretical spectra ;    (b) measured spectra. 
 

 The improvement of the limit of detection (Iac) is determined by the ratio of the 
squares of the background values in anti-Compton (ac) and normal (anti-Compton circuit off) 
operation: 

(1)    
off

ac
ac C

C
I =  

where C stands for the counts in the region of the photo-peak.  
 The anti-Compton suppression circuit, if not set properly, may cancel also photo-peak 
events and reduce the counting efficiency, deteriorating the performance. It should be 
mentioned that there will always be a small reduction of the efficiency due to chance 
coincidences, but if the gamma rays are emitted in cascade (as for 134Cs), a significant 
reduction will result. Thus, the anti-Compton method is not efficient for cascade emitting 
radioisotopes. The photo-peak efficiency change for several radioisotopes is given in table 1. 
For 60Co the values are the average for the 1173 keV and 1330 keV peaks. For 22Na the count 
rate is for the 1274 keV peak. It can be seen that no significant change is obtained for all 
cases, the photo-peak reduction being in the range up to about 5%. 
 

Ratio (%) anti-coincidence 
on 

anti-coincidence 
off 

Source 

97.70 17.29 17.7 Cs137  
97.85 22.81 23.32 Co60  
94.96 136.29 143.51 Na22  

 
     Table 1.  The photo-peak count rates with and without applying the anti-Compton circuit 

      for several radioisotopes.  
 
 As can be seen qualitatively in figure 1, the Compton suppression efficiency depends 
on the energy difference from the photo-peak. Figure 2 presents the energy dependent Iac ratio 
for the radionuclides mentioned in table 1. The x axis is the energy difference E=E0-E' where 
E0 is the photo-peak energy and E' is the Compton scattered photon energy. It can be seen that 



the Compton suppression system is not efficient near the photo-peak (due to the low energy of 
the scattered photons) and at very low energies. The highest efficiency is obtained at the 
Comtpon shoulder region, at about 300-500 keV from the photo-peak.  

  
       Figure 2.  The Iac ratio as a function of                  Figure 3.  Soil monitoring spectra for different  

                 E=E0-E' for several radioisotopes.                         combinations of Pb shield  and 
                   BGO anti-Compton operation. 

 
 Figure 3 presents natural soil monitoring spectra by the HPGe detector operated in 
several modes: (1) normal operation, with no shielding and BGO addition, (2) detector 
shielded by a lead cylinder 17 mm thick, (3) detector surrounded by the BGO detector and 
6mm lead, but anti-Compton circuit not operated and (4) detector surrounded by the BGO 
detector and 6mm lead, with operation of the  anti-Compton circuit. It can be seen that the 
main contribution to the background reduction is by the shielding, but the operation of the 
anti-Compton circuit provider a further improvement of about 20%. Heavy shielding is not 
suitable in field conditions, and anti-Compton suppression can provide a practical means for 
background reduction. It is expected that the efficiency of anti-Compton suppression systems 
is highest in areas of low background radiation, where Compton scattering in the detector 
produces the highest contribution to the background in the pulse height spectra.  
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Introduction 
Gamma ray spectrometry is a well-established non-destructive method for the qualitative and 
quantitative identification of gamma emitting radionuclides. Since the seventy’s, with the 
invention of GeLi and HPGe detectors and fast electronics, it became the standard and robust 
method for radionuclide identification. All the gamma emitting radionuclide decay into excited 
states of the decay product and the majority of them decay into several excited states which some 
of them are in cascade as the case of 88Y as seen in figure 1. The half life of these excited states 
varies from several days to part of picoseconds (in the most cases) which is much faster than the 
time resolution of modern HPGe detector systems. Therefore, there are true coincidence events. 

 
Figure 1: Decay scheme of 88Y by EC disintegration and excited states of 88Sr with gamma rays 
energies and probabilities [1]. 
 
There is also a chance for coincidence between gamma and X rays during EC or IC 
disintegrations processes. 
The activity of radionuclides in environmental and occupational samples demands to lower the 
detection limits of the measuring system which can be achieved by minimizing the source-
detector distance. In this case a non-zero probability exists of detecting two gamma rays from the 
same disintegration in coincidence, therefore a full energy peak with energy that equals to the 
sum of the two gamma rays will appear in the spectrum. When this coincidence occurs in the 
detector part of the photons with energy E1 will be lost and some displayed at energy E1+E2 as in 
the case of 60Co where another peak at energy of 2505 keV appear in the spectrum 
Efficiency calibration curves achieved using for example 60Co, 88Y, etc...will be influenced by the 
coincidence summing as seen in figure 3.  
The size of the correction factors depends on the measurement geometry, the decay scheme and 
the detector dimensions. Correction factor of 25-75% for 134Cs and 152Eu were published 
elsewhere [2]. 
 



 

 
 

Figure 2: Corrected and uncorrected points bellow the detector efficiency curve [3]. 
 
 

Theory and methods of coincidence summing correction 
The correction of a true coincidence summing effect is accounted by:  

( ) ( )AAA SLCOI −⋅−= 11  
Where SA is the summing-in probability and LA is the summing-out probability. For example the 
count rate of the gamma peak at 1332 keV from 60Co is given by:  
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Where Ri and Ri’ are the uncorrected and corrected count rates at energy i, pγ,i is the abundance of 
gamma i, εi is the full energy peak efficiency at energy i and εT,i is the total efficiency at energy i. 
Therefore, for this case, the coincidence summing correction factor is given by: 

( )1173,1173
'
1332

1332
1332 1

1

TpR
RC

εγ −
==  

In the same manner the correction factor for the 1173keV gamma transition can be calculated. A 
more complex expression is applied for multi-cascade transitions. 
The methods for the calculation of the coincidence summing correction factors are empirical, 
semi-empirical and theoretical. The empirical methods are based on the count rate ratio between 
close and far geometries of photons having similar energy. This method is easily applicable to 
radionuclides with simple cascade schemes as 60Co or 88Y [4]. 
The semi-empirical methods are based on the measurement of the total efficiency of the detector 
or the calculation of the total efficiency by measuring the full energy peak and the peak to total 
efficiencies. The semi-empirical methods require also knowledge of the exact geometry (sample 
dimensions and materials) and detector dimensions. 
The theoretical methods are based on Monte Carlo simulation of the interaction of the photons 
with the detector, the shielding and the sample materials. These methods do not require any 
radioactivity measurement but are sensitive to the exact dimensions of the detector [5].  
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Experimental data 
Measurement and calculation of the coincidence correction factors were performed using two 
different commercially available softwares applied to two HPGe detectors having different 
dimensions and relative efficiencies.  
The semi-empirical method of Genie 2000 v 2.1 (Canberra) uses a generic detector supplied by 
Canberra (dimensions similar to those declared by the detector’s manufacturer), the measured 
peak to total and full energy peak efficiencies and the definition of the counting geometry 
(sample dimension and materials). 
The theoretical method of Gespecor v 3.0 (Matec GmbH) perform Monte Carlo simulation of the 
detector response. Optimization of detector dimension performed by Monte Carlo simulation will 
enhance the accuracy of the correction factor. In the presented experimental data the 
characterization of the detectors, shielding and geometries (samples dimensions and materials) 
was based on detector’s manufacturer declared data.   
The sample geometries tested were the routinely used point source, the 200ml voluminous liquid 
source and a disc type air filter samples at Soreq NRC. The results are summarized in table 1.  
 

 
 
Conclusions 
True coincidence summing is an influencing effect in gamma spectrometry. The intensity of the 
coincidence correction varies upon the measuring geometry, detector dimensions and decay 
scheme and in the above experiments was found to be up to 20%. 
Uncorrected efficiency curves will lead to erroneous activity calculation. 
The calculation of the coincidence correction demand exact characterization of detector 
dimensions based not only on manufacturer declared data but also on Monte Carlo optimization.  
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Geometry Dimension  Detector 1 Detector 2 
  Isotope 

(keV) 
Genie 
2000 

Gespecor ∆ 
(%) 

Genie 
2000 

Gespecor ∆ 
(%) 

Point Φ =1 mm 60Co (1173) 0.737 0.803 8 0.796 0.832 4 
 H =1 mm 60Co (1332) 0.725 0.797 9 0.786 0.827 5 
  60Co (1173) 0.903 0.909 1 0.931 0.923 -1 

Liquid  Φ =70 mm 60Co (1332) 0.901 0.907 1 0.929 0.920 -1 
200cc H = 55mm 88Y   (898) 0.910 0.915 1 0.937 0.929 -1 

  88Y   (1836) 0.904 0.908 0 0.930 0.923 -1 
 Φ =70 mm 147Nd (531) 1.002 1.007 0 1.002 1.006 0 

Filter H = 6mm 99Mo (181) 0.604 0.824 27 0.702 0.869 19 
  140La (1596) 0.678 0.854 21 0.743 0.838 11 
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Abstract 
During the 1970's, Ruby (Q switched) laser based rangefinders with a wavelength of 694nm 
were first used. These lasers operated in a pulse mode within the visible light range and 
produced a risk for the eye retina. The laser beam striking the macula could damage the eye 
and might cause blindness. Over the years, Nd:YAG (Q switched) lasers were developed 
(operating at1064nm) for rangefinding and designation uses. 
 
The wavelength of these lasers, operating in the near Infra-Red range (invisible), is also 
focused tightly on the retina. The human eye does not respond to the invisible light so there is 
no natural protection (eye blink reflex) as in the visible light. 
 
The operation of these lasers worldwide, especially when the laser beam is exposed, causes 
occasional eye accidents. Another risk is stemming from the use of observation systems with 
a high optical gain, in the laser operation areas, which enlarge the range of risk quite 
significantly. Therefore, research and development efforts were invested in order to introduce 
eyesafe lasers. One of the solutions for this problem is presented in following document. 
 
1. Applicable solution 
Since the 90's, Erbium:Glass laser is the main technology used for eyesafe laser rangefinders 
and other applications as well. This laser is emitting in 1540nm, which is beyond the retinal 
hazard band (1). 
 
The Nd:YAG laser has four energy levels that provide it with advantages over the 
Erbium:Glass laser, which has only three energy levels. However, it is emitting in 1064nm, 
and cause most of the accidents involving retinal damage (2). The low thermal conductivity of 
Erbium:Glass is a key limiting factor for laser operation at high repetition rates. Using Diode 
Pumped Erbium:Glass laser technology, has reduced the thermal problem. 
 
Safety range analysis was performed according to the following specifications: 
International Electro-technical Commission 60825-1 Safety of Laser products(3). 
The calculations were performed according to the following data: 
 

1) Erbium:Glass laser, Wavelength 1540nm. 
2) Energy per pulse - 10mJ. 
3) Pulse Repetition Rate - 10pps 
4) Pulse width - 30nsec. 
5) Beam shape – Gaussian 
6) Beam diameter – 4.2mm (1/e) 
7) Laser beam geometries display transverse electromagnetic – TEM00.  



2. IEC Laser Classification 
Since we analyzed a pulse repetition frequency laser for ocular exposure, for 
wavelengths between 400nm and 106, we assessed the following three criteria: 
a. Single pulse assessment 
b. Average irradiance assessment 
c. Multiple pulse assessment 
 
The MPE (Maximum Permissible Exposure) will be the lowest number among the 
three criteria. 

 Single pulse 
AEL 

(1)Repetitive 
pulse AEL 

Average Power 
AEL 

Class 1 8 mJ 2.53 mJ 10 mW 
Class 3R 40 mJ 12.6 mJ 50 mW 
Class 3B 125 mJ 39.5 mJ 500 mW 

 
The laser will be classified according to the AEL (Accessible Emission Limit) 
by calculating the output energy or power (Pa) passing through the appropriate 
limiting aperture using the following equation: 
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where : 
P0  - the total output laser  energy. 
da – the limiting aperture diameter. 
d63 – the beam diameter at the 1/e point. 

 
2.1 Rule 1. Single pulse limit: 
 da = 1mm , the limiting aperture for time less than 0.35 seconds of laser pulse duration (table 

7 in the STD – p. 54). 
 P0 = 10mJ. 
 d63 = 1.95 mm 

Therefore Pa = 2.3 mJ. As Pa < 8 mJ, the laser should be classified as Class 1  
 

2.2 Rule 2.  Average Power Limit 
 da = 3.5mm , the limiting aperture for up to 10 seconds of laser emission duration (table 7 

in the STD – p. 54). 
 P0 = 100mW, the total output energy during 10 seconds is 1000mJ so the average power is 

100mW. 
 d63 = 1.95 mm 

Therefore Pa = 96mW. As Pa > than 50 mW but < than 500, mW the laser should be classified 
as Class 3B  

2.3 Repetitive Pulse Limit 
 da = 1mm , the limiting aperture for up to 0.35 seconds of laser pulse duration (table 7 in 

the STD – p.54). 
 P0 = 10mJ. 
 d63 = 1.95 mm 



Therefore Pa = 2.3 mJ. As Pa < 2.53mJ, the laser should be classified as Class 1  
 

2.4 Summary 
According to rule no. 2, the analyzed laser is a Class 3B laser. 
 
3. Nominal ocular hazard distance (NOHD) calculation 
To maintain safety at any range of direct intrabeam viewing, the laser output power or energy 
density shall be below the MPE level (Maximum Permissible Exposure). 
The MPE for Eye Hazard Analysis is the most restrictive MPE of the three rules. The values 
for those MPE’s are as following (table 6 in the IEC STD): 

 Single pulse MPE value = 1 J/cm2 
 Average Power MPE value = 100mW/cm2 = 0.1 W/cm² 
 Repetitive-pulse  MPE value = MPEsingle x N-0.25 = 0.316 J/cm2  

 
Thus, the most restrictive MPE value is 0.1 W/cm2 
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P = 0. 1 W 
MPE = 0.1 W/cm² 
φ = 2.9 mRad 
a = Beam Diameter 0.42cm 
  

According to the NOHD equation, the RF-10DP laser will be safe for direct intrabeam 
viewing only from ranges longer than 244 cm. 
 
4. Reducing the laser classification from Class 3B to Class 1M 
Class 3B laser is not eyesafe. In order to make it eyesafe, it is necessary to reduce the 
irradiance, by expending the beam diameter. We can see in equation no. 2, that using a beam 
expender, with a diameter of above 12mm, the laser will be safe at zero range. This is correct 
if no collecting optics is used. Using collecting optics, e.g. 7x50 binocular, reduces the MPE 
by a factor of 51, and the laser will not be eyesafe. 
According to the IEC 60825-1 (3), such a laser is classified as Class 1M. 
 
5. Conclusions 
To gain an eyesafe laser rangefinder, it requires: 
- Shifting the laser wavelength from the retinal hazard band into a non retinal-hazard 

band. 
- Increasing efficiency of the detector and working with an atmospheric transmission 

band that allows low laser transmitter.   
- Using a beam expender in order to reduce the laser irradiance. 
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Introduction 
 Therapy for metastatic bone pain in Hormonal-Resistant Prostate Cancer (HRPC) 
patients is performed by administering systemic radioisotope therapy [1]. The beta radiation 
emitted by the radioactive strontium 89Sr [T1/2=50.5 d, Eβ(max)=1.49 MeV], an adequate 
radionuclide for this therapy procedure [2,3], irradiates the metastatic cells in the bone, 
producing the desired palliative effect. The beta disintegration of 89Sr is followed by a low 
abundance (0.00945%) gamma ray with energy of 909 keV. The commercially available 89Sr 
is in the form of SrCl and contains an impurity of less than 0.5% of 85Sr [T1/2=64.8 d] ,which 
decays by electron capture, emitting  gamma rays at 511 keV (95.71%). 
 The radiation dose to the metastatic cells due to the gamma rays is negligible 
compared to the dose given by the beta radiation, assuming that the 89Sr is concentrated at the 
metastatic bony lesions. Accurate information about retention and excretion of Sr in the 
patient’s body will contribute to better evaluate the effectiveness of the treatment. 
 The effective half-life of 89Sr can be calculated either from Whole Body Counting 
(WBC) measurements or by measuring 85Sr and/or 89Sr in urine/blood. WBC measurements, 
using collimated HPGe detectors, allow the follow-up of 89Sr and 85Sr at different sites in the 
skeletal bones of the patient. Biological half-lives of Sr in different body sections measured 
by WBC and the correlation with excretion-rate-based biological half-lives are presented.  
 
Materials and Methods  
 Patients with HRPC, who were scheduled for 4 mCi of 89Sr Metastron (Amersham 
Ltd, England) intravenous (IV) injection were enrolled to this study. Formal consent and 
Ethical Committee approval were obtained.  
 Successive collimated WBC measurements of different body parts were performed on 
five patients at 1, 4 and 7 weeks after the IV injection. A mobile high purity germanium 
(HPGe) detector of 63% relative efficiency and 1.95 keV energy resolution at 1332 keV, 
(Canberra, USA), collimated with mercury shielding and having an aperture of 90 mm 
diameter was used for the WBC measurements. Normalization of count rates for a fixed 
patient-detector distance was performed using the MCNP Monte Carlo code. A simulation of 
the photon interaction in the patient body, detector crystal and shielding, was performed to 
determine the normalization factors. 
 Samples of 10ml heparinized whole blood and urine samples of 24 hour collection 
were taken and analyzed before and on day of injection, as well as 3 and 11 weeks later [4]. A 
minimal amount of the original injected aliquot was analyzed for the initial 85Sr/89Sr ratio 
calculation. 
 
 
 
* deceased 



Results  
 A gamma ray spectrum of the injected solution, as measured by the HPGe 
detector, is presented in figure 1. The gamma rays of 85Sr (514 keV) and 89Sr (909 keV) 
can be clearly seen, the 85Sr gamma ray being the most prominent, due to the high 
emission yield of this gamma ray and the extremely low emission yield of the 89Sr gamma 
ray. 
 

 
Figure 1: WBC gamma ray spectrum of injected Sr. 

 
           The biological half-lives were calculated for different body sections (head, thorax, 
pelvis), and also total body, from the count rates of 85Sr, as measured by the WBC. In some 
cases, biological half-lives were calculated also from urine/blood excretions. Trace amounts 
of 85Sr could be detected up to 148 and 80 days after injection in urine and blood. The results 
based on WBC counting are presented in Table 1.  
 
       Table1: Biological half-life (days) of Sr in  HRPC patients, as measured by WBC. 
 

Patient Head Thorax Pelvis Total 
 1 320 240 260  300 
 2 18 18 18 20 
 3 - 4 4 4 
 4 11 11 - 11 
 5 14 9 9 9 

*The uncertainty of the results (2σ − 95% confidence level) is in the range 12-20%.  
 

 The results in the table are based on the 514 keV count rates. Similar results, but with 
higher uncertainty, were obtained using the count rates of the 909 keV (89Sr) gamma rays, 
except for patient 1, for whom for the pelvis section, a negative biological half life was 
found. A negative biological half-life may be due to an effective half-life longer than the 
physical half-life of Sr, which may indicate accumulation of Sr in the target section. Urine 
and blood samples were analyzed for patient 2, and gave half life values close to those 
determined by WBC (13 days based on urine results and 27 days based on blood results),   

514 keV 
85

909 keV 
89



but urine samples of patient 1 gave negative biological half life values. The results for patient 
1 indicated also a fast component of the biological half-life of less than 10 days. 
  

Patients with long biological half-lives retained 3 weeks after injection around 50% of 
administered 89Sr , and more than 20% after 10 weeks, as can be seen in figure 2.  
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Figure 2: The results of three consecutive measurements of one patient. 

 
Conclusions 
    Biological half-lives of Sr in HPRC patients were evaluated from measurements by WBC 
and in some cases from measurements of Sr in urine and blood. The values seem to be 
generally similar for different body parts, but they are different from patient to patient. In one 
case, a possible indication for accumulation of Sr (a negative biological half life) was 
observed. 
    Comparison of WBC and excretion results was made for one patient, and yielded a similar 
biological half-life by both methods.  
    By measuring the individual biological half-life and hence the effective half life of 89Sr in 
the body, a more accurate time schedule for repeated doses of 89Sr can be produced.  
    The combined treatment (chemotherapy + 89Sr) has recently been found [2] to increase the 
overall survival of prostate cancer patients unresponsive to hormonal manipulation. 
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Introduction: 
The main objective of this project is developing a software nomogram equivalent.  

A nomogram is a graph typically comprised of three parallel lines.  Each of the lines is 
graduated for a different variable, often in a non-linear scale.  The lines are oriented in 
such a manner that if a straight line is drawn connecting two of the three variables, the 
value of the third variable is uniquely determined by the intersection of the connecting 
line and the graduated line of the third variable.  The value of the third variable is 
determined by reading the graduated scale at the point of intersection.   

A nomogram as applied in brachytherapy is used for determining the required 
amount of radioactive material to be implanted in a diseased site.  A typical 
brachytherapy nomogram relates the average dimension of a site, the air kerma strength 
per source and the number of sources required for yielding a therapeutic radiation dose to 
the site.  More sophisticated nomograms also provide scales for recommending source 
and needle spacings.   

For decades the nomogram has been clinically employed as a brachytherapy 
treatment planning tool.  Imaging modalities such as CT and ultrasound ushered in 
modern image-based brachytherapy treatment planning. These modern imaging 
techniques dramatically advanced the state of the art of brachytherapy, often obviating 
the use of nomograms.  Although the routine use of nomograms has decreased, there are 
clinical situations where nomograms still prove useful for brachytherapy treatment 
planning.  Often times the dimensions of a tumor or tumor bed are not known prior to 
surgery and delineated images of the site are not available.  In such situations the tumor 
dimensions can be measured in the OR and a nomogram applied for rapid treatment 
planning. 

By definition a nomogram is a graphical tool, which is fixed and cannot be 
modified.  Differences of opinion and treatment philosophies exist among physicians and 
institutions.  These varying approaches can lead to significantly different loading 
patterns, altering the total air kerma strength required for implantation.  The author 
believes that a customizable software nomogram equivalent would enable each clinician 
to have an individualized treatment planning tool tailored to individual preferences.  A 
trainable software nomogram equivalent retains the ease-of-use of a graphical nomogram 
while affording the clinician the capability of customizing the software based on personal 
experience gained from prior implants. 
 
Methods: 
 Software was written for training and implementing a three-layer continuous-
variable feed-forward neural network.  Neural networks are easily retrained and updated 
by individual end users.  The network consists of four input nodes, five hidden nodes and 
one output node.  The input nodes consist of the three anatomic dimensions of the tumor 



(AP/PA, lateral and cranial-caudal) and a bias input having a constant value of one.  A 
schematic representation of the neural network is shown in figure 1. 
 
  
 
 
 
 
 
 
 
 
 
 

Figure 1 
Neural Network Topology of Nomogram Equivalent 

 
As is the case with most neural networks, the nomogram equivalent is trained on 

data from past similar cases.  The software automatically scales the input values to range 
from –1.0 to +1.0.  The total required air kerma strength is scaled to range from 0.1 to 
0.9.  The data are scaled to avoid numerical saturation during the training process.  The 
scaling constants are retained for rescaling data to the original values after the neural 
network has been trained.  Referring to figure 1, the arrows indicate the direction of 
information flow.  With the exceptions of the input layer and output node, each line 
represents a weighted connection, analogous to the synaptic weights in the central 
nervous system.  The output of each node (with the exception of the output layer) is 
connected to the input of each node in the subsequent layer.  Each individual node input 
connection is assigned a weighting factor.  The output of each node in the preceding layer 
is multiplied by the connection weighting factor and applied as an input to each node in 
the current layer.  In effect, each arrowed line (not including the inputs and output node) 
in figure 1 represents an individual weighting factor. 

The weighted inputs at each node are summed.  Within the node a non-linear 
function is evaluated using the weighted sum as the argument.  For the nomogram 
equivalent neural network, the non-linear sigmoid function is used.  The sigmoid function 
F(x) is defined as 

                        F(x) = 1 / ( 1 + exp(-x) ) 
 
where x is the weighted sum of the node outputs of the preceding layer.  The output of 
the node is F(x).  Using a non-linear function enables the neural network to simulate 
complicated, non-linear mathematical mappings. 
 The topology of the nomogram equivalent neural network is fixed as shown in 
figure 1.  The network is customized by altering the values of the connection weights.  
The main challenge of successfully deploying neural network technology is finding 
suitable values for the connection weights.  For this application, a training algorithm 
based on differential evolution was developed for optimizing the weights of the 
nomogram equivalent.  Differential evolution is a form of genetic algorithm which 
optimizes functions of continuous variables.  When the training software begins 
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Bias always 1.0 

Scaled Air Kerma Strength 



execution, the weights are assigned random variables ranging between –1.0 and 1.0.  As 
the training progresses the values of the weights are iteratively altered in such a manner 
as to decrease the error between the actual network output and the desired result. 
 The training software reads samples, namely old implant data from a file.  The 
training data consists of tumor dimensions and total air kerma used for implanting the 
tumors.  The training software repeatedly “teaches” the neural network what the correct 
responses are for each implant in the training set.  The differential evolution engine hones 
in on the optimal values by iteratively narrowing the ranges of the weights. The sum-of-
squares difference between the output and actual required air kerma strengths is used as 
the figure of merit for the training.  When applying the network the software rescales the 
data to the original ranges after the neural computation is completed.  The network is 
trained to yield errors of less than four percent. 
 
Results 
 The nomogram equivalent was trained using the dimensions and required air 
kerma strengths of twenty-five hypothetical prostate cases.  The network was able to 
learn the relationship between prostate dimensions and required air kerma strength to 
within five percent.  Some of the test data were made contradictory, representing true 
clinical conditions. 
 
Discussion 

The author intends using this program at Beilinson to predict the number of I-125 
seeds required for intra-operative planned prostate implants.   Data from fifty to one 
hundred patients will be accumulated for training the nomogram equivalent.  The 
dimensions of the prostate will be measured by the urologist at the time of biopsy.  If the 
biopsy result is positive and the patient is a candidate for brachytherapy, the software will 
be used for predicting the number of radioactive seeds to order.  Without the use of a 
nomogram (or a software equivalent) it is impossible to know in advance the number of 
required seeds without resorting to image-based pre-treatment planning. 

Although this software will be used by the author for prostate brachytherapy, the 
nomogram equivalent is general tool, amenable to any interstitial LDR procedure.  The 
key to successful use of this software is the quality and quantity of the training data set.  
The training set must include representative data covering the entire range of possible 
dimensions of the tumors to be treated.  
 
Conclusion 
 Although this software has yet to be applied clinically, the author is confident that 
the neural network paradigm is a sound method for implementing a customizable 
nomogram equivalent.  In typical nomograms, the average dimension is the only spatial 
input data supported.  The nomogram equivalent uses three values for expressing the 
tumor dimensions.  Using three separate values for tumor dimension has the potential of 
enabling the nomogram equivalent to account for different degrees of elongation.  It is 
known that elongated tumors require more air kerma strength than spherical or slightly 
ellipsoidal ones. 
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Brachytherapy is a method of radiation delivery to tumors that maximizes exposure to the 
tumor volume while minimizing toxicity to adjacent normal tissue; it involves the stereotaxic 
deposition of removable radioactive implants (iodine-125, iridium-192 and palladium-103) 
directly within the tumor. The radiation from the radioactive implants must interact with the 
cell DNA, and cause double strand breaks. The chance of this to occur is very small because 
of the fact that the size of the DNA is about 0.25 % that of the whole cell; therefore, any 
method that can enhance it in tumor cells should increase the effectiveness of the radiation. 
 

Auger electrons were found to be a very useful tool in radiation therapy [1]. Due to their short 
range, Auger electrons can damage organic molecules within 20 nm (DNA size) from their 
origin. Platinum was found to be a good potential source of Auger electrons for such purpose 
if introduced into the cell and linked to the DNA. A large number of Auger electrons are 
emitted following the inner shells photoactivation of the Platinum atom. Thulium-170 were 
found to be an appropriate source for this purpose, it emits four major X-ray photons (7.4, 
51.354, 52.389, 59.4 keV) and one γ-ray (84.253 keV) [2], were the γ-ray (84.253 keV) of the 
Tm-170 has a high probability for being absorbed by a K shell electron in the Pt atom and the 
X-rays (51.354, 52.389, 59.4 keV) have a high probability for being absorbed by a L shell 
electron. 
 

Table 1: Electron binding energies for Pt [3]. 
 

Shell Electron Binding 
Energy (keV) 

K- 1s1/2 78.394  
L1 – 2s1/2 13.879  
L2  - 2p1/2 13.272  
L3 - 2p3/2 11.563  

 
The superiority of the Thulium-170 seed to other brachytherapy sources is the higher energy 
radiation emitted from this source, which is suitable for big tumors; furthermore Tm-170 
emits two β-rays (883.65 keV and 967.9keV), which will be absorbed locally in the tumor 
where this will increase the effect of the radiation. 
So far we were able to introduce 107 platinum atoms into the tumor cell and link them to the 
DNA. The desirable number of platinum atoms is 5x108 atoms/cell. Upon irradiating the 
tumor cells with Tm-170 source of activity of 20mCi to a total dose of 30Gy, a photoelectric 
process will take place, causing a formation of vacancies in inner electron shells of Pt atom. 
Filling of these vacancies are accompanied by X-ray or Auger-electron emission. 
  



Table 2: Platinum cross section for photoelectric absorption from Tm-170 Photons [4]. 
 

Photon Energy E (keV) 
 

Photo Electric Cross Section σ (cm2/gr) 

51.354 L-Shell ~ 6.25 
52.389 L-Shell ~ 6.25 
59.4 L-Shell ~ 3.78 

84.253 K-Shell ~ 8.34 
 
Calculation of the number of the vacancies that will be produce in the K and L shell of the Pt 
atom as a result of irradiation with the Tm-170 source, shows that 48 vacancy will be 
produced ~ 1.5 vacancies in K shell might cause Auger emission, and vacancies in L shell 
might cause 43 Auger and Coster-Kronig emission. 
The spectrum of the Auger electrons emitted from the Pt atom as a result of a production of a 
vacancy in K&L1-shell is given in figure 1& 2. 
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Figure 1: Auger Spectrum as a result of a vacancy in K-shell. 
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Figure 2: Auger Spectrum as a result of a vacancy in L-shell. 



Monte Carlo Transport code MCNP4B [5] was used to calculate the absorbed dose in Silicon 
dosimeter, TLD and A-150 tissue equivalent ion chamber, from a Tm-170 source made of 
4.46 mg thulium (0.2 x 0.6 x 4 mm), inside Titanium tubes of 0.8 mm outer diameter, 0.7 mm 
inner diameter and 7 mm long. The geometry was used, is suitable for the Tm seed at the 
center of cylindrical Perspex phantom of dimensions 10×10 cm. Energy deposition was 
calculated from one photon for 20 million histories. The results are given in figure 3. 
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Figure 3: Energy deposition from Tm-170 source, in Silicon, TLD and A-150. 

 
 

Higher energy absorptions were found in the Silicon detector, these differences in energy 
absorption between different materials, rises from different mass energy absorption 
coefficients. It is obvious that Silicon detector is a better detector for measuring the absorbed 
dose from Tm-170.  
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In this in vivo study, the emission of Auger electrons from platinum atoms, 
physiologically-targeted to tumor cell DNA, were used to enhance the radiation dose 
to a murine mammary carcinoma in a radiotherapeutic technique, Auger Electron 
Therapy (AET). AET requires the simultaneous presence of two agents, a) a radiation 
source whose energies are suitable for inducing a photoelectric effect in a high Z 
atom, and b) a molecule that transports the high Z atom in or near tumor cell DNA.  
Unlike most studies where the K absorption edge is used to stimulate Auger emission 
after the induction of a photoelectric effect in a high Z atom, this work exploited the L 
edge of platinum.  Soft γ-rays from palladium-103 brachytherapy seeds (20 keV), 
implanted directly in the radio-resistant KHJJ breast tumor (TCD50 = 54Gy) borne 
subcutaneously on the thigh, generated a photoelectric effect at the L edge of  
platinum atoms (13.8 keV) transported to tumor cell DNA by the porphyrin, 
PtTMPyP(4) after an i.p. injection of 40 mg/kg.  The photoelectric event resulted in 
tumor growth delay by a factor of 5 for mice receiving the AET treatment 
[PtTMPyP(4) and 103Pd] compared to those with the implanted 103Pd seeds alone.  The 
outcome of the experiment suggests the potential application of AET in the 
radiotherapy clinic where brachytherapy is deemed the treatment of choice.  This 
work was supported by the Israel Ministry of Trade and Industry and by Rotem 
Industries.  

 



Brachytherapy seed implantation in KHJJ tumors on BALB/C mice. 
 
 

Jon Feldman1, Sara Novick1, Luba Fraiberg2 and Brenda H. Laster1* 
 
1Dept. of Nuclear Engineering, Ben Gurion University of the Negev, Beer Sheva 
2Dept. of Medical Engineering, Ben Gurion University of the Negev, Beer Sheva 

 
 
Abstract: The presence of normal tissues within the treatment volume often limits the 
dose of radiation delivered in cancer radiotherapy.   Brachytherapy techniques, wherein 
small encapsulated radioactive sources are implanted directly in the tumor, were 
developed to offset this problem. In prostate cancer treatments using external-beam 
radiotherapy, the beam frequently extends to healthy tissues (such as the bladder and 
rectum) whereas in brachytherapy, the sources are inserted directly into the prostate 
reducing somewhat these complications.  The lower energy photons common to 
brachytherapy seeds permit a broad dose-distribution within the tumor itself that can 
extend to the periphery just before falling off. This highly conformal dose distribution 
results in a lower incidence of rectal and neurovascular side-effects.  Whereas most 
research in radiobiology has been carried out on mouse tumors using an external beam of 
radiation, this work involved the development of a technique that would permit the 
implantation of a radioactive source placed in the center of a subcutaneous murine 
mammary carcinoma tumor.  We will describe the procedure for implanting a palladium-
103 brachytherapy seed with an activity of 2.3 mCi inside a murine mammary carcinoma, 
the KHJJ tumor model borne on the thigh of a BALB/C mouse. The procedure can be 
used to assess, experimentally, radiobiological parameters associated with the use of 
brachytherapy techniques, such as RBE, LET, and cell cycle effects relating to dose rate.  
 
Methods:  A device was built upon which to secure the mouse body, and its tumor-
bearing leg to permit a mid-line seed placement. The apparatus is shown in Fig. 1. below. 
 

 

Fig.1: Fig.1: the 
device that was 
built upon which 
a mousse body 
and tumor-
bearing leg is 
secured to permit 
a mid-line seed 
placement. 



 Note the angle of the mouse holder that permits precise seed-implantation.  The angle 
was required so that the seed would slide directly into the tumor using the gravity force 
on the seed. Implantation was carried out under a radioactive hood and behind a lead-
glass shield. Eight mice were used for this experiment all of whom had a KHJJ tumor on 
their thighs. The average size of these tumors on the day of seed implantation was 155 
mm³. The implantation was carried out on 6 mice and two mice served as untreated 
controls. Mice were weighed and anesthetized.  
 
The anesthetized mouse was strapped to a holder using elastic bands with the 
implantation leg stretched to a position where the angle of the KHJJ tumor was straight in 
line to allow the insertion of the needle. The holder was placed at a 30 ْangle to permit the 
seed to slide down the implantation needle into the tumor. The depth of needle 
penetration was calculated as half total tumor length minus half the length of the seed (4 
mm x 0.8 mm).  
 The subcutaneous tumor was secured by 20 cm long forceps as the prostate seeding 
needle (trochar) was inserted to the calculated depth. The needle was additionally secured 
by taping one end to a rod, while the other end was held by forceps. (See Fig. 2.).   
 

 
 
 
A seed was then placed in the funnel of the trochar. A stylette (wire) was then used to 
thrust the seed forward into the center of the tumor. The needle and stylette were 
extracted and antibiotic ointment was spread on the wound. The positioning of the seeds 
was monitored with a radiation detector to avoid loss of a seed. Each mouse was placed 
in a separate cage that was placed in lead- shielded boxes. All 8 mice were weighed and 
the tumors were measured with a digital caliber twice or 3 times a week until the tumor 
mass was 10% that of the body weight of the mouse or if the mouse showed signs of 
discomfort.  
 

Fig. 2: a needle 
penetrated into a 
KHJJ tumor and 
secured in place 
by taping its one 
end to a holder 
and the other end 
held by the 
tweezers. 



Results:  The growth rate of non-treated tumors was compared to that of tumors with the 
implanted palladium seed.  As was anticipated, the results show that radiation caused a 
delay in tumor growth as can be seen in the mean curve in Fig. 3.  To compare the 
efficiency of the radiation at the same level of biological effect, a volume of 2000 mm3 
was chosen.  Untreated control tumors reached a volume of 2000 mm3 on ~day15, 
whereas tumors with implanted palladium-103 seeds reached the same volume on ~day 
30.  The factor of ~2 is attributable to the radiation.    
 
This implantation technique could be used to evaluate other parameters related to 
brachytherapy treatments, such as dose rate and its effects on cellular redistribution, dose-
enhancing pharmaceuticals, linear energy transfer (LET), and relative biological 
effectiveness (RBE).  This study was supported by the Israel Ministry of Trade and 
Industry and Rotem Industries.   
 

 Fig 3: the average volume of the mice with Brachytherapy treatment compared to 
the average volumes of the mice with no treatment. 
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Boronated compounds are currently being studied for possible use in Boron 

Neutron Capture Therapy (BNCT). We found that one of these agents, BOPP 
(tetrakis-carborane-carboxylate, esters of 2,4-bis (a,b- dihydroxyethyl) 
deuteroporphyrin IX), could also be labeled with indium (In-BOPP) and, therefore, 
could also be used potentially to transport high Z atoms into tumor cell DNA for AET 
(Auger Electron Therapy). In order to assess the uptake of these agents into cells, the 
role of the LDL receptor in the intracellular accumulation of BOPP and In-BOPP was 
investigated.  

 
Pre-incubation of V-79 Chinese hamster cells in medium containing 

delipidized fetal bovine serum (FBS) markedly increased the subsequent uptake of 
intracellular boron transported by both BOPP and In-BOPP when compared with cells 
that had been pre-incubated with medium containing 10% normal FBS (lipidized). 
The increased uptake was characterized by elevated levels of receptor, and greater 
affinity was shown for both BOPP and In-BOPP, although less marked with the latter. 
Positive cooperativity was demonstrated by sigmoid saturation curves, Scatchard 
analysis and Hill plots. 

 
Increasing the amount of LDL in the incubation medium had a relatively small 

effect on the total accumulation of either indium or boron atoms inside the cell.  
Furthermore, chemical acetylation of LDL did not decrease the intracellular uptake of 
either boron or indium transported by BOPP or In-BOPP.  It is thus concluded that 
BOPP and In-BOPP preferentially enter the cells directly by way of the LDL receptor 
and that only a small fraction of these molecules are transported into the cells 
indirectly using serum LDLs as their carriers.  
 
These data suggest a novel way of bringing greater amounts of boron and indium (and 
perhaps other agents) into tissues. Porphyrins can be used to transport different agents 
into tumor cells because they are tumor affinic molecules. Tumors express a higher 
number of LDL receptors than do most normal tissues. Therefore these molecules 
might be well suited for combination therapies, such as BNCT and AET.  
 
This work was supported by the Israel Academy of Science and the Israel 
Cancer Association.   
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Abstract: Stable indium-labeled tetra(4-N-methylpyridyl)porphyrin [InTMPyP(4)] was 
evaluated as a carrier of a high Z atom, indium (In), into tumor cell DNA for its subsequent 
activation by radiation in a proposed radiotherapeutic technique, Auger  
Electron Therapy (AET). Porphyrins with metals can bind to DNA and are useful vehicles for 
transporting the indium to the DNA of the tumor. AET combines the use of a 
metalloporphyrin with a stable high Z atom, such as indium, and photons emitted from 
radioactive brachytherapy seeds, such as iodine-125, to increase the radiation dose in the 
DNA of the tumor by generating a photoelectric effect in the K absorption edge of the indium 
(In) atom.  This results in the emission of cascading Auger electrons that act as high LET 
radiation and thus impart significant non-reparable damage to the tumor compared to the 
radiation alone. The K absorption edge of In is 27.9 keV and the average photon energy of the 
iodine-125 seeds is ~ 28 keV.   
 
Introduction and background:  Porphyrin molecules have been reported as having an 
affinity for malignant tumor cells. They are readily metallated, and cationic porphyrins have 
been shown to bind DNA (1). The studies suggested the excellent potential of porphyrins for 
delivering high Z atoms metal atoms in or in close juxtaposition to cellular DNA where they 
can serve as one of the required agents for AET. Activation of the metal could result in Auger 
electron emission and DNA double strand breakage.  Investigators have shown that 
significant biological damage results from Auger electron emission (2,3).  Feinendegen, for 
example, predicted their value in ''macromolecular surgery'', when describing their biological 
toxicity (4).    The two basic requirements for effecting this new treatment modality are, a) the 
availability of radiation sources whose energies are capable of activating the high Z atom; and 
b) the assurance that the high Z atom is localized at the DNA level so that the released Auger 
electrons can densely ionize the DNA. This work describes the experimental studies that were 
carried out to demonstrate the site of localization of either, an indium-labeled porphyrin, 
InTMPyP(4), or the In atoms transported by the porphyrin.  InTMPyP(4) was postulated as a 
potential biomolecular carrier of indium into tumor cell DNA for use in Auger Electron 
Therapy (AET).  
 
Materials and Methods:  Confocal Laser Microscopy Studies.  B16 murine melanoma cells 
with and without InTMPyP(4) [0.1 mg/ml] (Mid-Century Chemicals) were grown on glass 
slides in tissue culture plates in complete DMEM supplemented with 10% fetal bovine serum 
(HyClone), L-glutamine (2 µM) and penn-strep-fungisone. Cells were incubated for 24 hrs, 
the slides removed from the Petri dishes, washed thoroughly with PBS, fixed to the slides 
using ETOH, and coverslipped.  The slides were scanned with laser light at a wavelength of 
458 nm.  Amber light conditions prevailed during the experiment to reduce undesired 
photosensitization 
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ICP-MS Studies in vitro protocol. In-TMPyP(4) was dissolved in complete medium at 
concentrations ranging between 0.1 mg/ml and 0.2 mg/ml. 106  B16 cells were seeded in 100 
mm Petri dishes with regular complete medium, grown for 24 hours, the medium aspirated 
and replaced with medium with and without InTMPyP(4). After 24 hours, cells were 
trypsinized, harvested, counted, fractionated with TCA, digested in nitric acid at 80°C and 
sent for ICP-MS measurements of indium uptake. All experiments were repeated twice. 
 
ICP-MS Studies in vivo protocol. B16 cells growing on monolayer were harvested and 
pelletized. The supernatant was removed and sterile saline was added to the cells to a final 
concentration of 3.5·105 cells per 50 µl. The food pad of each C57/BL mice mouse was 
sterilized with ETOH, and an aliquot of 50 µl was injected into the epidermis of the food pad. 
Three to four weeks after tumor implantation, a dosage of 40 mg/kg InTMPyP(4) in PBS was 
administered  intraperitoneally (i.p.) as a single bolus injection of 200 µl. The clearance 
interval for the drug was varied over time to determine the highest tumor to normal tissue 
ratio of In atoms.  Blood was obtained using an orbital draw, and mice were then euthanized. 
The heart (representing muscle), brain, spleen, liver, lungs and kidneys were dissected. Both 
hind feet were removed from the mouse, digested and sent for ICP-MS analysis along with 
the other tissues. The foot without tumor was used to provide the weight of the tumor by 
subtraction.  Tissues were digested in nitric acid similar to that described above and sent for 
ICP-MS analysis. 
 
Ethidium Bromide (EB) Displacement Assay. This assay was used to demonstrate the binding 
affinity of InTMPyP(4) for DNA.  It is based upon competition at the DNA binding sites 
between ethidium bromide and the porphyrin.  Into 2.8 ml of buffer solution (2mM of HEPES 
, 8 mM NaCl , 0.05 mM EDTA with a final Ph=7.0), 10 µl of 1.6µM EB and 10 µg calf 
thymus DNA was added. The spectrofluorimetric fluorescence intensity of this solution was 
taken as 100% at 598nm.  InTMPyP(4), concentration 1µg /µl, was added to the solution in 
aliquots of 10 µl, allowing 2 minute intervals between readings to achieve equilibrium.  
 
Results:  Confocal Laser Microscopy showed ubiquitous fluorescence throughout the cell 
incubated with InTMPyP(4) including the nuclear area. No fluorescence was observed in the 
nucleus of cells without InTMPyP(4).  In vitro ICP-MS measurements of the DNA-containing 
fraction of B16 cells with InTMPyP(4) were proportional to concentration, approaching 109 
In atoms per cell at 0.2mg/ml InTMPyP(4), and were consistently a factor of 2 higher than the 
measurement  in the cell fraction that did not contain the DNA. In vivo ICP-MS measurements 
of B16 murine melanoma tumors and normal organs and tissues, after the systemic 
administration of 40 mg/kg InTMPyP(4), showed the highest tumor-to normal tissue ratio at 5 
hours after injection, with ~108 In atoms in the DNA-containing fraction. Kidney uptake of In 
atoms was always higher than that in other organs, which is consistent with the rapidly falling 
levels of In in blood. Uptake in 6 mice is shown in below in Figs. 1 and 2.   
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The EB displacement assay also showed a strong and preferential binding of InTMPyP(4) to 
DNA, displaying linearity up to a 90% reduction in fluorescence intensity.  
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Discussion:  Because AET relies heavily on the emission of the low energy, short-range 
Auger electrons in or in close proximity to DNA in order to effect DNA strand breakage, it 
was important to verify that the In atoms are, in fact, bound to DNA. The results of all assays 
carried out validate that the InTMPyP(4) carrier porphyrin does transport and bind In atoms to 
DNA. For clinical application as a radiation treatment,  
soft energy X-rays above the K absorption edge of In (27.9 keV) are needed to generate a 
photoelectric effect in the In atoms.  These can be provided by iodine-125 brachytherapy 
seeds (average energy = 28 keV) implanted directly into tumors using brachytherapy 
techniques.  Brachytherapy is increasingly becoming a preferential treatment option for 
prostate cancer.  The direct placement of the radiation sources in the tumor spares normal 
tissues within and around the treatment volume considerably.  However, the major problem 
associated with using radiation to kill cancer cells is not addressed. The DNA of the cell must 
receive significant damage to cause cell lethality. But, the DNA mass is 0.25% that of the cell. 
The release of Auger electrons from In atoms bound tightly to tumor cell DNA can increase 
the biological damage to this critical site of the cell and increase the effective radiation dose 
delivered by iodine-125 seeds.  AET studies in mice combining InTMPyP(4) with iodine-125 
seeds are planned for the future.  Results of all assays will be presented.  
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Introduction 
Portal imaging in radiotherapy plays an essential role in the daily treatment of cancer patients, 
in order to ensure the right positioning of the patients and that the planned target volume is 
correctly irradiated. Although new digital image modalities had emerged in recent years, like 
digital systems based on CCD cameras, liquid ionization chambers or more recently 
amorphous silicon detectors, film-cassette systems specially designed for radiotherapy remain 
as an important tool for portal imaging, due to its simplicity, low cost, comparable and even 
superior image quality, specially for old linear accelerators that cannot be adapted for digital 
portal imaging. 
In this work we describe the steps involved in the derivation of optimized portal film charts      
(Film Exposure Tables), for different energies and linear accelerators (Clinac-18(Varian)-6 and 
10 MV X-rays, and Clinac-600C(Varian)-6 MV X-rays). 
 
Materials and Methods 
The term "optimization" here refers only to the best exposure ratio of single and double 
exposure values in the film, to obtain the best optical density in the film. No attempt was made 
to optimize the X-ray target of the linear accelerators, a subject that was studied by us 
elsewhere(1). The dose in the film position can be derived (2) by the equation: 

Dfilm = ( Dpr + Dscatt) x e-µx 
Separate expressions for the primary dose Dpr and the scattered dose Dscatt were derived, on the 
basis of our original work (2). The model was applied for 3 different energies: 6 MV 
unflattened beam, 10 MV and 6 MV flattened beams. The first one is a special port developed 
by us (1) for portal imaging. To derive the specific equations, relevant data like TPR, PDD and 
output factors were measured and calculated, for each energy mode involved. After that, 
sensitometric curves for the Kodak ECL film cassette combination were obtained, for each 
energy mode, and on the basis of the recommended optical density of 1.8 for best image 
quality, the doses for the film as function of field size and thickness of the patient were 
calculated. Finally, portal film charts giving the MU (monitor units) required for the double 
exposure technique were obtained. 
 
Results 
Portal film charts are presented in Table1, and 2 for different energies of the studied linear 
accelerators. 
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Table 1 

 

 ray-x  MV 10  טבלת צילום אימות עבור
  )MU(המנה ביחידות מוניטור 

      
     CL-18 
(cm2) field square Equivalent   

25x25 20x20 15x15 10x10 

Air 
Gap 
(cm) 

Patient 
thickness 

(cm) 
2 2 3 3 5 15 

0+2 0+2 1+2 1+2   
3 3 3 3 10  

1+2 1+2 1+2 1+2   
3 3 3 3 5 20 

1+2 1+2 1+2 1+2   
3 3 4 4 10  

1+2 1+2 1+3 1+3   
4 4 4 4 5 25 

1+3 1+3 1+3 1+3   
4 4 4 5 10  

1+3 1+3 1+3 2+3   
5 5 5 6 5 30 

2+3 2+3 2+3 2+4   
5 5 6 6 10  

2+4 2+4 2+4 2+4   
6 6 7 7 5 35 

2+4 2+4 2+5 2+5   
6 7 7 8 10  

2+4 2+5 2+5 3+5   
7 8 8 9 5 40 

2+5 3+5 3+5 3+6   
8 8 9 10 10  

3+5 3+5 3+6 3+7     
      

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

 
Table 2 

 

  ray-x  MV 6  טבלת צילום אימות
  )MU(המנה ביחידות מוניטור 

  
     CL-18      CL-600 

Equivalent square field (cm2)   Equivalent square field (cm2)   

25x25 20x20 15x15 10x10 

Air 
gap 
(cm) 

Patient 
thickness 

(cm) 25x25 20x20 15x15 10x10 

Air 
gap 
(cm) 

Patient 
thickness 

(cm) 
3 3 3 4 5 15 4 4 4 4 5 15 

1+2 1+2 1+2   1+3   1+3 1+3 1+3 1+3   
3 3 4 4 10  4 4 4 5 10  

1+2 1+2 1+3 1+3   1+3 1+3 1+3 2+3   
4 4 4 5 5 20 5 5 5 6 5 20 

1+3 1+3 1+3 2+3   2+3 2+3 2+3 2+4   
4 5 5 5 10  6 6 6 6 10  

1+3 2+3 2+3 2+3   2+4 2+4 2+4 2+4   
5 6 6 6 5 25 7 7 7 8 5 25 

2+3 2+4 2+4 2+4   2+5 2+5 2+5 3+5   
6 6 7 7 10  8 8 8 9 10  

2+4 2+4 2+5 2+5   3+5 3+5 3+5 3+6   
7 7 8 9 5 30 10 10 10 11 5 30 

2+5 2+5 3+5 3+6   3+7 3+7 3+7 4+7   
8 8 8 9 10  11 11 11 13 10  

3+5 3+5 3+5 3+6   4+7 4+7 4+7 4+9   
9 10 10 12 5 35 13 13 14 16 5 35 

3+6 3+7 3+7 4+8   4+9 4+9 5+9 5+11   
10 11 11 13 10  14 15 15 17 10  

3+7 4+7 4+7 4+9   5+9 5+10 5+10 6+11   
12 13 14 16 5 40 18 18 19 22 5 40 

4+8 4+9 5+9 5+11   6+12 6+12 6+13 7+15   
13 14 15 17 10  19 20 21 24 10  

4+9 5+9 5+10 6+11   6+13 7+13 7+14 8+16   
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Figure 1: FDRMS model
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Introduction 
Radiation monitoring of a possible contaminating source is highly important for safety and 
risk analysis. Since the monitoring must cover the whole contaminated area, the standard 
solution is to scatter an array of numerous fixed detectors in advance. 
The Fast Deploy Radiation Monitoring Array (FDRMA) is a solution that does not require 
coverage of the entire area. The FDRMA is a compact, world wide applicative, seamless and 
novel solution, designed for emergency cases. The system consists of GPS and IP cellular 
network, which make it  mobile and therefore suitable for global use. 
The most significant advantage of the FDRMA system is minimizing the exposure time of the 
monitoring teams, while maintaining flexibility of the deployment area, as opposed to the 
Vehicle Monitoring System (VMS) [1] or the standard solution mentioned above. A detailed 
description of the proposed FDRMA system and its comparison to a fixed detectors' array is 
presented in this work.  
 
 
Description of the System Design 
The Fast Deploy Radiation Monitoring Array (FDRMA) is composed of several Fast Deploy 
Radiation Monitoring Stations (FDRMS), one or more control centers, and several view-only 
centers. 
The FDRMS are designed to be compact, easy to deploy and 
operate. Figure 1 shows a model placed and ready to work. All the 
parameters and processes are fully automatic and controlled from 
the Control Center, regardless of the stations location. Henceforth, 
turning on the station is all that is needed. Each FDRMS includes 
the following components (see Figure 2):  

• radiation detector. 
• GPS 
• cellular modem 
• control unit 
• solar cells (optional) 
• meteorological instruments (optional) 

Any radiation monitoring instrument can be used like: gamma radiation dose equivalent rate 
meter, spectrometer or differential detector [2], as long as they use the RAM R-200 [3] 
communication protocol. 

The optional units enable the stations to operate during a longer period of time and to produce 
important meteorological data required for hazards analysis. 
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Figure 2: The FDRMS Structure Design 
 
The FDRMA Network is based on a Cellular IP Network, which provides flexibility and 
makes the system deployment location unlimited from cables and range. Since the cellular 
networks and the GPS are spread world wide, the system can be located anywhere. FDRMA 
network adjustments are only required when the cellular network provider is replaced.  
The suggested Network structure shown in Figure 3, is composed of several parallel 
FDRMAs, each array consists of a control center, subordinate stations and several view 
clients, managers' or maintenance terminals. Data is being transferred among the different 
control centers, so that the data of each station can be viewed by any control center or view 
client, according to their mandate. 

 

Figure 3: The Network Structure 

Cellular Network 
Provider 

Control Center #1  Control Center #2  

FDRMS #2.1 FDRMS #2.2 
 

FDRMS #2.m 
 

FDRMS #1.1 FDRMS #1.2 
 

FDRMS #1.n 
 

View Client 
#2.a 

View Client 
#1.a 

View Client 
#1.b 

Hazards 
Analysis 

Control Center #3  

View Client 
#2.b 

Comm. 
Ant. 

Radiation 
Detector 

 
Meteorology 

GPS 

Screen 

 

IP Over RF 

ast F
eploy D
adiation R
onitoring M
tation S

Solar 
Cell 

Battery 
 

AC DC  
AC 

Supply  

Cellular 
Modem 

Control 
Unit 

Cellular IP 
Network 

 

Reading: 
Optional 

Power Supply 

Communication 



- 3 - 

Description of the System Functionality 
After the FDRMS are deployed, they save and transmit the data periodically. Data is also 
transmitted when radiation threshold is exceeded, or when the control center prompts for 
information. The data sent to the control center includes: time, position, dose rate, 
accumulated dose, battery state, wind speed, temperature and any other information received 
from the FDRMS peripheral units. 
The Control Center collects data from all the deployed FDRMS and stores it in a data base. 
The user can view the current status of the accumulated dose and dose rate of every station on 
the electronic map (e.g. GIS - Geographical Information System) or view the graphs and 
statistics of the stations on any chosen period of time. The control center also manages the 
FDRMS parameters and the cellular network. The data base can be remotely accessed from 
the hazard analysis program and from any view clients. 
The network structure is software configurable, a feature that increases its flexibility and 
survivability. This enables FDRMS that cannot access their control center for any reason, to 
reach an alternative control center. Although this method complicates the software, since it 
obliges a full synchronization of the data and the stations status among the control centers, it 
is essential in emergency systems. 
 
 
Summary 
In view of the rising radiological terror threat and the nescience of where it could strike, the 
presented system is a suitable low cost solution due to its flexibility and deployment 
simplicity. The stations can also be used to reinforce any existing fixed monitoring system. 
The FDRMA is in its starting development phase and should be completed by the mid of 
2005. 
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Introduction  
Determining the activity in a bulky sample can be quite inaccurate, due to the 

unknown geometrical and absorption factors. The additional information obtained when 
counting by several detectors can lead to corrections and improved accuracy. The simplest 
case is of two detectors, placed at opposite sides of the bulky sample. We dealt separately 
with the geometrical and absorption factors, considering the extreme case of un-homogeneity 
of a point source located on the line connecting the centers of the two detectors, within a box 
of known external dimensions. The two detectors were located on the opposite faces of the 
box. The geometrical factor was studied for a non-absorbing media, i.e. a low value of linear 
attenuation coefficient. The absorption factor was studied in a system measuring only parallel 
photons, which nullify the problem of the solid angle contribution. Finally, the results of the 
two studies were integrated for the general case, which includes both effects.  
 The studies consisted of developing theoretical algorithms, based on the count rates of 
the two detectors, which define values independent on the point source position inside the 
bulky volume. The theoretical values were validated by experimental results. 
 
The experimental system 
Two configurations were used : 

• Rectangular perspex boxes with inner dimensions of 15cm, 31cm, or 46cm. For 
studies with non-absorbing media the boxes were empty, otherwise they were filled 
with water. The point source was located at different positions on the line between the 
centers of the two detectors. A schematic presentation of the experimental system is 
given in figure 1. 

•  For other absorbing media, several disks with a constant diameter of 83mm (larger 
than the detectors cap diameter) made of perspex, aluminum or copper were used. 
Point sources were placed in the middle between two adjacent disks, in a small cavity.  

                          
 

                                  
 

 

 

 

 

 

 

                   Figure 1: Schematic description of the box containing the point source. 
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The case of non-absorbing media 
 Assuming the virtual point detector concept(1,2), the count rates of the two 
detectors,  normalized to the values in the center of the box are given by: 
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where C1,2(x) are the count rates of the two detectors when the source is placed at distance x 
from the center of the box of length 2a, C0 is the count rate of the detectors (which are 
similar) when the source is placed at center and d is defined as the distance of the virtual point 
detector from the box face.  
 The three conventional means mostly used are the arithmetic mean (MA), the 
geometrical mean (MG) and the harmonic one (MH)  
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 By inserting the expressions from equations (1), we can see that MA, MG, and MH will 
be dependent on x.  
 It can be shown that the expression  21 /1/1 NN + is  independent on x. 
If we define MSH, as the harmonic mean of the square roots, by squaring the reciprocal value 
of the sum given above we obtain : 
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Thus, the mean MSH is an x-independent value for non-absorbing media. This theoretical 
conclusion was validated by experiments(3). 
 
 
The case of pure absorbing media 
This case is described by tracks parallel to the line connecting the detectors centers, as for 
collimated detectors. In this case, the count rates of the two detectors for the geometry given 
in figure 1 will be: 

4.     
( )

1 01
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2 02
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where C0i is the count rate of detector i without absorption, and µ  is the attenuation 
coefficient of the absorbing media. As both detectors are similar, in our case C01=C02=C0.  
The geometrical mean for this case will be: 

5.         021 CeCCM a
G

µ−=⋅=      
which is independent on x.  
 
THE GENERAL CASE 
 Since in the general case both the solid angle effect and the absorption effect influence 
the dependence on x, it seems reasonable that an algorithm for obtaining a constant mean 
should combine both effects, i.e. involving both MG and MSH. As the effects are independent, 
the probability for the combined effect is expected to be a product of the individual 
probabilities of both. It means that the new algorithm should involve a weighted product of 
MSH and MG. We performed the weighting by powers of MSH and MG, such that the sum of 
the powers is equal to 1, in order to keep the units of the combined mean unchanged. Thus, 
the expression for the weighted mean is given by the equation: 



6.   )1( αα −⋅= SHGGSH MMM  
For MGSH to be independent of the source position, based on the normalization definition 
mentioned earlier, it is required that MGSH =1. Then, equation (6) becomes: 
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The requirement of constancy of MGSH for all values of x, implies that a parameter α must be 
found, which is independent on the point source location within the absorbing medium.  It 

was found that the function 
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Mln  is linear, and α can be determined 

from its slope. The empirical results for Aluminum are presented in figure 2.  

 
                   Figure 2: Determination of parameter α for Aluminum.  
 

Based on the constancy of α and on the definition of the normalized count rates as given 
above, the value C0 (the count rate for the point source positioned at the center of the box) can 
be calculated. Thus, the geometry of a volume sample containing a radioactive source at an 
unknown location can be transformed to a defined and accurate geometry of a volume source 
containing a point source in its center. For this geometry, the determination of the source 
activity is accurate and simple, after proper calibration with a standard source. 
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Introduction 
The basic assumption made when calibrating a Lung Counter is that the deposition of 

the radioactive aerosols in lungs is homogenous, and therefore the calibration is made with 
realistic phantoms containing lung sets with homogeneous contamination. Unfortunately, the 
deposition of the radioactive aerosols is rarely homogenous, being a function of the aerosol 
size and breathing rate(1) . In some cases, the contamination can even be present in the form of 
single “hot” particles. It is expected that the count rate will be strongly dependent on the 
position of the “hot particle” because of the geometrical factor (which is determined by the 
distance) and the absorption factor (which is dependent on the path in the lung and in the 
chest). In a work dealing with the subject(2), the lung was divided into 16 volume cells, and 
the uncertainty due to inhomogeneous distribution was estimated by Monte Carlo simulation. 
The deviations from homogeneity were evaluated to be by factors of  26, 3 and 1.8 for photon 
energies of 17,  60 and 1000 keV respectively. 

In the present work, an estimation of the possible deviations is presented for the 
system employed at NRCN, and a procedure is proposed to diminish the errors of the activity 
determined due to the non-homogeneous source distribution in the lungs. 

 

Materials and methods 
The measurements were preformed by the NRC-Negev Lung Counter system in the 

WBC laboratory, which consists of 4 Semi-Planar HPGe detectors made by Eurisys Mesures- 
France. The active area of each detector is 3800 mm2, with a diameter of 70 mm and a 
thickness of 25 mm. The 4 detectors are assigned as A, B, C, D.  Detector A is located 
opposite the upper part of the right lung. Detector B is located opposite the upper part of the 
left lung. Detector C is located opposite the lower part of the left lung, and detector D is 
located opposite the lower part of the right lung. The 4 detectors cover almost the total area of 
the lungs. 

The detectors are calibrated using a realistic phantom, manufactured by the Lawrence 
Livermore National Laboratory. The phantom can adapt loaded lungs containing calibrated 
radioactive material, which is dispersed homogeneously in the lungs volume. This calibration 
is accurate only if the distribution of the aerosols breathed by the monitored person in the 
lungs is also approximately homogenous.  

In order to check the response to non-homogenous sources in the lungs, the extreme 
case of a point source in the lungs was studied. The loaded lungs were replaced by inert 
(unloaded) lungs, made of the same material, but having holes, where point sources of natural 
Uranium were placed. The unloaded lungs have 56 points for placing the sources at  different 
locations. 28 points are located on the upper surface of the lungs and 28 on the lower surface.  



homogeneity factors-unthe Results of  
 The count rates of the four HPGe detectors were recorded for all 56 locations 
mentioned above. An average value of all count rates was calculated, and the individual count 
rates were related to this value. The ratio obtained for each point indicates the error that would 
have been obtained if a "hot spot" activity at the specific location would have been evaluated 
using the homogeneous lung efficiency factor. Table 1 presents the ratio results, and also the 
results when summing 3 of the detectors (Sum3) and all four detectors (Sum4).  

Detector Lung 
surface 

 Maximal and minimal ratios :  
lungs average (cps) / point (cps) 

 

A upper 19.3 0.1 
 lower 12.8 0.3 
B upper 7.0 0.4 
 lower 9.4 0.1 
C upper 8.4 0.5 
 lower 7.5 0.2 
D upper 15.6 0.1 
 lower 18.7 0.2 

Sum3 upper 7.3 0.2 
 lower 6.4 0.3 

Sum4 upper 6.7 0.3 
 lower 6.1 0.3 

 

      Table 1 :   Maximal and minimal ratios of the lungs average count rate to a specific point    
count rate for the different detectors. 

Improvement methods 
From table 1 it can be seen, that for all detectors there are considerable errors ranging 

to more then one order of magnitude of overestimation or underestimation.  The values 
obtained in our work are even higher than these presented by Kremer (2), probably because of 
the better geometric resolution. 

A simple and obvious method to reduce the error range is to sum the results of the 
individual detectors. When using the sum of 3 detectors or the sum of 4 detectors, (sum 3 and 
sum4 in table 1), the uncertainty of the activity determination is in the range of overestimation 
by a factor of  ∼5 to an underestimation by a factor of ∼7  for all points. This range is much 
smaller than for the individual detectors, bit is still very significant. 

An alternative way, although more complicated, is to use  the information of the ratios 
between the count rates of  the four detectors to  determine the location of the point source. 
The subject of source location identification by multi detector measurement is a special case 
of multi-parameter identification. This problem was discussed in detail for molecule 
identification from their electron impact mass spectra. Rasmussen and Isenhour(3) studied 
several criteria to find the best fit. Stein and Scott(4) suggested to look on the ion intensities as 
the components of a vector. We checked various criteria for determination of the location of 
the point source (“hot particle”) in the lungs, and estimated the associated errors in the 
activity determination. The count rate data obtained for all point source locations were used to 
build a reference matrix of 56 rows, each row containing four values representing the average 
counts of each detector. Each set of the individual experimental values was used as 
“unknowns” for verification of the different criteria for location identification.  



A Microsoft Excel application calculated the similarity indexes between the four 
measurements at a specific point and the values of the 56 different points of the library data 
base, for each of the 15 criteria checked. The similarity index test was performed for all 224 
measurements, and the number of “successful hits” (right guess of the source location) was 
counted. Table 2 shows the number of “hits” based on the the 186 keV peak analysis, for the 
most promising criteria. After determination of the predicted point location, we can use the 
efficiency factor for this point to calculate the source activity from the single measurement 
count values. The difference between this calculated activity and the known source activity is 
the error for the specific measurement. By averaging the errors for all points when using a 
certain matching criterion, an average error (relative deviation) can be calculated. These 
average errors and their standard deviations are also presented in table 2, as well as the 
number of cases for which the errors were over 25% and over 50%.  

 

Criterion 
number 

Number of 
“hits” from 224 
measurements 

Average  
relative 

deviation (%) 

Standard 
deviation of 

the error (%) 

Number of 
deviations 
over 25% 
(from 224) 

Number of 
deviations 
over 50% 
(from 224) 

1 182 10.5 22.9 30 18 
9 182 10.5 22.9 30 18 
10 183 10.1 22.4 28 17 
11 188 9.4 22.0 25 16 
12 182 10.8 24.2 29 18 
13 182 10.8 24.2 29 18 
14 182 10.8 24.2 29 18 

 

Table 2:  Results obtained when using the 186 keV peak for activity determination.    
 

Conclusions 
Simple summing of the count rates of the four detectors, or more sophisticated 

analysis of the count rates from the four detectors measuring the lungs can be employed to 
diminish the error of the activity determination in the case of a "hot spot". By the similarity 
index method, the "hot spot" was detected in 88% of the cases (188 out of 224 
measurements). The average error in the activity determination, when using the most 
promising criteria, is about  10%. The degree of certainty can be further improved if the 186 
keV peak analysis is combined with the 92 keV peak analysis, as we have found that only a 
few wrong guesses are produced by both analyses.   
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INTRODUCTION 

The estimation of the internal exposure of Uranium workers is usually based on urine 
measurements and in- vivo measurement by lung counters. Another important parameter is 
the solubility class of the Uranium aerosols which were inhaled and the intake date. The 
accuracy of estimation of these parameters influences the overall error in the estimation of the 
internal exposure.  

The average MDA - Minimum Detectable Activity for natural uranium of the NRCN 
lung counter system is 50Bq, for 40 minutes counting time. The MDA  is a function of the 
system efficiency, background and counting time. For a given system,  the efficiency and 
background are constant, and the only variable parameter is the counting time. Due to human 
psychological limitations we can't exceed a practical counting time of  40-60 minute for a 
specific measurement. Because of this limitation, the MDA may not be sufficient  for 
comparison with intake evaluations assessed from the urine results. An obvious, practical  and 
simple method is proposed to improve the MDA for lung counting results : summing of 
several accumulated spectra. Results are presented for three workers, which where measured 
9 times, at a intervals of two days, each measurement performed for 40 minutes. By 
combining the 9 measurements we obtain an overall counting time of 360 minutes and 
improve the MDA by a factor of 3.  The significance for the inner exposure determination is 
discussed. 
 
MATERIALS AND METHODS 

The measurements were preformed by the NRC-Negev Lung Counter system, which 
consists of four Semi-Planar HPGe detectors, manufactured by Eurisys Mesures- France. The 
active area of each detector is 3800mm2, with a diameter of 70mm and a thickness of 25mm. 
Each detector is equipped with a 1.2mm thick carbon window, and is mounted in a dewar of 
type SBF-00PA6, which can contain 6 liters of liquid nitrogen.  

The information from each detector is analyzed separately by a multi-channel 
analyzer, which is integrated in a computer system.  At the end of the acquisition, all spectra 
from the detectors are analyzed and displayed separately on the computer screen, as well as 
the sum of the spectra from all detectors. For quantitative analysis of the content of natural 
uranium, the areas of the 186 keV and 92 keV peaks were used. 

The Lung Counter system is placed in an “old” low background steel shielding, built 
of 25 cm thick blocks, lined with 1mm cadmium, 1mm lead, 2 mm copper and 5 mm 
polypropylene. The air supply to the room passes through an absolute filter system. The 
detectors were calibrated using a realistic phantom, manufactured by the Lawrence Livermore 
National Laboratory and loaded lungs containing calibrated natural uranium, which is 
dispersed homogeneously in the lungs volume.  

 



Each worker was measured 9 times, at intervals of  two days, each measurement lasting for 40 
minutes. The 9 spectra were added, creating a new sum spectrum.  The summing of the 
spectra had to be done carefully, to compensate for possible gain drifts. 

 
A background spectrum was accumulated for 6 hours, and background correction was 

performed by subtracting the net photopeak count rates of the background from each subject's 
sum spectrum. The MDA was calculated according to eq.1 (ANSI. N-13.30) for the 63keV, 
92keV, 186keV photons emitted from natural Uranium. 
 
(1) 
 
where: 
MDA - (in Bq): Minimum Detectable Activity 
R - (in keV): Full Width at Half its Maximum of the peak (resolution) 
B -  (counts/keV): Mean value of background noise in peak 
ε -  efficiency at considered energy   
a -  absorption at considered energy due to chest wall thickness of the worker   
γ -  emission intensity of considered radionuclide  
t (s) -  acquisition active time. 

 
 
RESULTS AND DISCUSSION 

An example of a 40min pulse height spectrum and the sum of 9 accumulated spectra is 
seen in figure 1.  No photo-peak can be distinguished for the 40min counting time, but in the 
sum spectrum the three photo-peaks can be clearly seen. The natural Uranium lung counting 
results for the three workers (A, B and C), are presented in table 1.  Besides the basic results 
for the 40min counts, results for the sum of 9 spectra are presented, and also results from 
adding the spectra of two workers which perform similar tasks. Summing the results of 
several workers is going to be adopted by the Canadian Nuclear Safety Commission for 
groups of workers similarly occupationally exposed (1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.1: spectrum of 40 minute counting time and a Sum spectrum 
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Introduction 
 Exposures to tritiated water (HTO), organically bound tritium (OBT), and tritium gas 
are important concerns among occupationally exposed workers. Like HTO, OBT can enter the 
body through different routes of intake and can be accumulated in the body by exchanging the 
tritiated water (HTO) atoms to form organically bound tritium. A considerable portion of the 
OBT binds tightly to biological molecules, or remains as OBT in various degrees of 
solubility. OBT is retained in the human body much longer than tritiated water (HTO) and 
therefore the dose arising from OBT can reach 50% of the total tritium dose(1) .  
 The most widely used methods for measuring OBT are wet oxidation (with perchloric 
acid and hydrogen peroxide), and dry combustion. The dry combustion (Gold standard) 
method is the more suitable and includes oxidation of hydrogenous materials by heating in the 
presence of oxygen, with the combustion products passing over heated copper oxide at 5900C-
7000C, that acts both as a catalyst and final oxidizing agent. This method is complicated and 
time consuming. We tested a simple and rapid method, similar to method used by Briot in 
France(2), to determine OBT in urine by liquid scintillation counting. The principle is based on 
subtracting the tritiated water phase counts from the total activity found in the soluble tritium 
phase (OBT+HTO) in urine. The main problems encountered when measuring total tritium 
(HTO+OBT) in urine are the color and chemical quenching, nonspecific luminescence due to 
the organic matter, and the contribution of 40K background, which is naturally present in 
urine(3). In order to overcome these major problems we used the Quantulus 1220 LSC counter 
operated at Soreq NRC. 
 
The method 
 We prepared the samples by mixing the urine with the liquid scintillation solution. We 
also prepared a set of quenched samples, by adding various volumes of CCl4 to the vials 
containing the liquid scintillator, to obtain a sufficient large scale of SQPE (quench 
parameter). In order to prepare the efficiency vs. quench curves, we added to the quenched 
solutions mentioned above constant amounts of 3H or 40K. From all urine counting results, we 
subtracted the background counts, which referred to the non specific luminescence (due to the 
organic matter, light or electronic noises) and the 40K contribution.  
 HTO determination is possible after absorbing the urine’s organic matter to active 
charcoal, a procedure which is different from that used by Briot(2). The HTO filtrate was 
determined by liquid scintillation counting, similar to the method used in other works(4). 
Duplicate urine samples were measured for tritium by direct liquid scintillation counting, and 
the OBT was calculated by subtraction. The OBT+ HTO results were compared to the classic 
Gold standard (dry combustion) method. 
 



Results and discussion 
 The Quantulus spectrum of 3H, 40K and urine’s organic matter is shown in figure 1. The 
overlapping of the spectra of 40K and urine’s organic matter with 3H is clearly seen, 
emphasizing the necessity for subtracting these contributions from the tritium counts. 
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                             Figure 1.  3H, 40K and urine’s organic  matter  spectra.             

                                
 

 A comparison of urine results when applying the Gold standard method vs. our 
method is presented in table 1. The first 6 samples are routine urine samples of workers. The 
last sample consists of an addition of an OBT "spike" of known quantity into a non-active 
urine samples. It can be seen that the correlation between the two methods is good (r2 is 
97.77%), proving the capability of urine’s tritium activity determination by the liquid 
scintillation method. 
 
 
Table 1: OBT results obtained for different urine samples by the Gold standard method and 

by direct counting (our method). 
 

Direct counting 

 [dpm] 

Gold standard method 

[dpm] 

Urine Sample 

29.5±2.0 24.8±4.0 1 
27.0±3.8 25.7±2.2 2 
100.4±7.5 99.8±4.0 3 
196.1±11.0 196.8±6.0 4 
115.9±7.9 94.1±4.4 5 
45.6±5.3 51.7±3.6 6 
145.0±5.0 140.0±5.0 Standard addition of OBT 

“SPIKE” 
 

3H 

Urine's organic matter 

40K 

cpm 



 Table 1 shows that the determination of the OBT in the urine samples, when using the 
Gold standard method and our method, gave similar results. The minor deviations are 
attributed to the experimental errors. The Minimum Detectable Activity of OBT (MDAOBT) 
was determined for each urine sample. Based on the average of 73 urine samples of non- 
occupationally exposed workers, MDAOBT was found to be  0.11 Bq/cc. The MDAOBT of the 6 
routine urine samples (table 1) varied from 0.09 to 0.22 Bq/Sa. It is important to emphasize 
that the MDAOBT (for our method) is strongly dependent on the HTO activity in the urine 
sample, as the results are based on subtraction. 
 
Conclusions 
 OBT measurements for urine are not performed routinely, mostly because of the 
lengthy work needed to be invested in preparation of each sample. The method proposed by 
us, offers a much simpler and rapid procedure for the OBT content determination, with an 
accuracy which is comparable to the Gold standard method.  
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Medical images of human tissue can be produced using Computed Tomography (CT), Positron 
Emission Tomography (PET), Ultrasound or Magnetic Resonance Imaging (MRI). In all of the 
above techniques, in order to get a three-dimensional (3D) image, one has to rotate or move the 
source, the detectors or the scanned target. This procedure is complicated, time consuming and 
increases the cost and weight of the scanning equipment. 
 
Time resolved optical tomography [1] has been suggested as an alternative to the above 
conventional methods. This technique implies near infrared light (NIR) and fast time-resolved 
detectors to obtain a 3D image of the scanned target. However, due to the limited penetration of 
the NIR light in the tissue, the application of this technique is limited to soft tissue like a female 
breast [2] or a premature infant brain [3]. 
 
In this work, a new concept for a time-resolved Compton scattering imaging (TR-CSI) technique 
is proposed and its feasibility is examined by MCNP simulations [4]. The concept design is based 
on a standard Compton scattering imaging (CSI) system [5], with the above modifications: 
• The collimated continues x-ray beam that scans the target from one side, has been replaced 

with a non-movable pulsed x-ray cone beam with 0.1 ns duration. 
• The integrated detectors response was recorded in time intervals of 0.1 ns. 
These modifications are now feasible with a combination of fast detectors and Multi Channel 
analyzer (MCA) card. The examined system combines the advantages of the non-movable time 
resolved optical tomography technique with the penetration depth of x-ray radiation. 
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Introduction : During the last decade many versions of angioplasty irradiation treatments have 
been proposed. The purpose of this unique brachytherapy is to administer a sufficient radiation 
dose into the vein walls in order to prevent restonosis, a clinical sequel to balloon angioplasty. 
The most suitable sources for this vascular brachytherapy are the β - emitters such as Re-188, P-
32, and Sr-90/Y-90, with a maximum energy range of up to 2.1 MeV [1,2,3]. The radioactive 
catheters configurations offered for these treatments can be a simple wire [4], a fluid filled 
balloon or a coated stent. Each source is differently positioned inside the blood vessel, and the 
emitted electrons ranges therefore vary.  
Many types of sources and configurations were studied either experimentally or with the use of 
the Monte Carlo calculation technique, while most of the Monte Carlo simulations were carried 
out using EGS4 [5] or MCNP [6]. In this study we compared the beta-source absorbed-dose 
versus radial-distance of two treatment configurations using MCNP and EGS4 simulations. This 
comparison was aimed to discover the differences between the MCNP and the EGS4 simulation 
code systems in intermediate energies electron transport. 
 
Simulations : Typical blood vessel dimensions were input into the simulation geometry section 
for each code. The 2.125 mm vein’s inner radius was filled with blood surrounded by a 1.875 mm 
wall, giving a 4 mm total blood vessel inside a 10 mm tissue (simulated as water). 
 

  
Figure 1: A blood vessel cross-sectional view for the Monte Carlo Simulations’ setup. 
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A cross sectional view is shown in Figure 1. The simulated materials were: blood (1.06 g/cm3; 
Zeff=7.12) [7], vein walls (1.04 g/cm3; Zeff=7.09), stent mesh (30% steel + 70% blood) (3.16 
g/cm3), and water. The source kinetic energy was set to a constant of 0.75 MeV, close to the Re-
188 mean emission energy. Other source case was set by a central wire source.  Two types of 
sources were examined: a strait wire and a 0.12 mm thick and 8 mm length staleness steel stent 
spread over the vein’s wall. Case A: The source was homogeneously distributed 2 mm ring 
around the inner blood stream. The radial absorbed dose distribution around the blood vessel was 
tallied using a set of concentric cells around it with 106 histories runs. Case B: A long linear 
source was set inside the center of the blood vessel. Same scoring techniques were also 
preformed for this case.  
 
The use of EGS4 including the PRESTA-CG [8] package enabled us to write a 3-D combinatorial 
geometry input, which defined both the simulation geometry and the electron step-size 
optimization geometry. Scoring the absorbed dose with the EGS4 at a given resolution was 
carried out using an event positioning algorithm, which provided the spatial dose distribution 
without the need of cell splitting as used in the MCNP.  
 
Results and Conclusions: The regional deposited-energy rates computed by the MCNP and the 
EGS4 for each angioplasty configuration led to the results listed in table 1. The results showed 
that the EGS4 and MCNP agreed for most of the cases except for the vein treatment 
configuration with a wire, where a 30% absorbed dose difference can lead to an inefficient 
treatment. The treatments comparison showed that when using a wire, six times of the activity of 
a stent, is needed in order to administer a certain dose to the vein.     
 
Table 1: Simulations results of the total absorbed energy in blood and in the vessel wall for wire, 

and for stent angioplasty. 
 

Region Blood (MeV/Fluence) Wall (MeV/Fluence) 

Treatment Stent Wire Stent Wire 

EGS4-PRESTA 0.34083 0.62297 0.39071 0.05804 

MCNP4B 0.34096 0.61561 0.39434 0.08238 

The statistical error is 0.2 – 1.0 %. 
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Figure 2: Absorbed dose profiles MC simulations results: MCNP compare to EGS4.   

Left –  (a) Stent source; Right – (b) Wire source. 
 
In Figure 2 the deposited energy vs. radial-distance for each case is presented. While the EGS4-
PRESTA Monte Carlo simulation dose results found to be continuous over all the range, the 
MCNP results suffered from an artificial non-continuous fall around boundaries between 
different materials. The MCNP4B artificial non-continuous dose shape resulted from the lack of a 
step-size electron transport optimization in the code. This optimization for electron transport is 
essential in order to gradually follow the media boundary-crossing phenomena.    
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The Need for New Dosimetric Approach in CT Dosimetry 
 
 

Avi Ben-Shlomo and Efi Iacobovici 
 

 Soreq Nuclear Research Center, Yavne, 81800, Israel 
 
 

Three decades after the invention of the first CT in 1972, it became a major tool in 
diagnostic radiology. The use of CT for various applications is getting wider every year. The 
quantity of CT procedures performed in Israel every year is estimated as 500,000. About 10% 
of those are pediatric procedures, for children under age 10. CT procedures increase is 
estimated at 5-10 % per annum. In spite the fact that CT contributes to about 1/8 of the total 
number of diagnostic X-ray procedures in Israel, the CT collective dosage is about 40 % of 
the total collective dosage in the said procedures (about 3,500 Man*Sv per year). 

 
Medical radiation dosage is the first contributor to population dosage, resulting from 

artificial radiation sources. Diagnostic X-ray radiation dosage is the first contributor to 
medical radiation dose (including radiation dose from diagnostic X-ray, nuclear medicine and 
radiotherapy – with exclusion of the target organ dose). Among medical X-ray different 
applications, CT procedure is the first cause to radiation dose of the population according to 
X-ray diagnostic procedures. The above facts emphasize the need to focus on CT in order to 
reduce the medical collective dose of the public.   

       
Several dosimetric units have appeared in recent years in order to comply with the need 

for CT Dosimetry. The CTDI Unit that served so well during the first CT years is no longer 
sufficient, as is, for modern instruments. This basic unit has become a complex concept that 
covers new units: CTDIW, CTDIVOL, CTDI100, MSAD and DLP.   

   
The search for a simple way to apply these units in order to calculate effective dosage 

during CT examinations is not straightforward. Modern equipment is simultaneously using 4 
and 16 slices. Manufacturers are endeavoring to develop the next generation equipment with 
256 slices used simultaneously (expected on the market in the next 1-2 years). This situation 
sets technology one step forward regarding the dosimetry methods used for organ and 
effective dose evaluation. Practical and standard dosimetry still does not offer any solution to 
several problems, such as patient size variations (from small children to adults), the ion 
chambers size limits as used for dosimetry, radiation dosage expected variations during one 
scan and different organs, etc. Under these circumstances, it is estimated that the Monte Carlo 
tools to solve dosimetry problems will multiply. There is a need for developing customary 
international terminology and simple dosimetry parameters and means, in order to measure a 
simple radiation quantities and estimate the equivalent and effective dosage of the modern CT 
examinations by means of simple Monte Carlo based tables/software.        
 
 

 

 

 



SURVEY OF OCCUPATIONAL EXPOSURE INVOLVED IN MEDICAL 
INDUSTRIAL AND EDUCATIONAL USES OF RADIATION IN ISRAEL 

1997-2002 
 

T. Biran, S. Malchi and Y. Shamai 
 

Soreq Nuclear Research Center, Yavne 81800 
 

The Israel Dosimetry Center, operated by the Radiation Safety Division at Soreq NRC, 

serves approximately 11,000 radiation workers throughout the country. Workers in medical, 

educational and industrial installations are monitored mainly monthly for external ionizing 

radiation: X- and gamma rays, beta radiation, and thermal and fast neutrons. Dosimetry of all 

but the last category is performed by TLD (Thermo Luminescence Dosimeter) badges (chest, 

head, hand, leg), or TLD rings. This document constitutes a summary of the occupational 

exposures (whole-body only, i.e., chest) during the period 1997-2002.  

Table 1 provides information on the number of monitored workers, the annual collective 

effective dose, and the average annual effective individual dose per monitored worker and per 

measurably exposed worker (above the recording level at least once a year) for all medical 

workers, diagnostic radiology staff and nuclear medicine employees. The last columns are the 
 

Table 1: Exposures of Workers from Medical Uses of Radiation 

Annual average 
individual effective dose 

mSv 
Distribution ratios 

Year 

No of 
monitored 
workers 
×103 

No of 
exposed 
workers 
×103 

Collective 
effective 

dose 
man Sv p/monitored 

worker 
p/exposed 

worker 
NR5 
% 

MR5 
% 

NR15 
% 

MR15 
% 

All medical uses   
1997 5.95 1.36 2.04 0.34 1.50 1.4 50.2 0.1 18.9 
1998 6.56 1.15 1.64 0.25 1.43 1.1 40.5 0.2 15.6 
1999 6.23 1.08 1.70 0.27 1.56 3.4 75.3 0.2 20.9 
2000 6.78 1.50 1.89 0.28 1.26 1.5 53.0 0.1 12.9 
2001 6.80 1.21 1.45 0.21 1.20 0.8 38.4 0.1 12.1 
2002 7.16 1.38 1.63 0.23 1.18 1.0 41.8 0.1 13.2 
Diagnostic radiology   
1997 4.67 0.95 1.33 0.28 1.40 0.9 49.8 0.1 26.8 
1998 5.22 0.82 0.99 0.19 1.21 0.7 43.1 0.2 22.1 
1999 4.94 0.74 1.00 0.20 1.34 2.1 71.6 0.2 30.6 
2000 5.41 1.12 1.16 0.21 1.04 0.8 42.3 0.2 18.1 
2001 5.75 0.81 0.82 0.14 1.00 0.5 35.8 0.1 12.4 
2002 5.67 0.95 0.90 0.16 0.94 0.5 42.4 0.1 21.5 
Nuclear medicine   
1997 0.64 0.30 0.66 1.04 2.21 7.1 52.0 0.2 3.5 
1998 0.67 0.27 0.62 0.93 2.26 4.5 38.1 0.3 5.8 
1999 0.65 0.27 0.67 1.03 2.45 16.3 83.5 0.1 7.5 
2000 0.68 0.28 0.64 0.95 2.29 6.3 50.7 0 0 
2001 0.74 0.32 0.53 0.73 1.62 3.8 33.6 0 0 
2002 0.77 0.34 0.66 0.86 1.95 5.0 44.5 0.1 3.3 



 dose distribution ratios, with NR5 and NR15 being the fractions of the work-force exposed 

annually to 5 mSv or 15 mSv or more, respectively, and MR5 and MR15 the fractions of the 

annual collective doses delivered to these populations, respectively. Fig. 1 provides the 

occupational exposure information for the medical staff together with the average annual 

effective dose reported UNSCEAR (1). 

As can be seen from the table and the figure, the average annual individual effective doses 

per monitored worker was, for the medical staff,  0.34 mSv in the year 1997, decreasing to 

0.23 mSv in the year 2002. These results are in agreement with the world-wide occupational 

exposures of monitored workers quoted in the UNSCEAR report (1) for the years 1990-1994: 

0.4 mSv. In order to circumvent the distortion introduced to the calculated individual effective 

dose by those workers who are monitored but who receive only insignificant doses, the 

average annual individual doses per exposed worker are also given. As expected, these values 

are higher than those per monitored person: ∼1.5 mSv.  

For diagnostic radiology staff the average value for monitored worker was 0.28 mSv in 

the year 1997 decreasing to 0.16 mSv in the year 2002 (0.5 mSv for the years 1990-1994 (1)). 

The decrease of the average dose is mainly due to the steep increase of the number of head 

badges from ∼800 to ∼1600; as when a person wears both badges, the chest ones are worn 

under the apron. The average value per exposed worker was 1-1.5 mSv while a similar value, 

1.3 mSv is reported (1). It should be emphasize that the average annual dose of head badges 

are 2.5-3.8 mSv; contribution of 0.04 of this dose value to the whole bode dose would up with 

0.1-0.2 mSv/y. For nuclear medicine workers the value per monitored worker was 0.7-1.0 

mSv [0.8 mSv (1)] while for an exposed worker the value was 1.6-2.4 mSv [1.4 mSv (1)]. 

The NR15 values are very low, being usually only a few tenths of one percent. This means 

that only a few workers were exposed to doses above the annual investigation level, i.e. >15 

mSv. The MR15 values are mainly 12% to 30%, that is, up to a third of the collective dose is 

comprised of a few cases of exposure. A high MR15 value indicates that the average annual 

individual dose is shifted to a higher dose than the actual one due to a few high exposures.  

Education and industrial staff are the two other main groups of radiation workers in Israel. 

The collective dose of these 3500-4000 workers is 0.8-0.5 man Sv. Education and research 

employees contribute only 0.06-0.08 man Sv during the years 1997-2002; ~1400 workers 

with an average annual value of 0.05 mSv per monitored one [0.1 mSv (1)] while 0.3-0.5 mSv  

[1.1 mSv (1)] is calculated per exposed worker. Industrial radiographers, a group that consist 

of about 400 workers contribute higher collective dose: 0.2 man Sv each year while the 

annual average values per monitored and exposed worker are 0.3-0.5 mSv [1.6 mSv (1)] and 

1.3-2.8 mSv [3.2 mSv (1)] respectively. 



We would like to stress that the data showes lower values than those reported by 

UNSCEAR, which is reasonable, taking into consideration that our data are for more recent 

years, and this decline is also seen within our reported years.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 - Occupational Exposure Information for the Medical Staff in Israel 1997-2002 
 

Ref : [1]  UNSCEAR 2000. UN Committee on the Effects of Atomic Radiation, 2000. 
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Measurements of Radiation Doses from F-18 FDG  
 
 

T. Biran*, J. Weininger*, S. Malchi*, R. Marciano# , R. Chisin# 
  

*Radiation Safety Division, Soreq NRC, Yavne and #Medical Biophysics and Nuclear 
Medicine Department Hadassah University Hospital, Jerusalem 

 
 

18F FDG- PET positron emission tomography is a potent diagnostic tool in brain and 
heart diseases and especially in oncology. Its use is continually increasing and it has become a 
routine procedure in nuclear medicine departments. The positron emitter 18F, due to its β+ 
emission and the two resulting high  energy  (511 keV) annihilation photons, produce higher 
gamma ray energy than conventional isotopes. Consequently, new occupational radiation 
safety problems must be resolved. 

  
Radiation doses to one PET technologist performing 100 F-18 FDG imaging procedures 

were measured in a clinical set-up using two types of thermoluminescent dosimeters (TLD) 
badges and one electronic pocket dosimeter (EPD). F-18 FDG was handled either with 
unshielded or with viewing window tungsten shielded syringes. 

 
Tables 1 summarizes the occupational doses to the PET technologist in the first series, as 

measured with two types of TLD badges. The handling of the 18F- FDG doses was performed 
with unshielded syringes. It is shown in the table that the dose obtained with badge 1, relating 
to the tasks fulfilled by the technologist inside the imaging room, represented 90% of the 
measured doses. The dose rate recorded in the control room by badge 2 was 0.6 + 0.1µSv/h, 
i.e. 18 + 2 µSv for a total of 35 h working hours. This table also shows that the two types of 
TLD badges measured similar doses, normalized to 370 MBq injected activity: 14.3 + 0.4 µSv 
for TLD 700H/600H and 13.8 ± 0.8 for TLD 100. Since TLD 700H/600H is the most 
accurate, only badges of this type were used in the following series of measurements. 

 
Table 1 Measured occupational doses for a PET technologist handling a total of 12,700 

MBq 18F- FDG with unshielded syringes 
  

Badge TLD 700H/600H 
µ Sv 

TLD 100 
µSv 

1a 445 ± 10  434 ± 20  
 2b 19 ±  3  16 ± 5  
 3c 490 ± 13  474 ± 28  

 
a  Badge 1 - worn inside the PET imaging room and in the injection room 
b   Badge 2 -  worn in the control room, where image processing is performed 
c  Badge 3 - worn next to either Badge 1 or Badge 2, during the whole working day, everywhere PET tasks are 

performed. 



 

Table 2 summarizes the occupational doses in the second and third series measured 
with TLD700H/600H with two kind of tungsten shielding (Syncor and LEMER PAX). The 
resulting occupational dose normalized to 370 MBq injected activity was 10.7 µSv in both 
series, i.e. when using shielded syringes there was a decrease of about 25% as compared with 
dose handling performed with unshielded syringes. 

 
Table 2 Measured occupational deep doses from handling 16,825 MBq and  

10,725 MBq 18F- FDG with tungsten shielded syringes  
 

Badge 
16,825 MBq 

Syncor 
(µSv) 

10,725 MBq 
LEMER PAX 

(µSv) 
1a 443   ±  14 278 ±  9 
2b 22   ±   3 2 1 ±  3 
3c 489  ±  15 310 ±  11 

 
EPD measurements for a total of 9860 MBq injected 18F- FDG using shielded syringes 

show doses varying from 4 to 12.6µSv. The average value per procedure was of 7.1 µSv 
(Table 3). This average value is lower than 10.7 µSv / 370 MBq, the value obtained in the 
same series with TLD badges. These lower values  probably stem from the prolonged 
response time of the EPD device, which does not respond to quick changes of dose rates 
(seconds) and to the low doses inside the control room. Irradiation of the EPD and of the TLD 
in fast changing fields was performed at SSDL at several dose rates (0.6 – 10 mSv/ hr) for 
short durations  of 2 -5 sec. 

 
The EPD measurements always showed less than the known delivered  dose . For MGP 

2000s, another routinely used EPD, a prolonged response time, 3-8 sec for 0 –90% increase in 
exposure rate, was also reported [1]. The TLDs always showed exactly the expected delivered 
radiation. EPD is routinely used in Nuclear Medicine Departments as a warning device, but 
calculation of exposure based on extrapolation of EPD measurements might underestimate 
occupational doses. 

 
Table 3 Occupational doses from handling 18F- FDG: 

27 procedures, 366 MBq average activity per procedure, measured by Stephen EPD 
 

No.Procedures 
per day 

I.D./day 
(MBq) 

Daily dose 
(µSv) 

µSv per 
procedure 

µSv  per 
370 MBq 

5 1410 20.1 4.0 5.3 
5 2020 27.2 5.4 5.0 
3 1230 25.6 8.5 7.7 
5 1750 21.9 4.4 4.6 
1 330 12.6 12.6 14.1 
3 1260 34.3 11.4 10.0 
5 1860 49.7 9.9 9.9 

TOTAL 9860 191.4   
  Average: 7.1 7.2 



 

Our results as compared to those in the literature are shown in Table 4. There is concordance 
between those results both for TLD and for EPD measurements. 

 
Table 4 Occupational doses from F-18 FDG in the literature 

 
Literature/Type of 

Dosimeter Syringe Mean radiation dose/  
370 MBq injected (µSv) 

Hadassah TLD unshielded 14.2 ±  0.4 
Hadassah TLD shielded 10.7 ± 0.4 
Hadassah EPD shielded 7.2 ± 2.1 
McCormick TLD (2)  unshielded 14 
Chiesa EPD (3) shielded 8.5 ± 3.3 
McElroy EPD (4) shielded 6.9 + 4 
Benatar EPD (5) shielded 6.4 ± 1.0 

 
 

At Hadassah University Hospital in Jerusalem about 725 F-18 FDG PET scans were 
performed in 2001. For this patient throughput, using tungsten syringe shielding with viewing 
window, the annual dose to one PET technologist would be 7.7 mSv, and 10.3 mSv using 
unshielded syringes. These extrapolated annual doses reach 40-50% of the recommended 
effective dose limits. The use of windowless syringe shielding for handling the F-18 FDG 
dose is an easy and efficient solution resulting in additional significant decrease of the 
effective dose. 
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Introduction 

One of the problems that complicates the routine personal TL dosimetry with 
LiF:Mg,Ti, is the complexity of its glow curves, as many as 10 to 14 peaks have been 
identified at temperatures from 60o C to 400o C. Each peak may have different dosimetric 
characteristics, and may be differently dependent on a variety of factors, as the annealing 
procedure and type of radiation.  

It was observed already in the early years of TLD research, that when LiF is exposed 
to higher LET radiations, an enhanced sensitivity is obtained  for the peaks in the 250OC 
region (6 and 7), compared to the usual dosimetry peaks (4 and 5, at about 200OC), and it was 
proposed to use this difference for mixed thermal neutron and gamma dosimetry. The 
development of sophisticated tools for glow curve analysis, especially the Computerized 
Glow Curve Deconvolution (CGCD), enabled accurate separation of the specific peaks and 
intensified the research on the various peaks properties.  

However, some major obstacles were detected, which diminished the attractiveness of 
using the high temperature peaks to discriminate between the neutron and gamma dose 
components. Peak 6 is very near to peak 5, which is the main dosimetry peak, and its 
separation from peak 5 is difficult, especially when measuring low doses. Peak 7 is more 
intense and well resolved, but its response was reported to be  supra-linear (1,2), and therefore 
its use for neutron-gamma mixed dosimetry is questionable. 

In the present work we investigated the linearity of two regions of interest, one 
containing the main information from the peaks 6 and 7 and the other containing the main 
information from the main dosimetry peaks 4 and 5, after irradiation of the crystals with 
thermal neutrons and gamma rays. The irradiation was performed to relatively low doses, up 
to about 50mSv, which are the practical levels encountered in routine situations.  
 
Materials and methods 

 The experiments were performed with LiF:Mg,Ti Bicron/Harshaw cards containing 
four  3 x 3 x 0.38 mm chips.  Two of the chips (3 and 4) contained 6LiF, and the other two 
chips (1 and 2) contained 7LiF. For each experiment at least four chips were used. The readout 
of the irradiated crystals was performed by a 6600 TLD reader (Bicron/Harshaw). Each chip 
was calibrated individually by a 90Sr-90Y source, built in the reader. The heating of the TLD 
chips is by a hot nitrogen gas jet, delivering linear heating profiles. The glow curve of each 
chip is digitized to a 200 channel spectrum and stored on a PC computer. The heating profile 
was the usual one used for routine dosimetry, consisting of a preheat to 50°C ( less than 0.5 
sec) and a linear heating rate of 25°C/sec up to 300°C and then kept at 300°C, for a total time 
of  20 sec. The heating time was increased from the routine value of 13.3 sec to 20 sec to 
enhance the efficiency of light emission from the high temperature peaks. No annealing was 
performed, except for the usual reader annealing. 



Gamma irradiations were carried out using a 137Cs source. The neutron irradiations 
were carried out using thermalized neutrons from a 7.4*104 MBq AmBe shielded source. The 
AmBe source was placed in a borated paraffin shielding equipped with collimator holes. The 
neutrons were thermalized by layers of  polypropylene. The TLD crystals were irradiated to 
different gamma and neutron doses by changing the irradiation time, at constant locations.  

The glow curve spectra were analyzed by the ”Region of Interest”- ROI method, 
described in a separate work. Fixed ROI’s are not recommended due to possible shifts of 
instrumental gain, thus we determined the ROI’s position relative to the channel of maximal 
count, which for LiF:Mg,Ti belongs to peak 5. The area representing the dosimetry peaks 4+5 
(ROI-45) was calculated by integration between channel 18 below the glow curve maximum 
to channel 12 above the glow curve maximum. The area representing the peaks 6+7 (ROI-67) 
was calculated by integration between channel 13 above the glow curve maximum to channel 
70 above the glow curve maximum. These ROI values were chosen for maximum separation, 
while maintaining good efficiency.  
 
 
Results and discussion 

The response of the LiF:Mg,Ti chips to 662 keV gamma-ray doses in the range 3mSv 
to 50mSv is presented in table 1. By fitting a linear function to the counts values vs. dose for 
ROI-45 and ROI-67, a fitting coefficient  (R2) greater than 0.999 was obtained, indicating a 
linear correlation of both ROI values with dose. Table 1 presents also the relative responses to 
unit dose, normalized to the value at 3mSv. The values of the relative results of ROI-45 
remain very close to unity, while the values corresponding to peaks 6+7 show a trend to 
decrease with dose.  

 
Dose ROI-45 stdv (%) of ROI-67 stdv (%) of  Normalized area/mSv***  

(mSv) (*) ROI-45 (**) ROI-67 ROI-45 ROI-67 

3 1.09 6.50 23.46 18.84 1.00 ±  0.07 1.00 ± 0.19 
6 2.21 11.04 44.50 17.80 1.01 ± 0.11 0.95 ± 0.17 
9 3.32 8.18 64.85 12.70 1.01 ± 0.08 0.92 ± 0.12 
12 4.27 8.88 82.07 12.52 0.97 ± 0.09 0.87 ± 0.11 
25 8.84 8.89 164.35 11.63 0.97 ± 0.09 0.84 ± 0.09 
50 17.82 7.94 331.48 9.76 0.98 ± 0.08 0.85 ± 0.08 

 
Table 1. The areas of the regions of interest of peaks 4+5 and 6+7 for different gamma ray 

doses from a 137Cs source.  
  (*)     ROI-45 is the glow curve area in the region of peaks 4 and 5 in millions of counts. 

            (**)   ROI-67 is the glow curve area in the region of peaks 6 and 7 in thousands of counts. 
          (***)  Normalization of the area/mSv value to the value at 3mSv. 

 

 The ratio of the ROI-67 to ROI-45 as a function of the gamma-ray dose was found to 
be constant within the error range, with an average value of  0.0195 ± 0.0010. This value is 
lower compared to the value of 0.05 obtained by Ben Shachar and Horowitz(3) who employed 
CGCD to un-annealed TLD-100 chips irradiated by gamma rays, probably due to the different 
methods of analysis. Liu and Sims(4), who employed also the ROI method, obtained the value 
0.01 which is much closer to our value, especially considering that they defined the ROI of 
the main TLD peaks as the region of peaks 3+4+5, whereas we defined a narrower range of 
peaks 4+5 only. The linearity found in our work, is probably due to the different analysis 



method (not CGCD, as in the works which reported supra-linearity(1,2)). It should also be 
mentioned that not all authors have reported a supra-linear response of peak 7. Horiuchi and 
Sato(5), who performed deconvolution into seven peaks,  obtained  linear responses as well. 

 
The ratio of ROI-67 to ROI-45 as a function of thermal neutron dose was found also to 

be constant within the error range with an average value of  0.215 ± 0.004. Also this value is 
lower compared to the value of 0.5 obtained by Ben Shachar and Horowitz(3) who employed 
CGCD to un-annealed TLD-100 chips irradiated by thermal neutrons, but is much closer to 
the value 0.15 obtained by Liu and Sims(4). Taking into consideration their different ROI 
definitions (see above), the results in both works are expected to be almost identical.  

   
The ratio of ROI-67 to ROI-45 is higher by more than one order of magnitude for 

thermal neutrons irradiated crystals compared to gamma rays, very similar to the results of 
Ben Shachar and Horowitz(3). The relative uncertainty of the ratio is lower for thermal 
neutrons (about 2% compared to about 5% for gamma rays), due to the higher sensitivity in 
the region of peaks 6 and 7 for neutrons. There is a unanimous acceptance in the literature, 
that in the case of neutron irradiation the response of peak 7, as well as of other TL peaks, is 
linear with dose(1,5). The results obtained in the present work support this claim. 
 
Conclusions 

When the Region of Interest (ROI) method was used for the regions of peaks 4+5 and 
6+7 for relatively low doses, it was found that both ROI’s remained linear for both thermal 
neutron and gamma ray irradiation, within the experimental errors. These results suggest, that 
by using the ROI method, it is possible to use the high temperature peaks information for 
dosimetry in mixed thermal neutron and gamma ray fields, at least for the dose range 
investigated in the present work (up to about 50 mSv), which is the practical range of routine 
radiation protection.   
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Introduction 

 Background signals, which are non-radiation  related, are produced during the readout 
process in the TL reader systems. The source of these signals can be the reader itself or effects 
in the TL crystal. The TL signal is received during the heating process by applying a defined 
temperature profile. The photomultiplier converts the light accumulated to current that is 
translated to dose according to calibration parameters. If during the accumulation process 
additional light or current sources are present, these contributions will be added to the 
exposure induced data. In order to ensure an accurate and reliable operation of the reader, the 
background sources must be monitored continuously, and proper calibration of the system 
must be performed. However, there may be small drifts, or background signals covered by 
fluctuation processes, that may remain undetected. We propose some statistical checks of 
system parameters which may give a broader insight into the operational characteristics of the 
TLD reader and may help for proper maintenance of the system.  
 
Materials and methods 

We perform thermoluminescent dosimetry by employing a commercial 
Bicron/Harshaw automatic reader model 6600 and a 4500 manual model.  For routine 
personnel dosimetry we use TLD-100 standard cards and crystals ( LiF:Mg,Ti ). The 6600 
reader is based on gas heating (hot nitrogen with controlled temperature). The 4500 reader is a 
manually operated type which has a planchet ohmic heating system. Both readers are operated 
via a PC. The heating profile is a preheat to 50O C and a linear heating rate of 25OC/sec  up to 
300OC, for a total time of 13.3 seconds.  
 
The statistical checks 
 
The dark current of the photomultiplier 
 The dark current, (electronic noise) is measured continuously by the system as part of 
the routine quality assurance checks. Each measurement is stored, and the whole historic 
information can be analyzed. Figure 1 presents the distribution of the electronic noise for the 
two photomultipliers (upper and lower graphs) at the two reading positions of the TLD cards 
(right and left graphs) for a period of 4 years. Photomultiplier #1 was replaced in the middle 
of the period due to un-proper optical coupling, and the replacement unit gave a similar 
response as photomultiplier #2. According to the upper graphs, the original photomultiplier #1 
has an average noise of ∼0.2 mrem (0.002 mSv), twice as the noise of photomultiplier #2, 
although in the allowed range. The quality of the photomultipliers can be clearly seen from 
the distribution graphs. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.   The distributions of the electronic noise of the two photomultipliers (upper and 

lower graphs) at the two reading positions (right and left). 
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    Figure 2.   The light source reading as a function of time. 
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Figure 3. A to D conversion factor as a function of time. 

 
 
The light source readings 
 Figure 2 presents the history of the reading values of the light source. In the figure, 
three regions (periods) can be distinguished. At the end of the first period the photomultiplier 
#1 was replaced. It can be seen that afterwards the two photomultipliers have a much closer 
response, as can be seen also from figure 1.  At the end of the second period, severe electronic 
problems required a major maintenance, and several electronic components were replaced. The 
instability problems appear clearly in figure 2. After repair, the response is much flatter and the 
two photomultipliers deliver a stable and similar response.  
 
The A to D conversion factors 
 Some problems with the A to D circuit are presented in figure 3. Also here, 3 regions 
can be distinguished. At the end of the first region, after replacement of photomultiplier #1, the 
electronic adjustments were changed, and the different response can be seen in figure 3. 
Because of  the spread in the response, the A to D circuits were renewed at the end of the 
second period, and from there on the response seems to be stable and within a narrow range. 
 
Conclusion  
 The history graphs display time dependent characteristics, from which important 
information on the system behavior can be obtained, and maintenance decisions can be made. 
It should be stressed, that these changes can be observed also if the system characteristics 
remain within the allowed limits, as it was in our case.  
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Introduction 
CR-39 is a polymeric nuclear track detector which is widely used for neutron 

dosimetry. CR-39 detector development was conducted at a number of laboratories 
throughout the world(1,2) , and was accepted also for routine dosimetry(3, 4). However, there are 
shortcomings which must be taken into consideration : the lack of a dosimetry grade material 
which causes batch variations, significant angular dependence and a moderate sensitivity.  
CR-39 also under-responds for certain classes of neutron spectra (lower energy neutrons from 
reactors or high energy accelerator-produced neutrons). 

 In order to introduce CR-39 as a routine dosimeter at NRCN, a series of checks were 
performed. The present work describes the results of some of our checks, to characterize the 
main properties of CR-39 dosimeters. 
 

Materials and methods   
 We used the standard CR-39 foils, which are prepared and delivered by the Soreq 
Nuclear Center. Each dosimeter is given an unique number. After use, the dosimeters were 
sent back to the Health Physics Department at Soreq, which performed the electro-chemical 
handling and the reading.  
 

The tests 
1.  Linearity 

 Groups of four CR-39 dosimeters were irradiated by neutrons from an AmBe source at 
a fixed location, for different periods of time. The time dependence is actually the dependence 
on the delivered dose. The results are given in table 1.  

Standard 
Deviation

(%) 
 

Average  
dose 

Evaluated individual dose 
mSv*100)( 

 

Irradiation 
time 
(hr) 
 

 20 < 20< 20<  20< 20 < 0 
28.5 31±117  90 150 110  16 

20.4 40 ± 232  200 280 200 250 24 

62.2 226 ± 462  750 530 250 320 40 

34.2 256  ± 783  950 1050 530 600 72 

35.4 343  ± 1292 1350 1750 1100 970 120 

16.6 229  ± 2037 2100 2150 2200 1700 192 

41.8 1011 ± 2750  2000 2350 3900 336 

19.7 1415 ± 7437 8400 8900 6250 6250 720 

 
Table 1.  The CR-39 evaluated dose as a function of time. 



By performing linear fitting to the results, we obtain a linear regression coefficient of  
R2 = 0.989, which indicated good linearity for the whole range. 

 

2.  Repeatability 

 In order to check the repeatability and the accuracy of the CR-39 evaluations, several 
groups of four dosimeters were placed in a shielded store room containing neutron sources, at 
fixed positions, each for one week. Besides, several groups were placed for longer periods (2, 
3 and 4 weeks) parallel to the weekly groups. The evaluated dose for 1 week was about        
10 mSv. The standard deviations obtained for each group are given in table 2. The ratios 
between the different groups which accumulated the dose for the same periods are presented 
in table 3. The week numbers are sequential numbers (from week 1 to week 4). The numbers 
in parentheses indicate accumulated periods. For example the sum 1 + (2+3) indicates the 
results monitored by the group from the first week plus the results of the group which was 
used for two weeks, starting from week 2.  

 

Maximal 
deviation (%) 

Standard 
deviation (%) 

Period 
(week number) 

1.8 1.6 1 
16.7 16.7 2 
11.2 9.8 3 
29.6 25.0 4 
40.7 30.0 )1+2( 
10.5 9.1 )3+4( 
35.4 31.0 )2+3( 
3.0 4.0 )1+2+3( 
3.8 3.3 )2+3+4( 

34.0 20.0 )1+2+3+4( 
 

Table 2.  The standard deviations of the averages for the different groups. 
 
 
 

Average ratio Maximal ratioMinimal ratio Period (week number) 

1.07 1.45 0.67 1 + 2 / (1+2) 
1.27 1.55 0.92 3 + 4 / (3+4) 
0.92 1.60 0.68 2 + 3 / (2+3) 
1.18 1.32 1.08 1 + 2 + 3 / (1+2+3) 
1.17 1.60 0.92  (1+2) + 3 / (1+2+3) 
1.25 1.47 0.93  1+ (2+ 3) / (1+2+3) 
1.26 1.50 1.01  2 + 3 + 4 / (2+3+4) 
1.32 1.65 0.87  (2+3) + 4 / (2+3+4) 
0.84 1.24 0.97  2 + (3+ 4) / (2+3+4) 
1.14 1.72 0.72  1 + 2 + 3+ 4 / (1+2+3+4) 
0.96 1.32 0.69  1 + (2+3+ 4) / (1+2+3+4) 
1.03 1.50 0.66  (1+2+3) +  4 / (1+2+3+4) 
1.00 1.71 0.63  (1+2) + (3+ 4) / (1+2+3+4) 
1.12 1.51 0.83 General average 

 
Table 3.  The ratios of the different combinations of the dosimeters groups. 



Discussion and conclusions  

 According to table 2, the standard deviation of the different groups was up to about 
30%, and the maximal deviation obtained was up to about 40%. These values are similar to 
the standard deviations obtained for the linearity checks, and it seems that they are typical 
values.  

 The results in table 3 indicate the range of deviations which are expected for a certain 
period, if the dose is accumulated be different groups of CR-39's. The results are expressed as 
ratios between different dose accumulation groups. The maximum ratio is the ratio between 
the maximal value obtained in a certain group and the minimal value obtained in the other 
groups. The minimal ratio is the ratio between the minimal value obtained in a certain group 
and the maximal value obtained in the other groups. The average ratio is the ratio between the 
average group values. Ideally, this ratio should be equal to 1. The ratio of the averages 
obtained experimentally was in the range 0.84 – 1.32. The minimum ratio was 0.63 and the 
maximum was 1.72.  

 A general tendency can be observed for lower average values, if the accumulation of 
the dose is performed for longer periods.  In table 3, the doses for the integral periods are in 
the denominator, and most average ratios are over 1, the total average being 1.12. This may be 
due to some saturation for the integrating dosimeters. 

 The results described above, which characterize some important features of the CR-39 
dosimeters, seem satisfactory for personal neutron dosimetry. We began to operate personal 
neutron dosimetry routinely at NRCN based on CR-39, and a data handling system for this 
purpose was designed and operated.  

 The CR-39 dosimeters are selectively distributed to workers dealing with neutron 
sources. They are placed in the TLD badges, under the TLD card, and are replaced monthly. 
The results of the readings of the CR-39 dosimeters at the Soreq Nuclear Center are recorded 
in the data base, operated by means of a SQL server system.  
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Introduction 
 In the recent years, electronic personal dosimeters (EPD's) are increasingly being used 
at NRCN, replacing the old direct reading dosimeters that are still widely used. The most 
significant advantage of the new dosimeters is the real time alarm in a radiation field 
exceeding a pre-determined threshold.   
The EPD dosimeters are more precise and can measure γ, β and x rays of a wide range of 
energies. In addition, the electronic dosimeters collects and stores the reading at a fixed 
pattern (every 10 seconds) and keeps the data until it is downloaded from the dosimeter. This 
feature gives the ability to build a personal time-dependent exposure report for each worker 
who carries this device and to analyze, identify and measure the exact dose, time and duration 
of any exposure event he was involved in.  
 Designing and building a personal electronic dosimeter became possible as a result of 
the massive technological improvements of semi conductor detectors and the minimization 
processes of microprocessors and low energy electronic devices. The main purpose for  
personal electronic dosimeters was to monitor on-line doses for radiation workers.  
 A special reader device enables to download data and upload operational settings of 
the dosimeters. By means of this communication channel, one can save the data acquired by 
the dosimeter, clear the dosimeter memory and set the dosimeter operational parameters. 
There are two possible working patterns. The first  is to read and set all the dosimeters at a 
central point, normally a dosimetry laboratory (single reader)  and the second and more 
expensive one, is to build a network of readers covering the plant for obtaining on-line 
communication.  
 
Selection of the Dosimeter 
The NRCN dosimetry division checked a large number of EPD models, and the first decision 
was to focus on the last generation of devices, that were based on semi conductor detectors 
with microprocessor, massive memory capabilities and PC communication. Besides, the 
electronic characteristics of the dosimeter, availability of mass purchase, and computerized 
network support were taken into consideration before choosing the appropriate model for 
NRCN. There were three dosimeter models that matched our requirements : 

1. Siemens EPD Mk2 
2. Stephan 6000 
3. MGP),  DMC 2000 

 

We chose two models of the MGP,  DMC 2000 personal dosimeters family. The DMC 2000 
basic dosimeter measures γ and x radiation at energies between 60 keV and 6 MeV and its 
range is from background levels to 1000 Rem. The DMC 2000XB model measures γ rays and         
x radiation at energies between 20 keV to 6 MeV and β radiation at energies above 60 keV. 
The DMC 2000 device is seen in figure 1. Its energy response to gamma radiation is 
presented in figure 2. 



 
 

Figure 1. The MGP DMC 2000 electronic dosimeter. 

    
Figure 2.  Energy response of the MGP DMC 2000 electronic dosimeter. 

 
The main parameters that lead to the selection of the MGP dosimeters were: 
 

1. The MGP dosimeter is the lightest, most durable and the smallest of all dosimeters 
checked. 

2. The MGP dosimeter has a high response rate which is one of the major considerations 
of radiation protection.  

3. Purchasing, maintaining and operating the MPG dosimeters is simpler and cheaper 
then other options.  

 
 The MGP dosimeter has a sensitive silicon diode detectors that matches the different 
types and energy ranges of the measured radiations. The dosimeter electronics processes the 
detector reading and displays the dose rate and the cumulative dose of the penetrating (Hp) 
and non- penetrating (Hs) radiation. The dosimeter keeps the data acquired by for a given 
period of time - an example of the history screens is given in figure 3. 

 
 
 
 



 
 

 
Figure 3.  The DMC 2000 exposures history screen. 

 

Implementation of the MGP dosimeters at NRCN 

 At first, a limited number of dosimeters and a reading unit including software where 
purchased. A group of users and technicians tested, analyzed and checked the dosimeters and 
the peripheral equipment. The dosimeters were used in field and their various options were 
learned, under the supervision of the dosimetry laboratory.    

 A special database was prepared to manage, store and analyze the data acquired by the 
EPD dosimeters. The historical readings of the dosimeters are stored continuously, as well as 
the protocols for maintenance. The data, including trends of exposures, can be analyzed and 
selective data can be presented by using user-friendly screens. Examples of such screens are 
presented in figure 4. 

 
 
 

 
 
 
 
 
 
 
 
 

Figure 4.  Examples of the database screens.  
 

 The new electronic dosimeters system became one of the main tools of the radiation 
protection system. It satisfies the workers, which can monitor their exposures on line, and 
helps reducing exposure levels. Initial analysis of the data collected, shows that for the groups 
which used the new EPD's, the average exposures were lower. 
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Introduction 
 

   A new environmental dosimeter holder for 8 TLD crystals was developed and 
operated at the Nuclear Research Center Negev (NRCN). Its operation and the results of dose 
measurements at different locations in southern Israel were presented in a previous work(1). 
Several dosimeters were located in the NRCN area and also in some neighboring locations 
(nearest cities and the Dead-Sea area). The environmental doses were measured for a period 
of several years.  
 
 
The Environmental Dosimetry System 
 
We employed LiF:MCP (LiF:Cu,Mg,P) Bicron/Harshaw crystals for the environmental 
measurements. The sensitivity of the LiF:MCP chips is about 30 times that of the standard 
TLD-100 thermoluminescent dosimeters. Due to its tissue equivalence, LiF:MCP is the only 
thermoluminescent dosimeter combining a high sensitivity with a flat energy response. The 
chips were calibrated individually by a 90Sr-90Y source. The heating profile of the LiF:MCP 
chips was a preheat to 55OC and a linear heating rate of 10OC up to 255OC.  

The new environmental dosimeter holder is a small PVC or Perspex unit, with holes for 
up to 9 TLD chips(1). It was designed to obtain a thickness equivalent to 10 mm of tissue 
around each chip. The loading of the chips can be performed by vacuum tweezers or pincette. 
The PVC unit is made of two parts, which can be easily disassembled for handling the TLD 
chips. The environmental dosimeter holder is mounted in a black plastic bag to protect it from 
weather and sun effects. 

 
 

Setup and results 
 

The locations of the dosimeters were at a height of 1.5 meter from ground, in open 
areas (not near buildings). The dosimeters were located in NRCN site area, and at different 
distances from the center up to about 4 km. The reference dosimeters were placed in the cities 
of  Dimona, Yeruham, Omer and Arad and at Newe-Zohar by Dead Sea. The site of the 
dosimeter in Newe-Zohar was chosen at a distance of about 0.5 km from the sea in order to 
minimize radiation interferences from the Dead-Sea. Figure 1 shows the area map and the 
location of the reference dosimeters. 
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Figure 1.  Location map of the reference sites. 
 

 Figure 2 presents the detailed data for 12 months during the year 2001 for the NRCN 
environment measurements, at different locations. Figure 3 presents the data for the reference 
locations, including NRCN (inside and outside the dosimetry laboratory), for the year 2000. 
For both figures, the data represent the monthly exposures, normalized to 30 days.   
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Figure 2.  The monthly doses measured in the NRCN area.  
Distance from center : p1 – 0.4km,  p2 - 1.7km, p3 - 2.8km, p4 - 3.4km, p5 - 6km. 
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Figure 3.  The monthly doses measured in the neighborhood for year 2000.  
A - Omer,  B - Arad, C - Dimona, D - Yeruham, E – Newe Zohar, 
F1 - In dosimetry Laboratory (NRCN),  F2 - Outside dosimetry Laboratory (NRCN) 
 

 
 It can be seen that the background dose levels for all points are similar, within the 
NRCN area and in the neighborhood, with no significant deviations according to location or 
time. An average of about 4 mrem/month (0.04 mSv/month) was obtained, and it is regarded 
as the natural background in the whole area. 

The results are similar to these published in another work, dealing with the natural 
background values  in various regions in Israel(2) and are in the general frame of the values 
obtained also in other countries. 
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Development and Application of a Code for Internal Exposure (CINEX) 
based on the CINDY code 
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  Nuclear Research Centre Negev, P.O.B. 9001, Beer-Sheva, 84190, Israel 
 

 
 Internal exposure to radioactive materials at the NRCN is evaluated using the CINDY 

(Code for Internal Dosimetry) Package. The code was developed by the Pacific Northwest 

Laboratory to assist the interpretation of bioassay data, provide bioassay projections and 

evaluate committed and calendar-year doses from intake or bioassay measurement data. It 

provides capabilities to calculate organ dose and effective dose equivalents using the 

International Commission on Radiological Protection (ICRP) 30 approach. 

 The CINDY code operates under DOS operating system and consequently its 

operation needs a relatively long procedure which also includes a lot of manual typing that 

can lead to personal human mistakes. 

 A new code has been developed at the NRCN, the CINEX (Code for Internal 

Exposure), which is an Excel application and leads to a significant reduction in calculation 

time (in the order of 5-10 times) and in the risk of personal human mistakes. The code uses a 

database containing tables which were constructed by the CINDY and contain the bioassay 

values predicted by the ICRP30 model after an intake of an activity unit of each isotope. 

Using the database, the code than calculates the appropriate intake and consequently the 

committed effective dose and organ dose. 

 Calculations with the CINEX code were compared to similar calculations with the 

CINDY code. The discrepancies were less than 5%, which is the rounding error of the 

CINDY code. Attached is a table which compares parameters calculated with the CINEX and 

the CINDY codes (for a class Y uranium). The CINEX is now used at the NRCN to calculate 

occupational intakes and doses to workers with radioactive materials. 

 

 

 

 

---------------------------- 

*deceased 



 

Table 1 – A comparison between parameters calculated with the CINEX and  

the CINDY codes for class Y uranium 

 

UraniumClass Y (ICRP-30)
AMAD1 um

Intake (mg)5.00calculated withcalculated withdiscreapancy
CINDYCINEX(%)

Committed effective dose4.00E+024.00E+020.00%
Committed dose to lungs3.40E+033.30E+032.94%

time afterretention inretention indiscreapancy betweendaily urinarydaily urinarydiscreapancy between
 intakelungslungsCINDYexcretionexcretionCINDY

 CINDYCINEXand CINEXCINDYCINEXand CINEX
(Days)(mg)(mg)(%)(mg/d)(mg/d)(%)

0.501.20E+001.25E+00-4.17%9.50E-039.50E-030.00%
1.001.10E+001.05E+004.55%4.20E-034.15E-031.19%
5.337.60E-017.50E-011.32%6.00E-045.84E-042.75%

15.007.40E-017.50E-01-1.35%3.10E-043.05E-041.61%
30.007.30E-017.50E-01-2.74%1.60E-041.55E-043.13%
45.467.20E-017.00E-012.78%1.00E-041.00E-040.00%
59.007.10E-017.00E-011.41%8.20E-058.00E-052.44%
179.296.20E-016.00E-013.23%8.90E-059.00E-05-1.12%
218.006.00E-016.00E-010.00%9.00E-059.00E-050.00%
364.005.20E-015.00E-013.85%9.30E-059.50E-05-2.15%
732.003.60E-013.65E-01-1.39%8.60E-058.50E-051.16%

1250.672.30E-012.30E-010.00%7.10E-057.00E-051.41%
1824.001.50E-011.45E-013.33%5.30E-055.50E-05-3.77%
2191.001.10E-011.10E-010.00%4.40E-054.35E-051.14%
3649.334.80E-024.84E-02-0.74%1.80E-051.80E-050.00%
5113.002.90E-022.90E-020.00%7.10E-067.00E-061.41%
7294.002.10E-022.10E-020.00%1.90E-061.89E-060.35%
10588.671.90E-021.90E-020.00%4.00E-074.00E-070.00%
12113.001.90E-021.90E-020.00%2.50E-072.51E-07-0.51%
14234.001.90E-021.90E-020.00%1.60E-071.60E-07-0.02%
14365.001.90E-021.90E-020.00%1.50E-071.56E-07-4.29%
16396.001.90E-021.90E-020.00%1.10E-071.10E-07-0.36%
18250.001.90E-021.90E-020.00%8.40E-088.50E-08-1.19%  
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The Innovative Nuclear Space Power and Propulsion Institute (INSPI) at the 

University of Florida have conducted more than 10 years of research that has resulted in 
the development of the Square Lattice Honeycomb (SLHC) and vapor core reactors that 
feature exceptional weight and size performance. The SLHC reactor design is based on 
using the high performance tri-carbide uranium fuels. Recent experiments at INSPI have 
proven the high temperature performance of tri-carbide solid solution fuels of  
(U,Zr,Nb)C, (U,Zr,Ta)C, or (U,Zr.Hf)C for hydrogen exit temperatures in excess of 
3000K. The thermal conductivity and the congruent melting point of these compounds in 
presence of hydrogen vastly exceed those of all previous space nuclear fuels. The SLHC 
design utilizes a number of interlocking thin wafer combs to overcome the manufacturing 
difficulties imposed by the super hardness of tri-carbide fuels. The square channels 
formed within these interlocking wafers substitutes for the coolant channels in previous 
fuel element designs. This circular grid is then fitted into the graphite shroud.  Tabs on 
both sides of each fuel wafer slide into matching grooves on the shroud to form 3 to 5 cm 
diameter hockey puck shaped fuel sub-assemblies. This combination serves as a support 
mechanism against axial forces. Six to twelve of these SLHC hockey puck fuel sub-
assemblies are stacked on top of each other to form a complete length fuel assembly. 18 
to 36 of SLHC fuel assemblies are arranged into 2 to 3 concentric rings that are housed 
inside a zirconium hydride moderated core. The honeycomb configuration of the wafers 
is lightweight and provides strength to the core. A key feature of the SLHC core design is 
the possibility of in orbit fueling of the NTP stage and power scaling by adjusting the 
thickness of the fuel wafers.  The same core that is used to provide 50,000 N thrust with 2 
mm thick fuel wafers could be loaded with the same volume of 1 mm thick fuel wafers 
for 250,000 N thrust operations.  This allows the same processing and fabrication 
technology to be applied to the development of an entire class of propulsion systems for 
different mission applications.  

 
Vapor Core Reactors with Magnetohydrodynamic (VCR/MHD) generator provides 

intriguing potential for generation of tens to hundreds of megawatt power in space with 
specific mass of less than 1 kg/kWe for power levels in excess of 10 MWe. Direct 
conditioning and coupling of the VCR/MHD power output to a whole host of electric 
thrusters is expected to further reduce the total mass of the NEP system. The VCR/MHD 
based NEP system is designed to power space transportation systems that dramatically 
reduce the mission time for human exploration of the entire solar system or for aggressive 
long-term robotic missions. There are more than 40 years of experience in evaluation of 
scientific and technical feasibility of gas and vapor core reactor concepts with no 



showstoppers yet identified. In particular, the Vapor Fueled Cavity Reactors that are 
considered for NEP applications operate at maximum core center and wall temperatures 
of 4000 and 1500K, respectively. At these temperatures no confinement of the fissioning 
fuel is needed and tens of hours of full power operation is feasible. Over the past decade, 
intense experimental and analytical research work has established many feasibility issues 
including materials compatibility, nuclear MHD power conversion, and dynamics and 
control of the circulating fuel reactor. A recent investigation sponsored by NASA has 
resulted in conceptual design of a uranium tetrafluoride fueled Vapor Core Reactor 
coupled to a disk MHD generator. Detailed neutronic and magnetohydrodynamic design 
analyses have been performed to establish the operating design parameter for 10 to 100 
MWe NEP systems. An integral system simulation code is developed to perform 
parametric analysis and design optimization studies for the VCR/MHD power system. 
Total system weight and size calculated based on existing technology has proven the 
feasibility of achieving exceptionally high specific power with a VCR/MHD powered 
system. 
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ABSTRACT 
The present work deals with one of the flow boiling crises, the Onset of Flow Instability (OFI), in a 
channel in parallel to other channels of flow system. An experiment was performed with water 
flowing in a 8 mm diameter 1 m length, vertical tube at atmospheric pressure. Emphasis was put on 
the post dry out phase of that phenomenon in order to characterize the heat transfer during that 
phase and the recovery of the flow channel after the power to the channel was shut down. The flow 
rate and the channel wall temperature were measured during the dry out phase and during the 
recovery of the channel. It was shown that the channel and flow through the flow channel were 
recovered immediately when the power was shut despite the wall temperature was reached a 
temperature of about 400oC. 
 
INTRODUCTION 
In reactors safety analysis, one of the accident which are always analyzed is the Loss of Flow 
Accident - LOFA. That accident is a result of one of the two sequences: Loss of off-site power, 
combined with failure to start the diesel-electric generator (a station blackout) and a primary coolant 
pump locked-rotor. In the firs sequence, when the reactor was de-energized, the pumps immediately 
began to cost down and the flow rate through the fuel channels began to decay. During that flow 
reduction, a shut down of the reactor power is take place. In the second sequence, the flow through 
the main pump, stop immediately. In that case, the flow rate through the reactor core is immediately 
decreased, proportionally to the influence of each pump on the total flow rate. The reactor continues 
to operate in a full power for a short period of time, with a reduced flow rate. Those 
thermohydraulic conditions may lead the reactor core to one of the flow boiling crises which is the 
Onset of Flow Instability – OFI and dryout of one or more, of the fuel channels.  
  The purpose of this paper is to present a new experimental data on the post OFI phase and the 
recovery of the flow channel after power shut down.  
 
EXPERIMENTAL EQUIPMENT 
   The test section was made up of 8- mm ID, stainless steel tube as shown in Fig. 1. The heated 
length of the test section was 1 m and  a copper electrode was silver soldered to each end of the 
tube. Thermocouples were soldered to the heated wall of the flow channel, at 6 locations along the 
tube. The test section was heated electrically by a D.C power supply of 20 V and 4000 A. The 
power to the flow channel was controlled by a temperature controller which shut down the power 
when the flow channel wall reached a limit temperature which was regulated in previous. The 
controller was connected to the thermocouple Nr. 6 along the flow channel.  
   A schematic picture of the used loop is shown in Fig. 2. The test loop consists of a water tank, a 
centrifugal pump, a bypass, flow control valves, two orifice flowmeters and a preheater. The water 
was circulated by the pump, through the test section and the bypass. The total flowrate and the 
flowrate through the test section were measured by the two orifice flowmeters. The water from the 
test section and the bypass returned back to the water tank. The exit pressure was always near 
atmospheric by keeping the water tank open to the atmosphere.  
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Fig. 1: The test section 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: The test loop 
 
   Valve V1 was regulated so that the flow through the bypass was 10 times as mach as that through 
the test section. The power to the test section was increased at small increments until OFI occurs. 
Since the wall temperature was recorded on a strip chart, the occurrence of burnout was observed 
from the abrupt increase in the temperature trace. In case of OFI, a sudden large decrease in flow 
rate also occurs. When the OFI occurred, the power was kept constant. At that phase, due to the 
flow reduction, the wall temperature increased, until the power was shut down, by the temperature 
controller. 
 
RESULTS AND DISCUSSIONS 
   Each run was terminated when the power to the rest section was shut down and the wall 
temperature reduced to the beginning value.     
   Fig. 3 presents the flow rate, the wall temperature and the electrical current trough the test channel 
as function of time. The temperature value, which was set in the power controller, in this test, was 
TL=200oC and the flow velocity was 4 m/s. The temperature in the figure was measured in TC6 
along the channel. As can be seen, when the power, reached the OFI value, the flow rate decreased 
and the wall temperature sharply increased. When the wall temperature reached about 200oC, the 
power was shut down. At that moment, the flow rate increased to the beginning value and the 
channel wall cooled down.  
   Fig. 4 presents the temperature at three points along the channel, as function of time. At that scale 
of time it can be seen that the quench velocity is very high and the channel recovery took less then 
0.5 seconds. Fig 5 present results of experiment which was conducted at a limit temperature of 
TL=400oC. At that test, there is no different in the recovery behavior of the channel and it recovered 
at the same velocity when the power was shut down.  
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Fig. 3: Flow rate, wall temperature and electrical current vs. time. TL=200oC  
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Fig. 4: Wall temperature at three points and electrical current vs. time. TL=200oC. 
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Fig. 5: Flow rate, wall temperature and electrical current vs. time. TL=400oC  

 
CONCLUSIONS 
   The results obtained from the present study are summarized as follows: 
 

(1) The OFI phenomenon take place when the channel power reach the correct value and the 
channel wall dry-out. 

(2) When the power shut down, the flow channel recovered immediately and the wall 
temperature decreases. 

(3)  A same behavior was observed in the channel recovery at wall temperature of 200oC 
and 400oC.    
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Introduction 
Monte Carlo neutronics calculations are mostly done for fresh reactor cores. There is today 

an ongoing activity in the development of Monte Carlo plus burnup code systems made possible 
by the fast gains in computer processor speeds. 

In this work we investigate the use of MCNP-4B  [1] for the calculation of a depleted core 
of the Soreq reactor (IRR-1). The number densities as function of burnup were taken from the 
WIMS-D/4  [2] cell code calculations. This particular code coupling has been implemented before  
( [3]- [5]). 

The Monte Carlo code MCNP-4B calculates the coupled transport of neutrons and photons 
for complicated geometries.  

We have done neutronics calculations of the IRR-1 core with the WIMS and CITATION 
codes in the past  [6]. Also, we have developed an MCNP model of the IRR-1 standard fuel for a 
criticality safety calculation of a spent fuel storage pool  [7]. 

MCNP representation of the Soreq reactor core 
We built a MCNP model of the whole reactor for one of the IRR-1 core configurations 

with the control rods at their logged axial positions. We did extensive use of the MCNP universe 
concept (geometries within geometries) and of the construction of depleted fuel assembly 
templates, in order to simplify the input generation and prevent errors. We obtained the depleted 
fuel number densities from WIMS-D/4 burnup calculations.  

We wrote a utility code, W2MCNP, in order to perform the following tasks: (1) read the 
burnup dependent fuel number densities generated by WIMS; (2) interpolate the number density 
table for each assembly at its nominal burnup; (3) convert to the MCNP material labels; (4) update 
the {iodine-135, xenon-135} and {promethium-149, samarium-149} number densities to account 
for a decay and buildup period after shutdown; (5) generate MCNP material cards for each 
assembly at its nominal burnup. 

Figure 1 shows the U-235 loading map of core 950701, which we analyze in the present 
work. Flux measurements at 100 kW were done on July 4, 1995, after a 2 day cooling period. 

Additional rows of graphite elements and water are omitted from the picture. On all four 
sides, 20 cm of water are added to correspond to the core being located in the large reactor pool. 
The end boxes on the top and bottom of the assemblies is represented by a homogenized mixture of 
25 volume % aluminum and 75 volume % water extending 15 cm beyond the fuel plates; also, 
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20 cm of water were added on the top  [8]. The dummy assembly D-27 has a cadmium cylinder 
shell for fast neutron irradiation of samples. 
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FC-1 French Control assembly 1 (absorber 81% out) 
RR  Regulating rod (52% out) 
G  Graphite assembly 
W  Water in flux trap location 
D-27 Dummy assembly with cadmium 
Number U-235 loading per assembly (grams) 

Figure 1: Loading map of array No. 950701 

Criticality calculations 
A criticality calculation was done for core 950701 with the nominal burnups for all 

assemblies; and control and regulating rods at the recorded positions. The result obtained with 
2,000,000 active neutron histories is: 

keff = 1.0225 ± 0.0005 
The main reasons for the departure from criticality are: 

1. The uncertainty in the nominal assembly burnups. The assembly 
burnup is being investigated separately  [9]. 

2. Fission product representation in WIMS. We use the 69-group 
‘1986’ WIMS Library: it includes burnup data for 35 fission 
product isotopes and the remainder represented by a pseudo fission 
product (nuclide 4902). Since there is no such an artificial isotope 
in the MCNP cross section library, we neglected it; the effect on the 
criticality, at the WIMS level, is about +700 pcm at 80% burnup. 

Recently, the Nuclear Data Section of the International Atomic Energy Agency has 
released the new WIMSD-IAEA-69 group cross section library  [10]. In the documentation  [11], 
the author identifies 131 fission product isotopes. Of these, 45 are treated explicitly and 86 are 
lumped  into a new pseudo fission product. It is expected that the use of this new library will 



 3 

diminish the contribution of the pseudo fission product (as well as provide an overall improvement 
in the cross section data base). 

The calculation of the total flux tallies at the central flux trap is in progress. The tallies will 
be compared to the experimental data obtained by gold activation. 

Conclusions 
We developed an MCNP model of the IRR-1 reactor. 

We did a core criticality calculation for configuration 950701, using fuel number densities 
from WIMS cell burnup calculations. 

In the future, the use of the WIMSD-IAEA-69 library (in conjunction with the updated 
code WIMSD-5B) should diminish the contribution of the pseudo fission product, as well as 
provide an improved cross section set. 
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The transient thermal-hydraulic behavior of the fluid in a heated coolant channel subjected to 
a step change in its inlet flow is solved. The fluid within the channel is convectively heated by 
the fuel rod and boiling commences at a certain distance from the entrance. A two-phase 
liquid-vapor mixture is then generated in the fluid whose vapor content increases as it flows 
upwards along the channel. The fuel rod heat flux is distributed along the channel in a cosine-
like manner. The flow channel thus defined simulates a representative coolant channel in a 
partially uncovered nuclear reactor core during a typical bottom-reflooding phase of a LOCA 
scenario. The results reveal the interesting behavior of the fluid thermal-hydraulic properties 
in the two-phase region, as well as the propagation of its boundaries, following a step change 
in the coolant inlet mass flow rate. 

Figure 1 describes the configuration considered in this work and defines the main geometrical 
parameters. Three major flow regions are thus considered along the channel of length L: 
Sub-cooled, incompressible single-phase liquid at the channel bottom part ( 0=z  to ( )tz1 ), 
two-phase mixture above it (( ( )tz1  to ( )tz2 ) and a single phase superheated vapor at the 
upper part of the channel ( ( )tz2  to L). The interface, ( )tz1 , between the sub-cooled liquid 
region and the saturated two-phase mixture region is denoted here as the Boiling Boundary 
(BB) while the upper interface, ( )tz2 , at which the ensuing two-phase mixture culminates and 
superheated vapor starts is denoted here as the Dry-zone Boundary (DB). The simulated 
transient is initiated by a step change in the incoming mass-flow rate from 0m&  to 0m&λ  where 
λ  is a prescribed factor, which can be less or greater than 1. 

In a previous work by the authors [1], a genuine Laplace Transformation method, adjusted for 
the solution of the first order partial differential governing equation, has been applied to 
obtain an analytical solution for the flow in the lower incompressible sub-cooled liquid 
region. The results yielded exact analytical relationships for the fluid temperature and 
velocity fields as functions of space and time, as well as for the propagation of the boiling 
boundary (BB) position in time due to a step change in the channel mass flow rate at its inlet. 
The main focus of the present work is the solution of the two-phase region. The following 
assumptions lie at the basis of the physical model used in the solution of the present problem: 

a) Constant system pressure. 
b) One-dimensional flow. 
c) Negligible viscous dissipation in the fluid flow. 
d) Constant flow-channel cross-section area, A. 
e) Non-uniform stationary heat rate per unit length of channel, i.e.,  

L
zqq πsin' '

0=       (1) 

f) Negligible heat capacity of the channel wall (fuel-rod). 



  

 

 

 

 

 

 

 

 

 Figure 1:  Schematic of a representative core's fuel coolant channel 

The mathematical formulation of the problem consists of the two governing equations for the 
conservation of mass and energy in the fluid. These equations constitute two coupled, first 
order, partial differential equations (PDE) for three primary dependent variables, namely, the 
density ( )tz,ρ , enthalpy ( )tzh , , and velocity ( )tzu , . 

0=
∂
∂

+
z
u

Dt
D ρρ  (Continuity equation) (2) 

A
zq

Dt
Dh )('

=ρ  (Energy equation) (3) 

where zutDtD ∂∂+∂∂≡ /)(/)(/)(  is the Lagrangian (material) derivative of a fluid volume 
element and ( )zq'  is the heat rate per channel length transferred to the fluid as defined in 
assumption (e) above.  

The following non-dimensional heights are defined: ( ) ( ) Ltzt /11 =µ  and ( ) ( ) Ltzt /22 =µ . As 
stated before, the value of ( )t1µ  is known from reference [1], while ( )t2µ  is solved 
henceforth. The problem's boundary and initial conditions are:  
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( ) 0,)(,),(,),( 11
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0 >====== tallforLttzzat
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muuhtzhtz
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ff µ
ρ
λ

λρρ   (4) 
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where ( )0,zρ , ( )0,zh , ( )0,zu   are the two-phase region spatial distributions of density, 
enthalpy, and velocity, respectively at the initial constant core level conditions.  

This model was first introduced in the literature in the celebrated work of Gonzalez-Santalo 
and Lahey [2] and was later presented and discussed in Lahey and Moody's book [3]. These 
authors provided an analytical solution to the present problem by the method of 
characteristics. However, their method of solution is limited to the case of a uniform (constant 
in space and time) heat-flux. In the present work the case of spatially non-uniform heat-flux 
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distributions is investigated.  

In order to obtain a closed form mathematical system of the two governing equations with 
only two dependent variables, the two-phase thermodynamic constitutive relationships are 
exploited. Both density and enthalpy are expressed in terms of a single variable, the 
steam/vapor quality x, by the following expressions. 
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The indices f, g and fg denote the saturated liquid, saturated vapor and the latent heat 
thermodynamic property, respectively. Substituting eq. (6) into eqs. (2), and (3) yields a 
closed mathematical system of two governing PDE's with two dependent variables, x and u. 
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The following procedure has been developed for the solution of this model: The LHS of both 
equations (7) and (8) is eliminated to yield a single solvable PDE for the velocity field, 
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where the axial profile of ( )zq'  from eq. (1) has been considered. Equation (9) is subject to 
the boundary condition:  
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Integrating eq. (9) along the flow-path, z, while satisfying (10), results in:  
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Substituting u and zu ∂∂ /  from eq. (11) into eq. (2) yields a single uncoupled PDE for the 
two-phase region density, ( )tz,ρ  subject to the following boundary and initial conditions:  

 ( ) ( )ztztLtz CLf ρρρµρ ==== )0,(;),( 1      (12) 

Where )(1 tµ is obtained from the analytical solution of the single-phase liquid region [1] and 
( )zCLρ  is the initial two-phase density profile determined at constant core level. 

Equation (2) was solved numerically subject to the boundary and initial condition equations 
(12) using an ( )2, zt ∆∆Ο  approximation finite differences scheme. The solution yields 
simultaneously the density ),( tzρ  and the Dry-zone Boundary (DB) relative height, )(2 tµ , as 
a function of time. This later quantity is extracted from the solution when the value of the 
density becomes equal to the value of the saturated vapor density gρ . The vapor quality 

),( tzx  and enthalpy ),( tzh  were readily obtained using the algebraic relationships (6). 

Quantitative results of the present analysis are illustrated by an example of a partially 
uncovered AP600 type nuclear reactor core channel, 600 seconds after reactor scram (shut-



  

down). The assumed initial condition refers to single-phase liquid entering at bottom of the 

channel with mass flow rate of skgxm /10884.1 4
0

.
−= . At this flow rate, constant core levels 

( )L01µ and ( )L02µ  are maintained when the vapor generation mass flow rate becomes equal 

to 0

.
m . At time t=0 the transient starts by changing the inlet mass flow rate by a factor λ  to 

control fuel rods heat up. 

The results describe the thermal-hydraulic properties behavior as well as the DB location 
history for selected inlet-flow mass-rate steps λ of 1.3, 2, 2.5, for 50 seconds after the step. In 
Figure 2, the DB as well as BB histories are depicted for purposes of illustration and 
comparison. As can be seen, the BB heights, expressed as 1µ , increase by few percents, 
whereas the DB heights, expressed as 2µ , show more marked increases, especially within the 
first 20 seconds of the transient. 

The work presented here, together with the authors previous work [1], represent an on-going 
effort to expand the notable work by Gonzalez-Santalo and Lahey [2] for non-uniform fuel 
rod heat sources distributions. 
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Figure 2:  The boiling and dry-zone boundaries' histories for different flow transients 
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Introduction 
Generation of transuranic actinides (TRU) in the LWR fuel cycle can be effectively 

constrained if the fertile isotope U238 is substituted partially or completely by a neutronically 
inert fertile free matrix material.  

Pu or TRU can be either mixed homogeneously with or dispersed as micro-size particles 
in the inert matrix. The dispersed micro-particles approach provides additional flexibility in 
the choice of matrix materials. The matrix and the micro-particle materials can be separately 
chosen so that in combination they will provide good mechanical and chemical stability, 
radiation damage resistance, compatibility with the cladding material and water coolant in 
addition to good thermal properties and low parasitic neutron absorption.  The matrix material 
must also be chemically stable in the nuclear waste repository environment, at the same time 
it should preferably allow a simple and inexpensive reprocessing.  

The routine LWR fuel lattice transport codes such as CASMO4 [1] offer a great deal of 
convenience and flexibility in the LWR fuel cycle analyses which typically require a large 
number of calculations. 

 
Description of the work 
This study addresses two primary concerns regarding the capabilities of CASMO4 

computer code to predict with a reasonable accuracy the criticality and nuclides evolution 
with burnup of the TRU containing fuel micro particles dispersed in the inert matrix.  

CASMO4 cannot explicitly handle heterogeneous structure of the fuel pellet. Therefore, 
only homogeneously mixed fuel and matrix materials in a solid fuel pellet can be modeled. 
The additional level of heterogeneous structure in the dispersed particle fuel creates an 
additional resonance self-shielding effect, which would be completely neglected in the 
CASMO4 calculations. The magnitude of this effect depends on the particle’s size, 
composition and relative number densities of the matrix and the fuel. 

The CASMO4 utilizes 70 energy groups cross-sections library generated using the typical 
LWR energy spectrum. In the fuel with large loadings of Pu and minor actinides (MA), the 
neutron energy spectrum tends to be much harder than generally encountered in a 
conventional LWR. In addition, the 70 group library may not be sufficient to reflect the 
resonance structure differences of TRU nuclides which typically have minor contribution to 
total neutron absorption but which can be significant for the cases with high TRU loading and 
especially in fertile-free fuel (FFF) case. Therefore, a cross-section library with a larger 
number of energy groups might be needed to produce accurate results for TRU containing 
fuel designs. 

MgAl2O4 (Spinel) was chosen as a primary host matrix material and Yttria Stabilized 
Zirconia (YSZ) was chosen to be a part of the micro-spheres composition in order to enhance 
the irradiation and mechanical stability of the fuel particles. The effect of different inert 
matrix materials on the neutronic performance is expected to be small because low cross-



section for interaction with neutrons is one of the major requirements for the matrix material 
choice.  

Three fuel pin cell burnup calculations were performed. In the first case, the fuel micro 
sphere geometry was explicitly modeled in MCNP4C [2].  The fuel pin cell geometry and 
operating conditions are schematically presented in Figure 1. The burnup calculations were 
performed using the MCODE [3] – MCNP-ORIGEN linkage utility program. The ENDF/B-
VI based continuous energy cross-sections set was used for the MCNP calculations. The 
initial composition of TRU corresponded to a typical LWR spent fuel with initial U 
enrichment of 4.2%, discharge burnup of 50 MWd/kg after 10 years of decay. The number of 
neutron histories in the Monte-Carlo simulation was chosen so that the sufficient number of 
collision events had occurred in nearly every fuel micro particle in order to ensure that the 
double-heterogeneous self-shielding effect is represented correctly. 

In the second case, the MCODE calculation was repeated for the fuel pin cell of identical 
geometry and materials composition except for the fact that in this case the fuel particles 
(TRUs and YSZ) and the Spinel matrix were homogeneously smeared over the entire fuel 
pellet volume.  

Finally, the homogeneously mixed fuel (TRU, YSZ and Spinel) case identical to the 
second one was calculated with CASMO4. 

Figure 2 reports the results of the criticality prediction by MCODE and CASMO4. The 
difference in k∞ between the homogeneous and heterogeneous cases calculated with the 
MCODE is on the order of a fraction of a percent. At a number of data points the difference is 
larger than the statistical error. This suggests that k∞ value is somewhat higher in the 
heterogeneous case than in the homogeneous case although in general the overall double-
heterogeneity effect is small. In the case of UO2 TRISO micro particles used in Pebble-bed gas 
cooled reactors, the effect of double heterogeneity is appreciable [4].The observed small magnitude 
of this effect in the current study case can be attributed to the small fuel particle size and 
relatively low concentrations of the fertile resonance nuclides in contrast to conventional UO2 
fuel with its large concentration of U238. The observed absorption reaction rates in fertile and 
fissile TRU isotopes were nearly identical in both homogeneous and heterogeneous cases. 
This rules out the possibility that the total resonance absorption in the fissile and fertile 
nuclides changes by a similar factor due to additional self-shielding introduced by the doubly-
heterogeneous geometry leading to only marginal effect on criticality of the system.  

In the homogeneous geometry, the difference between the values predicted by CASMO4 
and those by MCODE ranges from zero to about 0.5%. The larger k∞ values predicted by 
MCODE can be mostly attributed to a discrepancy between the two codes in the prediction of 
Am242m evolution with burnup (Figure 3) and due to a very large Am242m thermal fission 
cross-section. The Am242m number density calculated by CASMO4 is smaller than that 
calculated by MCODE by up to a factor of about 1.7. Since the observed Am241 number 
density changes with burnup are very similar for both codes, a possible reason for the 
discrepancy in Am242m buildup can be the difference in the branching ratio between the 
metastable and ground state of Am242 in the codes or differences in cross-section libraries for 
Am242m as CASMO-4 uses the JEF2.2 cross section library while ENDF-VI was used in the 
MCODE calculation. The predictions by the two codes of the number densities of all the Np, 
Pu and Cm isotopes are in reasonably good agreement. Minor discrepancies in the number 
densities prediction are most likely due to the differences in the cross-section data sets used.  



Figure 1. Doubly-Heterogeneous Fuel Pin Cell Geometry 
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Figure 3. Evolution of Am242m Number 
Density with Burnup 

 
Conclusions 
In conclusion, the CASMO4 computer code can be used in scoping studies of the FFF 

designs with a reasonable degree of confidence. No effect due to the limited cross-section 
library energy group structure was observed. The effect of the fuel micro particles 
homogenization can be considered as minor and can be neglected if similar to the present 
study fuel geometries are used. The treatment of Am242 branching ratio in CASMO4 and 
cross-section library differences, which probably lead to considerable discrepancies in 
predicted Am242m number densities, require additional investigation. 
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Parameters affecting the safety of pebble bed High Temperature Gas Cooled Reactors 
(HTGR) were identified and their effect on the reactor performance under severe accident 
conditions was investigated. The parameters of the various designs were modified to achieve 
a reactor design incapable of reaching meltdown or significant fission products (FP) release. It 
is shown, that a design which is based on removing the decay heat by a properly designed 
RVACS (Reactor Vessel Air Cooling System) combined with residual natural circulation of 
the coolant can produce 2000MWt of energy in an inherently safe manner.  An inherently safe 
reactor is defined in this study as possessing a core, which under no perceived accident will 
result in core melt or FP release. It is required that the decay heat produced be removed by 
naturally occurring physical phenomena without recourse to any active device or feature. 
 
During the past 20 years many advanced reactor concepts were published showing enhanced 
safety characteristics. Several studies have demonstrated that small modular reactors can be 
designed in a manner that will completely eliminate the possibility of core meltdown or FP 
release. This can be usually achieved by assuring a strongly negative feedback, using 
materials with very high melting point (such as graphite in the HTGR), or low power density 
(such as the ENHS concept), or very high thermal heat capacity which can store the decay 
heat produced during a severe accident without reaching a melting point, or with a 
combination of several design features which render the reactor inherently safe.  A major 
concern of these small reactors is the high cost of kW produced. Consequently the present 
study attempts to define the optimal parameters of a reactor configuration that will provide the 
maximum power under the constraints of being inherently safe.    
 
In the study the DSNP (Dynamic Simulator for Nuclear Power-plants) system was used to 
perform the simulations and analyses. The DSNP is a modular modeling system by which a 
large variety of nuclear power plants and other TH (Thermal-Hydraulic) systems can be 
modeled. The DSNP has an independent material properties library, which contains a large 
collection of equations of state for liquid and gaseous coolants, thermodynamic properties for 
many structural materials, reactor fuels and moderators. Several advanced integration 
methods permit the solution of stiff differential equations, i.e. phenomena ranging from a few 
microseconds to thousands of hours.  
 
In the paper the methodology of the study is outlined and the results are presented and 
analyzed. The parameters investigated included the exit temperature, power density, height to 
diameter ratio, and various parameters of RVACS system. 
                                                 
* Pap257, INS 22nd annual meeting, February 17-18, 2004, Dead-Sea, Israel. 
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I. INTRODUCTION 
Advanced nuclear reactor concepts require even in their inception or preliminary conceptual 
design a safety assessment and a coupled neutronic-thermal hydraulic analysis. Often, such 
analyses cannot be performed with standard system analysis and simulation codes, because in 
most cases advanced reactor concepts, particularly in what is considered to be Gen-IV rectors, 
include unusual design features, which cannot be modeled with available simulation 
packages.  The unusual features can be specially designed heat exchangers integrated in the 
core vessel wall, reactor vessel air cooling systems employing natural circulation phenomena, 
unusual fuel elements such as pebbles of different sizes and construction, fluidized bed fuel, 
exotic coolant such as led-bismuth eutectic for which special equations of state are needed, 
and accelerator driven systems with unique control features. The combination of new reactor 
components, fuels and coolants in advanced nuclear power plants require a specific modeling 
system such as the DSNP. (Dynamic Simulator for Nuclear Power-plants) 
 
II. THE DSNP MODELING SYSTEM 
The DSNP is a modular modeling system by which a large variety of nuclear power plants 
and other TH (Thermal-Hydraulic) systems can be simulated.  It consists of libraries of 
modules, which can be used to develop a simulation for a particular power plant. Most of the 
modules can be included in the simulation using a variety of structural materials and coolants. 
The DSNP system also has an independent materials properties library, which contains a large 
collection of equations of state for liquid and gaseous coolants, thermodynamic properties for 
many structural materials, reactor fuels and moderators. It contains mathematical tools to 
solve algebraic and differential equations which are the basic elements used in module 
development. Several advanced integration methods permit the solution of stiff differential 
equations, and phenomena ranging from a few microseconds to thousands of hours. For 
example, accelerator driven GCR with neutronic response times of milliseconds, to decay heat 
removal phenomena in liquid metal systems with extremely large heat capacity that has to be 
simulated for about 106 s. The modular characteristics of this simulation package permits to 
add, with relative ease, new modules to the ever expanding simulation system. 
 
DSNP applicability will be demonstrated by presenting a brief safety assessment of two 
advanced reactor systems: A small modular 200MW gas cooled reactor, and a small 125MW 
fast reactor cooled with LBE (Led Bismuth Eutectic). Both reactors have several unique 
design features and it will be shown that both are inherently safe. This characteristic of the 
two power plants will be demonstrated by simulating a loss of heat sink accident in both 
systems. The models used in each simulation will be briefly described, and it will be shown 
how the DSNP modularity permits the simulations two very different systems using the same 
tools. 
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III. A MODULAR HTGR MODEL 
A 200MW modular pebble-bed HTGR is modeled as an example of applying DSNP to 
advanced systems. Several realizations of the modular HTGR[3] were published in the past 
two decades. A good summary can be found in Ref. [1]. The core has a diameter of 3m and a 
height of 9.4m and has 360000 spherical fuel elements of 6cm each. The central fuel zone of 
5cm contains TRISO fuel particles embedded in a graphite matrix. The slim construction 
permits the decay heat removal through the walls of the pressure vessel by a natural 
convection air-cooling system. At the bottom of the vessel the cold He, 300oC enters through 
a concentric pipe into the space between the vessel and the radial reflector flowing upward 
and cooling the vessel and the reflector. Entering the upper gas plenum and flowing 
downwards removing the generated power, and leaving via holes in the bottom reflector and 
out in the central part of the concentric tubes.  In the simulation presented here a 3-d core 
thermal hydraulic model is presented. The 3 dimensions include the core radius and the core 
height (a 2-D cylindrical geometry) and the 3d dimension is the radius of the fuel sphere. The 
neutron kinetic equation is used to model the power with an appropriate 3-d power 
distribution function, this will be replaced in the future by a 3-D nodal subroutine. The core is 
divided into 6 axial and 3 radial regions, and each region is represented by an average fuel 
sphere. 
 
The loss of flow occurs during the first 10min into the transient, and the core power is 
reduced to decay heat levels after about 30min. The simulation needs to be followed up to 
100ks because of the very sluggish behavior of the core. The resulting core central zone 
helium axial temperatures distribution is shown in Fig. 1. Although the flow is reduced 
rapidly, the temperatures rise rather slowly. In the same manner, while the power decreases to 
decay heat levels at 2ks, the temperatures start decreasing only around 10ks and later. The 
very large heat capacity of the graphite core plays a most important role in the core behavior 
and its safety. 
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Fig. 1: Core center He temperature distribution following a LOF accident in the PB-HTGR. 
(2-Top, 7-Bottom) 
IV. MODELING A MODULAR LBE REACTOR 
This reactor concept was developed under the ENHS (Encapsulated Nuclear Heat Source) 
feasibility project[2]. It is a 125 MWt reactor cooled by LBE. The flows in the primary and 
secondary loops are by natural circulation, which necessitates a long and slim construction to 
provide a sufficient thermal driving force. The ENHS has a single central control rod for 
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startup and shutdown, the very small change in keff due to BU is compensated by a moving 
reflector. A schematic nodalization diagram of the ENHS is presented in Fig. 2. The core is 
designed for a life cycle of ~20 years, after which time the whole reactor vessel is replaced by 
a new one and the old with the intact fuel is returned to the factory for proper disposal or 
reprocessing. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Fig.2: Nodalization diagram and schematic description of a modular LBE cooled fast reactor. 
 
 
A loss of heat sink accident without scram, LOHS, simulation will be briefly presented to 
demonstrate the modeling system capability in the liquid metal area. LOHS is achieved by 
reducing the steam generator flow to 0, thus removing the system heat removal capacity to 
zero, and leaving the RVACS as the only means to remove the residual and the decay heat. 
The resulting average and hot channel temperatures are shown in Fig. 3 for the first 2000s into 
the transient. The temperature transient is the result of the changing mismatch between the 
reactor power and the changing natural circulation flow through the core. The fuel pins are 
modeled in this simulation by a 2-D cylindrical representation with 9 axial and 3 radial nodes. 
The clad has a single radial node and 9 axial nodes, while 10 axial nodes represent the coolant 
flow in the channel and the staggered mesh representation is used. Two fuel channels are 
used, one representing the hot channel and one showing the average channel. 
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Fig. 3: Maximum and average fuel temperatures in a LBE cooled modular reactor following a 
LOHS accident. 

 
V. CONCLUSIONS 
As can be observed the DSNP is capable of simulating two divers advanced reactor concepts, 
with many unusual characteristics. It has the capability to simulate phenomena with combined 
short and very long time constants, i.e. stiff systems. The two-advanced reactor concepts 
presented above are both shown to be very safe. Major accidents are mitigated with naturally 
occurring phenomena producing large negative feedback. The large heat capacity and low 
power density makes the dynamic behavior of these systems very sluggish. They both possess 
excellent safety characteristics, in both systems decay heat can be removed by natural 
circulation of air directly from the reactor vessel. 
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 A nuclear probabilistic risk or safety assessment (PRA or PSA) is a scientific calculation 
that uses very pessimistic assumptions and models to determine the likelihood of plant or fuel 
repository failures and the corresponding releases of radioactivity. Although PRAs demonstrate 
that nuclear power plants and fuel repositories are very safe compared with the risks of other 
generating options or other risks that people readily accept, frightening negative images are 
formed and exaggerated safety and health concerns are communicated. Large-scale tests and 
experience with nuclear accidents demonstrate that such incidents expose the public to low 
doses of radiation, and a century of research and experience have demonstrated that such 
exposures are beneficial to health.  PRAs are valuable tools for improving plant designs, but if 
nuclear power is to play a significant role in meeting future energy needs, we must communicate 
its many real benefits and dispel the negative images formed by unscientific extrapolations of 
the harmful effects that occur at high radiation doses. 
 
 The best known study, completed 30 years ago, was sponsored by the US NRC and 
directed by N. Rasmussen at MIT.[1]  It is based on the method known as fault tree analysis.  By 
this approach, the NRC has set two safety goals in terms of the probability of a human fatality: 
 
• The probability that a person living near a nuclear power plant will die soon after a nuclear 

accident from the radiation released in the accident must be less than 0.1% of the total 
probability that a person will be killed in any accident, i.e., 1000 times less than 5 x 10-4/year. 

• The probability of death from cancer for any member of the public following an accident must 
be less than 0.1% of the total probability that a person will die of cancer from all causes. 

 
The most extensive study of reactor safety, NUREG-1150, was completed by the NRC in 
1990.[2]  The significant average probability results of the NUREG-1150 are: 
 

 Surry (PWR) Peach Bottom (BWR) NRC Safety Goal 

Individual early fatality/year 2 x 10-8 5 x 10-11 5 x 10-7 

Individual latent cancer death/year 2 x 10-9 4 x 10-10 2 x 10-6 
 
 In addition, it was determined that the likelihood of an accident large enough to cause 
at least one early fatality to the public is in the range of one in one million to one in one 
billion per year. These PRA calculations show that nuclear plants are very safe.  So why are 
people so concerned about the safety of nuclear power generation? 
 
 Firstly, the radiation protection authorities have grossly exaggerated the hazards.  
There is no evidence of an increase in the incidence of adverse genetic effects, even among 
the Japanese atom bomb survivors. On the contrary, there is evidence of lower incidence of 
congenital malformations after exposure to low dose rate radiation.  And there is evidence of 
a lower incidence of cancer mortality. Secondly, the probabilities for events and the 
corresponding radiation doses used in PRAs are unrealistically high.  Recently, an evolution-
revolution has begun in safety analysis technology to examine the assumptions and the 
conservatisms in order to model reality more accurately.[3] 



 The main effects of “Nuclear accidents” are generally not harm to people, as do 
automobile or airplane accidents.  This applies even to the 1986 Chernobyl disaster, about the 
worst imaginable nuclear accident. The nearby population received an average whole body 
dose of 0.015 Gy (1.5 rad). About 1800 cases of operable thyroid cancer (occult?) in children 
were detected by the screening, but no excess leukemia or other cancers were observed 
during the following 14 years.  The data continue to confirm this.  Psychological stress was 
the main adverse health effect, but the economic impacts were severe. 
 

For more than a century, beneficial health effects have been observed following low 
doses.[4]  Why have attitudes toward nuclear been clouded by negative images for the past 50 
years?  The early radiation protection recommendations were tailored to avoid burns and late 
effects from acute doses of radiation.  By 1955, this threshold concept was rejected by the 
ICRP in favour of the concept of cancer and genetic risks, kept small compared with other 
hazards in life.[5]  This change in philosophy was due to evidence of excess cancer among 
radiologists and excess leukemia in the A-bomb survivors – “stochastic effects”, whose 
probability of occurrence, not the severity, was assumed to be proportional to the size of the 
dose.  This is the linear, no-threshold model (LNT) of radiation carcinogenesis: a straight-line 
fit to statistically significant high-dose data on the number of cancer deaths among the H-N 
survivors, in excess of the spontaneous number, extended to zero through the low dose 
region, < 0.5 Gy, where there was no statistically significant data.[6, 7]  The LNT model for an 
acute exposure is used to calculate the excess number of cancer fatalities in a population 
following a low dose from any (human-made) source of radiation. 
 
 But why were the beneficial health effects, observed in prior years,[4] ignored during 
the 1950s when recommendations evolved to protect radiation workers?  To understand, we 
have to consider the social and political environment at that time.  Scientists were agonizing 
over their roles in the development and use of A-bombs in war, and many campaigned 
against bombs and for nuclear disarmament.  There was/is no scientific basis for their 
statements.  How can attitudes be changed to a scientific approach?   
 
 Over the past 60 years, many research programs were carried out to study adverse 
biological effects, measured at high doses and extrapolated linearly to zero dose.  
Observations of beneficial health effects were either ignored or suppressed.  The experiments 
were generally not designed to observe beneficial effects.[8]  Generally, cellular stimulatory 
effects are observed following low doses – short-term exposures in the range 0.01-0.50 Gy 
(1-50 rad) – while damaging effects are observed following high doses. This biphasic 
radiation dose response is known as radiation hormesis, an adaptive response of biological 
organisms to low levels of stress or damage – a modest overcompensation to a disruption–
resulting in improved fitness[9] .  “The hormetic model is not an exception to the rule – it is 
the rule.”[10] 

 
 Recent discoveries indicate that oxidative DNA damage occurs naturally to living 
cells at an enormous rate.  Survival to old age depends on the performance of a very capable 
damage-control biosystem, which prevents, repairs, or removes almost all the DNA 
alterations.[11]  Those DNA alterations not eliminated by this protective system are residual 
mutations, a very small fraction of which eventually develops into cancer. The rate of DNA 
mutations caused directly by background radiation compared with the rate produced by 
endogenous oxygen metabolism is extremely small.  While high doses decrease biosystem 
activity, causing increased cancer mortality, low doses stimulate biosystem activity causing 
lower-than-normal cancer mortality.  Stimulation of the immune system increases the attack 
and killing of cancer cells (including metastases) globally.[12]   



 
 

Figure 1. Idealized dose-response curve. 
 
The ordinate indicates approximate responses 
compared with the controls.  The abscissa 
suggests mammalian whole-body exposures as 
mGy/y.  The numbered areas are: (1) deficient, 
(2) ambient, (3) hormetic, (4) optimum, (5) zero 
equivalent point, and (6) harmful.   

 
 
 The evidence of hormetic effects of radiation exposure on cancer has lead to recent 
applications of whole-body, low-dose irradiation therapy for cancer, with no symptomatic 
side effects.[13]  Research has demonstrated that a low dose increases cancer latency even in 
individuals who are radiation sensitive and cancer prone.[14] Even chronic exposures appear 
to prevent cancer and genetic defects, based on a study of 10,000 residents who lived 9-20 
years in Co-60 contaminated apartments – a collective dose of 4000 person-Sv.[15]  About 230 
cancer deaths were expected, plus 70 radiation-induced deaths, but only 7 were observed.  
Forty-six genetic defects plus 18 radiation-induced cases were expected, but only 3 were 
observed.  In 1983, the average dose was about 74 mGy, and the maximum was 910 mGy – 
well within the range of biopositive effects shown in Figure 1. 
 
Discussions about nuclear safety should point out the beneficial health effects of low doses.  
PRAs should only be used to identify weaknesses in design and operation – for corrective 
actions to avoid power plant failures.     
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 The protection of workers and the public from ionising radiation, and the 
control of the use of radioactive materials in Israel, are founded on basic legislation in 
the form of orders, acts, decrees and codes of practice. The responsibilities for 
licensing, inspection and enforcement are shared among several ministries, 
administrative authorities and professional bodies, including the Ministry of Labor and 
Social Affairs (MOLSA)*, the Ministry of the Environment (MOE), the Ministry of 
Health (MOH) and the Israel Atomic Energy Commission (IAEC). 

 
  Licenses for the purchase, distribution, transport and application of radioactive 
materials and radiation machines are issued by Chief Radiation Executives (CRE) 
appointed by the Minister of the Environment and the Minister of Health. Each of 
these CREs acts in his fields of authority. 

 
 All aspects of occupational radiation protection, including radiation safety 
measures at working premises, training of radiation workers, personal monitoring, 
medical surveillance of workers etc, and periodical inspections of radiation safety 
conditions at working premises are handled by the occupational hygiene inspectorate 
of the MOLSA. 

 
 To harmonize the activities of the diverse ministries in the field of radiation 
protection, the general directors of the ministries established a Radiation Protection 
Coordinating Board (RPCB) consisting of high-ranking officials in these ministries.  

 
 The RPCB appointed in 1996 a professional body called the Israeli National 
Professional Advisory Committee on Radiation Protection (ACRP).  
 
       The task of the ACRP is to advise the ministries and governmental bodies and to 
provide them with professional assistance in all theoretical, administrative and 
practical aspects related to protection of the workers and the public from ionising 
radiation. 
 
        The ACRP is composed of 8-10 experts in various fields of radiation protection 
sciences and technologies. The CREs in the MOH and the MOE as well as the chief 
radiation Inspector in the MOLSA (CRI) are members of the ACRP ex-officio. The 
Chairmen of ACRP is a senior radiation protection expert from the IAEC.  
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 The ACRP holds 8-12 meetings in a year. At these meetings the radiation 
protection issues raised by its members or referred by the CREs and the CRI are 
deliberated. Recommendations and decisions are usually reached by consensus. In 
special cases votes are taken. 
 
 The ACRP reports to the RPCB, which translates the ACRP's recommendations 
and decisions into administrative and practical guidance to be implemented by the 
ministries.  
 
 The Charter and the activities of the ACRP during the period 1996-2003 will be 
presented.  The presentation will relate to some of the major radiation protection issues 
handled by the ACRP during the above-mentioned period.  

 
These include: 
♦ Draft new regulations related to radiation protection (safe transport of 

radioactive materials, radioactive waste disposal storage of radioactive material 
and others) 

♦ New versions of existing regulations (to adapt them to the 1996 BSS) 
♦ Protection of the public and the worker from radon in buildings. 
♦ Protection of the patient from ionising radiation in medical exposure. 
♦ Codes of practice for the inspection of radiation safety provisions in working 

premises. 
♦ Training of radiation safety supervisors. 
♦ Accreditation of radiation safety inspectors. 
 
 Most members of the ACRP and of the RPCB believe that the mandate and 
membership of the committee should be expanded to cover non-ionizing radiations (e.g. 
RF, ELF, UV, lasers) the control of which in Israel is also under the jurisdiction of the 
same ministries. The issue has not yet been resolved. 

 

 

 

 

 

 
* Since 2003, the Ministry of Industry, Commerce and Employment (MICE) 

 

 

 



 

- 1 - 

Comprehensive Approach for Monitoring and Analyzing 
the Activity Concentration Level of PET Isotopes 

 
 

A. Osovizky(1), J. Paran(1), N. Ankry(1), E. Vulasky(1), B. Ashkenazi(1) 

E. Dolev(2), E. Gonen(2) and N. Tal(1) 

 
(1) ROTEM Industries Ltd., P.O.Box 9046, Beer-Sheva 84190, Israel 

(2) Nuclear Research Center-Negev, P.O.Box 9001, Beer Sheva 84190, Israel 
 
 
Abstract 
A comprehensive approach for measuring and analyzing low concentration levels of positron 
emitter isotopes is introduced. The solution is based on a Continuous Air Monitoring Sampler 
(CAMS), Stack Monitoring System (SMS) and software package  
Positron Emission Tomography (PET) is a major tool for both, biochemical research and non-
invasive diagnostics for medicine imaging. The PET method utilizes short half life β+ 
radioisotopes that are produced in cyclotron sites built especially for this purpose. The growing 
need for β+ isotopes brought about a commonly wide use of cyclotrons next to populated areas. 
Isotopes production involves two possible radiation hazards deriving from the activity 
concentration; one refers to the nearby population by the activity released through the ventilation 
system and the other refers to the personnel working in the nuclear facility. A comprehensive 
system providing solution for both radiation hazards is introduced in this work. 
 
 
Introduction 
Measuring activity concentration levels of positrons emitting isotopes in the released air or inside 
the cyclotron site, requires distinction between the detector readings caused by background level 
and detector readings caused by the activity concentration. The background level can be a result 
of the activity inside hot cells, cyclotron routine operation, filter banks, etc. The detector 
background reading due to routine operation can be much higher than the reading caused by the 
activity concentration level due to malfunction. A system driven by these working conditions 
requires detection and documentation of extremely low concentration levels of isotopes in the 
air, (MDA of 10^3 Bq/m3). In order to determine activity concentration levels of positrons 
emitting isotopes, the following options where investigated. 

A. Monitoring the positrons – Detectors which are more sensitive to positrons than to gamma 
radiation fields like gas or ion chamber, can be used. This method improves the Minimum 
Detectable Activity (MDA) since the detector is more sensitive to the positrons 
concentration in the close proximity than to the background gamma field.  
The method's disadvantage is due to its disability to convert the detector readings into 
concentration units. Each one of the PET isotopes has a different energy so that the detector 
readings for the same concentration are different. 

B. Monitoring the gamma radiation field – Using scintillation detectors enables setting an 
electronic window for 511keV photons which are the same for all PET isotopes. This 
method decreases the detector basic background caused by electronic noise and cosmic 
background by a factor of 10. One preset conversion factor can be set for converting the 
detector readings into concentration. 
The method's disadvantage is that the site background radiation level is caused by the PET 
isotopes as well; therefore a distinct process is required to determine whether the readings 
are caused by the concentration level or by the varying background. 
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C. Monitoring of coincident events – During positrons annihilation, a pair of γ photons are 
created in opposite directions with energy of 511 keV. The isotope unique behavior enables 
to determine a known volume by two big scintillation detectors and to count only the 
coincidence events. This method improves the MDA. By using an electronic window for 
511keV photons and a coincidence electronic circuit, the background level can be decreased 
so that only the events created between the two detectors will be measured. 
The method's disadvantage is that it requires a big scintillation crystal to achieve the 
required sensitivity. It is recommended to use plastic scintillation crystals due to the crystal 
cost, but they have poor sensitivity to the 511keV photons and to the coincident event. 

After comparing the above methods, the second approach - monitoring the gamma radiation field 
with a scintillation detector - was chosen. 
 
 
System Description 

The system's main goal is to enable detection of extremely low concentration levels of isotopes 
in the air, in presence of varying background levels. 
The Continuous Air Monitoring Sampler (CAMS) consists of a detection unit, a lead shield, 
an electronic module, and a regulated pumping unit. All the units are integrated into a mobile 
cart. Since some of the isotopes cannot be collected by filter, the air is pumped into a detection 
unit to measure the activity concentration. The air detection unit includes two 2” x 2” NaI(Tl) 
scintillation detectors with an electronic single channel analyzer for 511keV energy photons. 
One detector, located inside a highly polished stainless steel cylindrical chamber, measures the 
activity concentration in the air together with the background level; the other detector measures 
only background. Activity concentration measurement of the working environment inside the 
cyclotron site is more problematic, since the detector reading can be influenced by varying 
background levels caused by short events, such as opening a hot cell door or moving a dose 
without changing the activity concentration level. The developed CAMS response complies with 
MDA regulations set by HPS N13.30. The CAMS algorithm for measuring time and response 
time, provides stabilized readings with fast response to the concentration level variations.  
The Stack Monitoring System (SMS) is based on a high sensitive 2˝ x 2˝ NaI(Tl) scintillation 
detector, an air flow meter and an electronic Data Processing Unit (DPU) that communicates to 
PC via network. Releases through the ventilation system are characterized as fast events riding 
on background level with short half life decay. Therefore, a software algorithm for stack 
monitoring measurement that enables to distinguish between the fast release event and the 
background level has been developed. The SMS converts cps detector readings into activity 
concentration quantities [Bq/m3 or µCi/ml] and calculates the total integrated released activity. 
The conversion factor is obtained by performing a controlled release and calculation of the 
factor, using a special software routine. Once the factor is obtained, the system automatically 
searches for the release picks, subtracts the background dose rate, and shows the released 
concentration and the total integrated released activity.  
 
 
Calculations 

A. Continuous Air Monitoring Sampler (CAMS) 
 

In order to calculate the activity concentration level, a calibration of the chamber detector 
readings from cps to concentration units was performed. Using the shielded detector method for 
background subtraction based only on background fluctuation, a concentration level of up to 
5000Bq/m3 was calculated, see Fig. 1. However, by adding an averaging time that varies 
according to the detector reading and fast response algorithm, the fluctuation has been decreased 



 

- 3 - 

Chamber detector reading

0.00

1000.00

2000.00

3000.00

4000.00

5000.00

6000.00

7000.00

12:00 12:14 12:28 12:43 12:57 13:12 13:26 13:40 13:55
Time

Co
nc

en
tr

at
io

n 
[B

q/
m

3]

to be less than 300Bq/m3, without affecting the CAMS ability to initiate a fast alarm in case of a 
meaningful change if the concentration level.  
 

 
 Detector reading after background subtraction 
 Detector reading after background subtraction, averaging and calibration 

Fig. 1 – Background Concentration Level 
 
B. Stack Monitoring System  
The SMS concentration level is determined after the local calibration procedure. The conversion 
factor from the detector reading into concentration is not constant and depends on the stack 
dimensions and the flow rate. In order to maintain a long linear range of over five decades, and 
to overcome the dead time nature of the detector, a lookup table is used, see Fig. 3. The activity 
release calculation is based on: background level before and after the release, flow rate reading, 
and conversion factor as shown on Fig. 2. 

 
 

 

 

 

 

Fig. 2 – Calculation of the Activity Release Fig. 3 – Detector Linearity 

The data of the controlled release process is analyzed by the computer software in order to 
calculate the conversion factor. Once the conversion factor is obtained, the system uses it to 
convert the detector cps readings into activity concentration. A software algorithm was 
developed for automatic search of the activity release peaks, subtract background level, display 
the released concentration and the total integrated released activity. 
 
 
Conclusion 

A new approach for monitoring and analyzing activity concentration levels has being introduced. 
By monitoring the 511 keV photons the same conversion factor can be used for all PET isotopes. 
A special dynamic averaging algorithm enables to achieve a low MDA (1000 Bq/m3) within the 
shortest response time. The software unique statistical calculation algorithm was implemented 
for calculating the conversion factor and for automatically detecting the released peaks 
indicating their activity and period. 
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Abstract 
The HOTSPOT Health Physics code was created by LLNL in order to provide Health 
Physics personnel with a fast, field – portable calculation tool for evaluating accidents 
involving radioactive materials.  The HOTSPOT code is a first – order approximation 
of the radiation effects associated with the atmospheric release of radioactive 
materials.  HOTSPOT programs are reasonably accurate for a timely initial 
assessment.  More importantly, HOTSPOT code produce a consistent output for the 
same input assumptions, and minimize the probability of errors associated with 
reading a graph incorrectly.  Four general programs, Plume, Explosion, Fire, and 
Resuspension, calculate a downwind assessment following the release of radioactive 
material resulting from a continuous or puff release, explosive release, fuel or fire, or 
an area contamination event.  Additional programs estimate the dose commitment 
from inhalation of any one of the radionuclides listed in the database of radionuclides, 
calibrate a radiation survey instrument for ground survey measurements, and 
screening of alpha emitters in the Lung. We believe that the HOTSPOT code is 
extremely valuable in providing reasonable and reliable guidance for a diversity of 
application.  For example, we demonstrate the release of 241Am(20Ci) to the 
atmosphere. 
 
Introduction of the Model Capabilities 
HOTSPOT uses the well – established Gaussian Plume Model, widely used for an 
initial emergency assessment or safety analysis planning of a radionuclide release.  
Virtual source terms are used to model the initial 3D distribution of material 
associated with an explosive release, fire release, resuspension, or user – input 
geometry.  The HOTSPOT documentation describes the HOTSPOT algorithms in 
detail.  The dosimetric methods of ICRP Publication 30/60/70 were used throughout 
the HOTSPOT programs.  Individual doses are produced, along with the 50 – year 
committed effective dose equivalent (CEDE).  Hotspot supports both CLASSIC units 
such as rem, rad, curie, and SI units.  The HOTSPOT dose values are due solely to the 
inhalation of released material during the passage of the plume.  In the specific case of 
noble gases, e.g., Kr-85, the submersion dose is output.  The specific dose conversion 
factors for all of the radionuclides in the HOTSPOT library can be viewed in the 
"HOTSPOT Library" program.  The ground shine dose is not included because the 
effective dose equivalent ( per hour of stay time in the contaminated area ), due to 
ground is typically several orders of magnitude less than the CEDE due to plume 
passage.  For alpha – emitting radionuclides e.g., Am -241, the hourly ground shine 
component is at least 7 orders of magnitude less than the inhalation component.  
Emergency preparedness requires a fast and adequate means of generating an initial 
assessment of an actual or scheduled atmospheric release.  Just as important, is the 
need for consistency in the assessment methodology, e.g., well documented, 
consistent output for a particular set of input assumptions, etc.  Actual source terms, 
the substances involved, meteorological conditions, etc., are seldom accurately 



known.  Overly sophisticated and data intensive models seldom provide useful and 
timely information in emergencies involving the release or potential release of 
radioactive material into the atmosphere.  In the specific case of emergency planning 
and response, we are usually interested in worst – case scenarios, i.e., if the plume of 
radioactive material does reach a target community, what are the projected committed 
effective dose equivalent values.  Unless specific accident scenarios are accurately 
detailed and proven to be reliable, large modeling errors are possible. Such errors 
render the use of large, complex, and time consuming models no more accurate than 
using a simple Gaussian model.  The Gaussian model should be recognized as a 
starting place for analyses and in many cases the only necessary tool due to the large 
uncertainly associated with the release scenario. 
 
 
Example – General Plume 
We can estimate the dose commitments from a release of 20 curies of Am – 241 from 
the ground level.  Below we can see a typical output summary due to the release 
scenario (Table & Graphics).   
 
Hotspot  Version 2.05 General Plume 
Source Material            : Am-241  S   432.2y                      Receptor Height            : 1.5 m  
Source Term                : 2.0000E+01 Ci                              Inversion Layer Height     :  None 
Airborne Fraction          : 1.000                                           Sample Time                : 10.000 min 
Respirable Fraction        : 0.100                                          Breathing Rate             : 3.33E-04 m3/sec 
Respirable Release Fraction: 0.100                                     Maximum Dose Distance      :   0.013 km                                          
Effective Release Height   : 0.00 m                                     MAXIMUM CEDE               : 3.89E+03 rem 
Wind Speed (h=10 m)        : 2.0 m/s 
Distance Coordinates       : All distances are on the Plume Centerline 
Stability Class (City)     : F 
Respirable Dep. Vel.       : 0.30 cm/s 
Non-respirable Dep. Vel.   : 8.00 cm/s 
FGR-13 Dose Conversion Data 
 
DISTANCE               CEDE         TIME-INTEGRATED       GROUND SURFACE     GROUNS SHINE          TIME 
                                                 AIR CONCENTRATION          DEPOSITION             DOSE RATE  
   (km)                 (rem)                (Ci-sec)/m3                (uCi/m2)                (rem/hr)          (hour:min)     
 
  0.030                1.7E+03                 8.5E-02                  3.0E+04                  9.3E-03               <00:01 
   0.100                1.8E+02                9.3E-03                  7.5E+02                  2.3E-04               00:02 
   0.200                4.9E+01                2.5E-03                   9.6E+01                 3.0E-05               00:04 
   0.300                2.3E+01                1.2E-03                   3.0E+01                 9.3E-06               00:06 
   0.400                1.4E+01                7.0E-04                   1.4E+01                 4.3E-06               00:08 
   0.500                9.3E+00                4.7E-04                   7.8E+00                 2.4E-06               00:10 
   0.600                6.8E+00                3.4E-04                   4.9E+00                 1.5E-06               00:13 
   0.700                5.2E+00                2.7E-04                   3.4E+00                 1.0E-06               00:15 
   0.800                4.2E+00                2.1E-04                   2.4E+00                 7.5E-07               00:17 
   0.900                3.5E+00                1.8E-04                   1.8E+00                 5.7E-07               00:19 
   1.000                2.9E+00                1.5E-04                   1.4E+00                 4.5E-07               00:21 
   2.000                1.0E+00                5.2E-05                   3.4E-01                  1.1E-07               00:43 
   4.000                4.0E-01                 2.0E-05                   1.0E-01                  3.1E-08               01:27 
   6.000                2.4E-01                 1.2E-05                   5.4E-02                  1.7E-08               02:11 
   8.000                1.7E-01                 8.5E-06                   3.5E-02                  1.1E-08               02:55 
  10.000               1.3E-01                 6.6E-06                   2.6E-02                  8.1E-09               03:38 
  20.000               5.9E-02                 3.0E-06                   1.0E-02                  3.2E-09               07:17 
  40.000               2.8E-02                 1.4E-06                   4.6E-03                  1.4E-09               14:35 
  60.000               1.8E-02                 9.2E-07                   3.0E-03                  9.2E-10               21:53 
  80.000               1.3E-02                 6.8E-07                   2.2E-03                  6.8E-10               >24:00 



 
 
Hotspot Version 2.05 : Plume Centerline CEDE (rem), as a function of Download 
Distance for the ( The scenario information is on the figure ). 
 
 
 
Summary 
The HOTSPOT code has a well – deserved reputation for ease-of-use in emergency 
situations. It is used extensively by government agencies in the United States and in 
Western and Eastern European countries.  The code uses a Gaussian model 
formulation so the atmospheric physics are only first – order approximations, 
nevertheless, HOTSPOT has proven to be extremely valuable in providing reasonable 
and reliable guidance for a diversity of applications.  The salient features of this code 
are contained in its source term modules which are extensive and well formulated.  
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Solid LILRW generated by NPP's is treated by various methods of Volume Reduction and 
Stabilization / Immobilization before disposal at suitable Storage Sites for Radioactive Waste. 
 
PGM Technology thermally treats such solid LILRW achieving maximum volume reduction 
and efficient stabilization of radionuclides of the waste in a Vitrified (glassy) solid residue, 
slag. 
 
Since such LILRW is made of a large variety of different materials, organic and inorganic, 
the PGM Process gasifies and pyrolizes the organics while the inorganics are melted and 
vitrified. 
 
In the PGM reactor, embodying the core technology, all three processes, pyrolysis, 
gasification and vitrification, are occurring simultaneously in a counter-flow fashion, in this 
basically vertical shaft "furnace". The vitrified slag is intermittently tapped-out from the 
melting chamber, located at the lower part of the reactor, into metal containers with 12 to 15 l 
volume, where the molten slag solidifies and cools down, before placing  them  into  concrete  
1 to 2 m3 cubical units, for disposal at a storage site. 
 
The products of pyrolysis and gasification, Product-gas, are evacuated from the upper part of 
the reactor to be combusted in an Afterburner and the resulting Off-gas is cleaned in an Air-
Pollution-Control system (APC) to level of compliance with Radioactive and Environmental 
Regulations. 
 
The PGM system and treatment process are described and the characteristics of the 
radioactive waste, the product-gas and the off-gas are presented in quantitative terms, in the 
PGM presentation. The data shown represents the accumulated experience in operation of 
PGM Technology application in SIA Radon Institute for over 10 years. The core technology 
originates in the RRC "Kurchatov Institute" in Moscow, since satisfactory process for 
disposal of LILRW produced continuously during the institute's activity, was not available  
25 years ago as well as today. 
 
The Radon facility with 80 kg/h capacity and the newly commissioned scaled-up plant with 
250 kg capacity, accepts and processes LILRW produced, in addition to NPP's, also from 
research reactors, educational institutions, research institutes and medical institutions, all 
located in the Moscow district. 
 
EER LTD., an Israeli Company with Russian, Japanese and Korean shareholders, was 
involved in the recently commissioned larger plant in Radon, designed to treat also LILRW, 
and in co-operation with Russian scientist, is presently developing the PGM Technology in 
treatment of additional waste types, such as Municipal Solid Waste (MSW) and Biomedical 
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Waste (MW). Presently a still larger demonstration facility is under construction in Israel to 
be used for demonstration of the PGM Technology in the treatment of MSW to world players 
in the waste management field. Incidentally, the current plan is that after completion of its 
purpose, demonstration with MSW, EER plans to modify the system to be implemented 
commercially for the treatment of MW, for which activity the capacity, while small for 
commercial plant for MSW, is just right. 
 
The unique feature of PGM, compared to other Plasma based systems, includes the lowest 
possible fraction of radionuclides exiting from the reactor, for example Cs137 with over 90 % 
retention in the reactor to be encapsulated in the vitrified slag. The 90:10 percentage partition 
of radionuclides between the vitrified slag and the fly-ash is the highest of all thermal 
treatment methods for LILRW. The fraction of radionuclides exiting the reactor with the 
product gas and later the off-gas, is captured in the off-gas cleaning system. The HEPA Filter 
at the end of the cleaning system, contaminated with radionuclides is returned into the rector 
and the also contaminated effluent sludge is then stabilized by cementation, bituminization or 
similar method. 
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1. Introduction. 

 

     One of the main goals of the Department of Human Resources Development is to give 
employees fundamental knowledge, refreshing know-how and increasing safety awareness. In 
this regard safety deals with risks in operating nuclear facilities, including radiation, industrial 
risks and fire. Israeli Work Supervision (informing and training employees, 1992) (1) and 
work safety regulations (industrial safety and health for ionization radiation employees) state 
the need for training by the employer at least once a year. The employer also must take means 
to verify that the employees actually understand what they were trained for. 
 
2. The previous method of training. 
 
       The Department of Human Resources and Training, in collaboration with the Department 
of Radiation Protection and Safety used to organize different kinds of training and refreshing 
courses for different aspects of safety in nuclear centers (radiation safety, biological effects of 
ionizing radiation, industrial safety, fire fighting, emergency procedures, etc.). All “radiation 
workers” (those who use radioactive materials or radioactive machines) received a training 
program for several days, each year. The “non-radiation workers (administrative employees)” 
received a less intense training, once in two years. All employees received training which 
included only frontal lectures without quiz or exams. No feedback of the employees was used 
after the training. 
 
3. The new training system. 
 
      In the late 90-th, a new training program was developed by the NRCN and the CET 
(Center for Educational Technology), for refreshing courses. The new training program 
includes CBT-s (Computer Based Training), with tutorials and quiz. The tutorial is an 
interactive course on one subject, including animations, video films and photo stills. Built-in 
the CBT, the employees get a simple and clear explanation on that subject (including 
pictures). After each tutorial a quiz is given, including 8 American style questions. A 
minimum record of 75% is needed to pass each quiz (e.g. a correct answer at least in 6 
question).  
      In the beginning, seven CBT-s were developed in radiation protection and radiation safety 
and the employees began the refreshing courses in 1999. Later, 4 other CBT-s were developed 
in other subjects of safety ( e.g. fire fighting and industrial safety). Other CBT-s are planned 
to be developed in the future. The training course was adjusted for all levels of employees 
(research workers, engineers, technicians, operators, administrative, etc.). 



     Each employee (radiation worker or administrative employee) is performing a refreshing 
course in safety, once each year, via the CBT-s. The refreshing course includes 3 or 4 CBT-s 
(the tutorial and the quiz), and each employee has to pass each quiz.  
 
 4. The feedback of the new training method. 
 
     All the employees were asked to fill on a questionnaire after finishing the refreshing 
course (the tutorials and the quiz). The questionnaire includes 5 questions about the tutorials 
(understanding of the subject, if the tutorial is interesting, the employees' satisfaction from the 
tutorial, if the illustration is clear and if the tutorial is “friendly”). The range of the grades is 
from 5 (the highest one) to 1 (the lowest). The next graph presents the results of the average 
appreciation of all the employees  
     At the end of the questionnaire there is an additional question: is the new refreshing course 
(CBT-s) superior to the old one (frontal lectures)? 
 
 

Graph 1: Results of the averrage appreciation of all 
the employees
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 5. Discussion and Conclusions. 

 
A. The new training program (tutorial) is more interesting than the older one and 

there is no need of a professional lecturer for each refreshing course. 
B. The tutorial enables a better control of the employees' knowledge in the 

subjects of radiation protection and nuclear safety. 
C. The CBT enables to perform the training according to the ability of each 

employee. 
D. The trainee is introduced to the management program by his identity number. 

The management program will keep a file of the grades of each quiz for every 
trainer and will produce a certificate of passing the refreshing course. 

E. The feedback from each employee makes possible to perform some changes in 
the CBT-s (in the tutorial and/or in the quiz). 

F. The Department of Human Resources and Training in the Nuclear Research 
Center - Negev is certified for ISO 9001for the activity of training. 

 
     In the lecture we would like to present several parts from our CBT-s in radiation 
protection and nuclear safety: some characteristics of the ionizing radiation and its 
biological effects. 
 
 

6. References. 

 
1. The safety regulations in working places in Israel (ionizing radiation) - 1992. 
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A previous article, "Nuclear Physics Education on the web" (1), concentrated on identifying some 
of the many resources for information on nuclear physics education. This article will concentrate 
on utilizing these resources in order to create effective learning environments. As more and more 
learning and training moves from the traditional face to face classroom to the internet, it is 
becoming increasingly important to improve the quality of online courses. In the examples given 
here, we concentrate on the area of radiation safety. The reason for this is that government 
regulations mandate that every worker who comes in contact with radioactive (and other 
hazardous) materials must undergo safety training before he begins work and at regular intervals 
thereafter. Unfortunately this training often consists of boring lectures and reading materials, with 
no interactivity and little or no evaluation following the training. Because of the importance of 
safety training, it is imperative to improve the quality of this training by creating effective 
learning environments. One way to do this is to create online courses via the internet. Aside from 
the fact that use of the internet vastly expands the resources available to the student and 
instructor, giving a course via the web is much more efficient in terms of time and expense than a 
traditional classroom setting. 
 
Why a web site is not enough 
To be effective, a web delivered course needs to be more than a web site. The internet offers 
vehicle for delivering distance education that is accessible, motivating and pedagogically 
effective. However, this potential cannot be realized if courses consist of an unappealing series of 
pages offering only pictures and linear text. – this type of course web site is justly called 
"shovelware" because it is the result of  dumping  a syllabus, lecture notes, and reading onto the 
web, asking the students to read it and then testing their recall. 
 
Why isn't it enough to create such a course web site? The reason is that most web sites are 
primarily information seeking environments. Typically, people browsing the web are looking for 
material of interest, and will store it either by bookmarking the web site or by printing out the 
information. While this type of information seeking is part of knowledge building and is similar 
to library research, it does not include the wide range of learning behaviors that enable deep 
mental processing and critical thinking. This is because when we are engaged in information 
seeking our focus is on the storage of the material, either on paper on in a computer. In contrast 
to this, the goal of a learning environment is to assist the learner in integrating the information 
into knowledge that is part and parcel of the user's long term memory. If an online course consists 
only of a web site, then it is providing only one aspect of the learning experience. It may be an 
enhancement of a face to face classroom, but it cannot replace it. 
 
 
 
 



Building an effective lesson cycle 
An effective lesson cycle could consist of the following elements: Presentation, self study, peer to 
peer interactions, and one on one coaching. The presentation includes background and an 
overview of the core material. Individual self-study is then used to enlarge and deepen the 
understanding of the material introduced in the presentation. Peer to peer interaction is then used 
for collaborative discussion of the material and finally individual assignments are used to test 
understanding and provide feedback from the instructor. 
 
Presentations: 
These could consist of: 

• Text and graphics in a Word or Powerpoint format (In preparing these, use can be made 
of the huge amount of material freely available on the web. Material on the web can be 
divided into text, Powerpoint presentations, simulations and quizzes. As examples, we 
have collected material dealing with safely and safety training; see Notes at the end of 
this paper. ) 

• Narrated slide show 
• Live lecture via the internet using a program such as Interwise 
• Simulations (for example the "Kyrmobyl" simulation site) 
• Online quiz for self-evaluation 

 
Self study 
The student is asked to read or actively look for material; possible resources include: 

• Online readings (reading materials uploaded to the web site) 
• Links to other web sites) 
• Web research (student could be asked to find information on the web) 
• Offline readings (textbooks, course handouts, etc) 
• Interviews: student is asked to interview a local expert  
• Site visit: student is sent to visit another work environment 

  
Peer to peer study 

• In this part of the learning cycle, the student is asked to answer a question or post a 
comment to a discussion group based on his reading or research. 

• Students can be divided into teams and each team is asked to answer questions, evaluate 
an article or web site 

• Case studies can be used: students evaluate how others dealt with accidents, disasters etc.  
• In order to keep the discussion focused, they are given specific questions to answer and 

or specific points to relate to in their team discussion 
• At the end of the discussion period, one student is appointed the "wrapper". It is his job to 

wrap up and summarize the discussion of his team 
• Team projects can also be used – students work in teams of 2-5 to complete a project 

based on their readings, research and site visits 
 
One on one coaching 

• Individual assignments or projects that are handed in and returned with the 
instructor's evaluation 

• Online or offline coaching with the instructor or other mentor 
 



If you build it, will they come? 
Creating a course using these techniques is a time consuming and difficult procedure. Naturally 
the question arises: will it fill the need, will my prospective students take advantage of our virtual 
classroom and come flocking? Probably not – at least not right away. There are many obstacles to 
implementing e-learning in the workplace, some on the management side and others on the 
employee side. On the management side, these obstacles include an unwillingness to invest in 
new technology, especially for training related activities, and a conception that computers are for 
job tasks only (many companies do not allow non-job related activities on company computers). 
On the employee side, there are the problems of technophobia, fear of others having direct access 
to personal information, a desire for direct access to experts and last, but certainly not least, a 
preference for learning through social interaction. There are methods for dealing with these 
obstacles to e-learning, but that is a subject for another presentation.  
 
Notes 

 
1. Proceedings of the Israel Association for Nuclear Physics, 1999. 
2. Quizzes: www.uiowa.edu/~hpo/training/ has lots of quizzes. 

Unfortunately these are not online quizzes and must be graded 
by hand. Possible to make much nicer online quizzes that would 
give immediate feedback using courseware such as the High learn 
platform (Britannica Knowledge Systems). 

i. www.uiowa.edu/~hpo/training/nucmedexam.doc 
ii. http://www.uiowa.edu/~hpo/training/PPEexam.doc 
iii. http://www.uiowa.edu/~hpo/training/cccexam.doc 
iv. http://www.uiowa.edu/~hpo/training/ecdexam.doc 

v. http://www.uiowa.edu/~hpo/training/laserresearchexam.doc 
 

3.  Powerpoint presentations 
 A.www.ehrs.upenn.edu/training/onlinetrain.htm          

Lots of information including many Powerpoint presentations. These 
powerpoints contain lots of information but are not well designed. 
Nevertheless, the material could be "recycled" with not that much 
effort.  
 

B.http://cpmcnet.columbia.edu/dept/radsafety/training/ 
Narrated slide presentations 
 

C.http://cait.cpmc.columbia.edu:88/dept/radsafety/powerpoint/Presentation_files/
frame.htm  
Powerpoint on radiation safety 
 

D.http://www.musc.edu/fanda/risk/radiation/Pages/OnlineTraining.htm  
Training Powerpoints 
 

E. www.uiowa.edu/~hpo/training/onlinetraining.htm 
 

F. http://www2.umdnj.edu/eohssweb/aiha/technical/training.htm  
 
4. Commercial sites; www.rrc.co.uk 
                     www.naspweb.com 
 
5. An example of text material: Medical University of South Carolina 
    An entire online manual 
     http://www.musc.edu/fanda/risk/radiation/Pages/Manualmain.htm   
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Overview 
The relevance of particle accelerators to society, in the use of their primary and secondary 

beams for the analysis of physical, chemical and biological samples and for modification of 
properties of materials, is well recognized and documented. Nevertheless, apart of the 
construction of small accelerators for nuclear research in the 1960's and 70's, Israel has so far 
neglected this important and growing field. Furthermore, there is an urgent need in Israel for a 
state of the art research facility to attract and introduce students to current advanced physics 
techniques and technologies and to train the next generation of experimental scientists in 
various branches and disciplines. Therefore, Soreq NRC recently initiated the establishment 
of a new accelerator facility, named SARAF – Soreq Applied Research Accelerator Facility. 

SARAF will be a continuous wave (CW), proton and deuteron RF superconducting linear 
accelerator with variable energy (5 – 40 MeV) and current (0.04 -2 mA). SARAF is designed 
to enable hands-on maintenance, which means that its beam loss will be below 10-5 for the 
entire accelerator. These specifications will place SARAF in line with the next generation of 
accelerators world wide. Soreq expects that this fact will attract the Israeli and international 
research communities to use this facility extensively. 

Soreq NRC intends to use SARAF for basic, medical and biological research, and non-
destructive testing (NDT). Another major activity will be the research and development of 
radio-isotopes production techniques. Given the availability of high current (up to 2 mA) 
protons and deuterons, a major activity will be research and development of high power 
density (up to 80 kW on a few cm2) irradiation targets. 

 

The construction of SARAF at Soreq 
Soreq is currently in the process of constructing the SARAF facility. The goal of Soreq is 

to enable the continuous, reliable and safe operation of SARAF by the year 2009. To achieve 
this goal, Soreq established a task group which is to carry out the following missions: Detailed 
characterization of the accelerator, procurement of the accelerator, construction of the 
accelerator building and infrastructure, development and construction of infrastructure for 
experiments and applications, and the preparation of technical and scientific personnel to 
operate the facility. A schematic overview of the SARAF project is given in Figure 1.  

The RF superconducting linear accelerator (SC-Linac) will be delivered by the German 
company Accel, which is a world leader in designing and manufacturing accelerator 
components, and also has expertise in design and delivery of full accelerator systems [1]. Due 
to the technical novelty in this accelerator, the project has been divided to 2 phases; in phase I, 
Accel will deliver the Injector (ECR Ion Source [2] + Radio Frequency Quadrupole, RFQ 
[3]), a Prototype Superconducting Module (PSM), housing six Half Wave Resonators (HWR) 
[4], the necessary beam transfer lines (low energy beam transport – LEBT, medium energy 
beam transport – MEBT), RF supplies, and a control and diagnostics system. Phase I will 
deliver 2 mA of protons and deuterons at 4-6 MeV, and is planned to be ready during 2006. 



After the feasibility phase, Accel will deliver the rest of the superconducting modules (SM1 – 
SM5), housing eight HWRs each, to complete Phase II of the accelerator by the year 2009. 
Phase III of the project refers to future enhancements of the experiments and applications hall. 

In order to follow the design of the accelerator and to enable future control and 
modifications of the accelerator parameters, Soreq established a beam dynamics simulation 
group that is operating several simulation programs. The group is focusing on generating 

different types of ion distributions and propagating them throughout the simulated accelerator, 
while checking the beam quality and the loss of ions. The progress of this group is reported in 
this conference [5]. 

Soreq is responsible for the design and construction of the building and infrastructure for 
the accelerator and its experimental areas. This project is handled by an Israeli civil 
engineering firm, in tight collaboration with Soreq for a clear definition of the requirements 
and the interfaces. A major requirement of the building is compliance with safety regulations, 
in particular radiation safety, which is handled by a dedicated group [6]. Monte Carlo 
simulations of the radiation that is generated from the accelerator and the target stations 
determined the amount of needed shielding and thus the thickness of the building walls [7]. 
Figure 2 shows an overview of the main floor of the accelerator building. 

As part of the infrastructure, Soreq shall provide the cryogenic refrigerator system that will 
enable to keep the superconducting modules at their operating temperature of 4.5 K. This 
system will be purchased as a turnkey system, but requires a detailed definition of the 
specifications and interfaces by Soreq. This will be the largest Helium liquefier in Israel. 

Figure 1 – A schematic overview of the SARAF project. The overview shows the 
different project phases and the scope of the accelerator that is procured from Accel. 
Details of the components in the scheme are given in the text. 



In parallel to constructing the accelerator facility, research and development is carried out 
at Soreq on the subjects of irradiation target cooling [8], NDT with thermal neutrons [9] and 

development of radio isotopes for medicine [10]. These activities are performed in 
collaboration with the accelerator group, to ensure successful operation of these applications. 

 
Project status 

Currently, Phase I of the accelerator is in an advanced detailed design stage. A critical 
design review (CDR) has been presented to Soreq by Accel, and manufacturing of some of the 
components is already under way. As for the building, a preliminary design review (PDR) has 
been presented to Soreq and Accel by the civil engineering firm, and detail design will 
commence soon. The cryogenic system is in the final stages of its conceptual design. For the 
time being, the SARAF project is on schedule and its operation is expected to start at 2009. 

 
References 
[1] Accel Instruments GMBH, Bergisch-Gladbach, Germany, http://www.accel.de 
[2] R. Geller, "Electron Cyclotron Resonance Ion Source and ECR Plasmas", 1996. 
[3] T. Wangler, "RF Linear Accelerators", Chapter 8, John Wiley & Sons, NY 1998. 
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Figure 2 – An overview of the main floor of the SARAF accelerator building. The red, 
yellow and green colors refer to safety zones. The main control room, RF supplies and 
cryogenics system are on the 1st floor. Other facility utilities are in a separate energy 
center. Experimental areas are on the right hand side of the beam corridor. 
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Introduction: 

Soreq NRC has initiated the installation of a new accelerator facility, SARAF (Soreq 
Applied Research Accelerator Facility). This facility will be used for basic, medical and 
biological research. Another major activity will be the development and production of radio-
isotopes. SARAF is designed as a continuous wave (cw), proton and deuteron accelerator 
based on superconducting rf technology. SARAF will deliver beam with variable energy 
between 5 and 40 MeV and currents between 0.04 to 2 mA.  

In the first step ACCEL has performed a feasibility study to evaluate this 40 MeV proton 
and deuteron accelerator based on superconducting RF technology, resulting in  a design of a 
prototype superconducting accelerator module driven by a 1.5 MeV per nucleon injector 
system. The first phase of the project covers the ECR ion source (EIS), the radiofrequency 
quadrupole cavity RFQ and a prototype superconducting module (PSM) with 6 Half-Wave 
Resonators of 176 MHz. The goal of the prototype phase is to demonstrate the expected 
performance of the PSM especially to reach a peak electric field of 25 MV/m corresponding 
to a peak magnetic field of up to 60 mTesla for the resonators. After the successful 
acceleration and beam characterisation with the PSM the installation of additional 5 
accelerating modules with 8 HWRs each is foreseen to boost the energy up to about 40 MeV. 
 
Accelerator design: 

The layout of the linac for SARAF was performed by ACCEL taken into account several 
requirements given by Soreq. The operation of the linac as turn-key system should allow 
hands-on maintenance given a routine operation of the linac at a beam current of 2 mA. The 
start-up time of the linac from a stand-by mode should be limited to a few hours and the 
switching time between different states (defined by ion species, energy value, and current 
value) should be limited to several hours. Additionally, ACCEL was aware of SOREQ future 
plans to upgrade SARAF by increasing the beam currents from 2 mA to 4 mA.  

 
The arrangement of EIS, RFQ and the PSM, connected by the low energy beam transfer 

(LEBT) and the medium energy beam transfer (MEBT), is shown in Figure 1 for the first 
phase.  A diagnostic plate will follow the PSM only in the first phase to allow an analysis and 
characterisation of the achieved beam performance behind the PSM. 

 
Injector System (EIS, LEBT, RFQ, MEBT) 
The water cooled ECR Ion source (EIS) allows maximum beam currents of 5 mA for H+ and 
D+. A minimum beam current of 0.03 mA can be achieved for both ions with readjusting 
source parameters and the optics of the following beam transport line. For maximum (and 
minimum) beam current an extraction energy of 20 keV/u with +/- 15eV/u shall be achieved.  
 



 
Figure 1 – linac overview (Phase1) 

 
The basic beam parameters of the SARAF linac are listed in Table 1.  
 

Basic beam parameter Value Unit 
Ion species protons / deuterons  
Energy maximal 40 MeV 
Energy minimal 5 MeV 
Current maximal 2 mA 
Current minimal 40 µA 
Current structure continuous wave (cw)  
Transversal emittance (normalised, rms) < 1 π*mm*mrad 
Longitudinal emittance (rms)  < 4 nsec*keV/nucleon 
Operation 6000 hours/year 
Reliability 90 % 

Table 1 - Basic beam parameters of the SOREQ linac  

The LEBT transports the ion beam to the RFQ. Within the LEBT the separation of particles 
concerning mass, energy and charge, the matching of the optical beam parameter to the RFQ, 
and space for beam diagnostic is provided. Three solenoid magnets, 1 dipole magnet, 4 sets of 
steerer magnets, 2 diagnostic chambers, and a beam blocker are integrated in the LEBT. 
The normal conducting RFQ accelerates the beam from 20 keV/u to 1.5 MeV/u for injection 
into the superconducting resonators. Whereas in the past mainly pulsed RFQs with an output 
energy range of 1.5 MeV had been designed, built and operated this RFQ must be capable of 
cw operation due to the cw operation of the linac. Cw operation results in a significant energy 
deposition in the walls of the RFQ. Detailed thermal and mechanical simulations showed that 
the dissipated RF power can be handled by appropriate water cooling of 1150 l/min in total. 
Following the beam dynamics simulations, the RFQ achieves a transmission of 96 to 98% for 
beam currents between 0 and 5 mA. 
The purposes of the MEBT are the transport of the ion beam from the RFQ to the PSM, the 
matching of the optical beam parameter to the PSM and providing space for beam diagnostic. 
The MEBT consists out of 3 quadrupole magnets with integrated steerers and 2 diagnostic 
chambers. 
 
The Prototype Superconducting Module (PSM) 
In total 46 superconducting 176 MHz half wave resonators will be used to accelerate the 
protons/deuterons to a final energy of 40 MeV. For light particles like protons and deuterons, 
half wave resonators provide minimal beam distortion by deflecting RF field components 
compared to quarter wave resonators which are used for acceleration of mainly heavy ions. 
The transversal focusing of the beam is done by superconducting solenoids. 

EIS    LEBT       RFQ     MEBT PSM  D-Plate 



The design goal for the cavities is a peak electric surface field of 25 MV/m and a quality 
factor of 5 x 108. Those values are comparable to recent design goals for similar cavities 
proposed for example for RIA. The corresponding peak magnetic surface fields are 60 mT. 
Although those values are demanding, they have been achieved in similar prototype cavities 
in different laboratories. The cavity surface preparation will follow state of the art cleaning 
techniques for superconducting cavities like buffered chemical polishing, high pressure water 
rinsing and clean room assembly. 
The first accelerating module (called PSM = Prototype Superconducting Module) houses 6 
half wave resonators optimised for particles with velocity β=0.09. The aim is to demonstrate 
functionality of the new developed cavities, tuners, couplers and focussing solenoids as well 
as to gain experience with the cryogenic performance. After the successful test and operation 
of the first accelerating module, 5 more accelerating modules each containing eight half wave 
resonators optimised for particle velocity β=0.15 will be installed. 
The cavities are operated at a temperature of 4.5 K in cw mode. At the design fields and 
quality factor (5 x 108) the dissipated RF power into the helium bath is 10 W for each β = 0,09 
cavity and 13 W for each β = 0,15 cavity respectively. 
 

Parameter Unit Value Value 
Cavity type   β=0.09 β=0.15 
Frequency MHz 176 176 
Cavity height h m 0.85 0.87 
Outer diameter m 0.180 0.180 
R/Q Ω 164 192.2 
Epeak/Eacc  2.9 3.8 
Bpeak/Eacc mT/MV/m 6.2 10 
Q0 (4.5 K, zero field)  ≈1.1*109 ≈1.1*109 
PBCS (Epeak=25 MV/m) W ≈4.3 ≈6.5 
Design goal Epeak, Q0 MV/m 25, 3 * 108 25, 3 * 108 
Pdiss @ design goal W 10 13 

Table 2: HWR 176 MHz: Geometrical dimensions and calculated RF Parameters 

Beam dynamic simulations: 
One of the main goals for the beam dynamic simulation was to show that expected beam 
losses stay below the maximum target value of 1 nA/m in all cases. Detailed simulations for 
proton and deuteron beam currents were performed, using well known codes as TRACE 3D, 
PARMELA and TRACK. The results showed that the linac will achieve the goal parameters 
listed in Table 1.  
Systematic and statistic error studies were performed to investigate the error sensitivity of the 
linac. For the assumed errors, realistic values for the mechanical tolerances, misalignments, 
and the limited stability of control systems were taken into account. Error values for all 
parameters were randomly generated and introduced for each of the several hundred 
simulation runs. The results show, that even with larger error values than assumed the 
expected beam losses stay well below the maximum target value of 1 nA/m. 
 
Project status: 
The detailed design of the EIS, RFQ and the PSM is nearly finished. It is planned to install 
these components during 2005, producing beam near the end of 2005. After the intense test 
phase, the manufacturing of the all remaining 5 accelerating modules will be done during 
Phase 2 to complete the accelerator by the year 2009. 
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Introduction: 
      Soreq is designing a high intensity linear accelerator facility [1] capable of accelerating 
protons or deuterons up to energies of 40 MeV at intensities of up to 4 mA (present planed 
RF power supplies will allow beam intensity of up to 2 mA).  The actual design of this 
accelerator and construction of its components is the responsibility of ACCEL GmbH[2]. A 
group has been formed at Soreq to perform beam dynamics studies of the SARAF accelerator 
according to the design presented by ACCEL. Beam dynamics simulation at Soreq is 
important to help us in the understanding of the SARAF accelerator and for validating the 
ACCEL design. We present results of beam dynamics simulations of the SARAF LINAC 
according to the latest ACCEL design. We have succeeded in obtaining a good “tune” with 
less than 25 % emittance growth in the longitudinal and transverse planes. 
 
 

Accelerator Design: 
       The SARAF accelerator consists of an ECR ion source (~20 keV/nucleon), a low energy 
beam transport (LEBT), an RFQ for bunching and pre-accelerating of the beam to 1.5 
MeV/nucleon, a medium energy beam transport (MEBT), and the SARAF LINAC. The 
LINAC, or linear accelerator, is based on new technology involving independently phased 
superconducting RF resonators for acceleration and longitudinal focusing and 
superconducting solenoids for transverse focusing. It was concluded that for protons, half-
wave resonator cavities, henceforth HWR, are the most promising accelerating components. 
Since the HWRs have two gaps with accelerating fields at opposite directions, the gap 
distances must be optimized for the appropriate particle velocities so the RF phase will be 
reversed when the bunch reaches the second gap. The ACCEL design consists of two types of 
HWRs, one optimized for β=0.09 and a second for β=0.15. A cell consists of a solenoid 
magnet followed by two HWRs. The LINAC consists of six self-contained superconducting 
modules. The first module, referred to as the PSM, consists of three solenoids, each followed 
by two β=0.09 HWRs. The remaining five modules consist of 4 solenoids, each followed by 
two β=0.15 HWRs. Figure 1 shows a schematic of the SARAF LINAC. 
 
 
 
 
 
 
 

Figure 1.  Schematic of the SARAF LINAC. The arrow represents direction 
of 1.5 MeV/nucleon proton or deuteron bunched beam exiting the MEBT. 

 
 



 

Beam Dynamics Simulations: 
      The beam dynamics studies we present here were performed with the General Particle 
Tracer (GPT) software package[3]. GPT is capable of tracking a large number of particles 
through complex time varying electromagnetic fields taking all 3D effects and space charge 
into account. The equations of motion for particles traversing time varying electromagnetic 
fields are solved relativistically according to the Lorentz eqation of motion using a 5th order 
Runga-Kutta integrator. The initial particle distributions are created randomly using a 
random-number generator according to various distributions available or according to a user-
defined distribution. The software package has provisions allowing for user defined elements 
or routines utilizing an object oriented platform using the C programming language. 
       For the time varying RF fields of the HWRs, we use the 3D field maps obtained by 
ACCEL using the Micro-Wave Studio solution, given the exact geometries for the β=0.09 
and the β=0.15 HWR cavities. A standard parameterization was used for the solenoid 
magnetic fields. The geometrical placement of all components was as obtained from ACCEL. 
For the space charge algorithm, we use the 2D prescription of Scheff [4,5] for cylindrically 
symmetric beams, where the contribution to space charge for each particle is represented by a 
thin charged ring of radius given by the displacement of the particle from the z-axis (beam 
direction). This approximation is necessary for simulations involving less than ~105 particles, 
for otherwise random placement of particles would introduce unacceptable fluctuations in the 
space charge contributions. 
         The initial particle distribution was assumed to consist of a 6D ellipsoid with a 
Waterbag distribution. The longitudinal emittance was 74 π-keV-deg. with Twiss parameters 
αz=0 and βz=0.771 deg/keV. The rms normalized transverse emittance was 0.2 π-mm-mrad, 
with αx=-1.38 and βx=0.46 mm/mrad and αy=0.96 and βy=0.61 mm/mrad. Note that the 
actual rms longitudinal emittance calculated by the RFQ manufacturer for 4 mA beam is 36 
π-keV-deg, or half of the input value to our simulation. This safety factor of 2 was used also 
by ACCEL in their simulation.  
         An optimal tune was obtained by adjusting the RF phase of the HWRs sequentially with 
the requirement of minimum longitudinal emittance growth, while keeping track of the 
relative contribution of each accelerating gap, and also keeping track of the continuity Twiss 
βz parameter. The accelerating fields for the first three HWRs were adjusted, the rest were 
given the maximum field strengths. Following the longitudinal tune, the solenoid field 
strengths were adjusted, sequentially, for minimum transverse emittance growth and beam 
size. 
 
 
Results: 
      We present the optimum results for our simulation for protons. The simulation consisted 
of 5,000 macro-particles at 4 mA with initial distributions and LINAC properties as described 
above. Figure 2 shows the beam energy gain as a function of position along the LINAC. The 
kinks in the energy gain profile represent locations of the RF gaps of the HWRs. The 
maximum energy obtained for the 46 HWR cavities is 42.3 MeV. 
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Figure 2. Energy gain of proton bunch along MEBT + LINAC 

 
    Figures 3 and 4 show plots of the development of the longitudinal and transverse 
emittances, respectively. Note that the emittance growth is less than 25 % in both cases. 
Figure 5 shows the trajectories in transverse displacement R (where 22 yxR += ) for the 
5,000 macro-particles. Note that the envelope representing the maximum transverse 
displacement is well within the beam bore radius of 15 mm. The root mean square of the 
transverse displacement, or Rr.m.s.

 is about 40 % of the maximum beam envelope for 5,000 
protons as shown in figure 5. 
 

 
Conclusions: 
     We have performed beam dynamics calculations for the SARAF accelerator, which shows 
that for a 6D Waterbag distribution, a good tune can be obtained with longitudinal and 
transverse emittance growth along the LINAC of less than 25% and a transverse beam 
envelope well within the LINAC beam pipe. 
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Figure 3.  Longitudinal rms emittance development along MEBT + LINAC. 
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Figure 4.  Transverse rms emittance development along MEBT + LINAC (the spikes are due 

to the finite integration bins and mixing of the x and y axes by the solenoid magnets). 
 

 
Figure 5.  Trajectories of transverse displacement 22 yxR += along MEBT + LINAC. 
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Introduction: 
      The SARAF accelerator planned for Soreq is designed for capabilities of high intensity 
protons and deuterons beams at energies of up to 40 MeV and intensities of up to 4 mA 
(present planed RF power supplies will allow beam intensity of up to 2 mA).  Such high 
projected beam intensities demand an accelerator design with minimal beam loss. Soreq’s 
requirement of a “hand on” maintenance places an upper limit for total beam loss of not more 
than 1 nA/m [1]. Note that a beam loss of 1 nA is equivalent to 2.5×10-7 of the total beam. 
     ACCEL GmbH[2], the company involved in the actual design of the accelerator and 
construction of its components, has performed extensive beam dynamics simulations to 
address the issue of beam loss. ACCEL has used the PARMELA simulations code to simulate 
the SARAF LINAC, including realistic 3D RF electromagnetic fields for the accelerating 
cavities and effects of space charge at high beam currents. ACCEL has assumed a 6D 
Waterbag ellipsoid for the initial particle distribution at the exit of the RFQ with the rms 
parameters as specified by the RFQ manufacturer. ACCEL has performed simulations that 
include the projected random errors for location of accelerator components and expected 
errors for RF phases and accelerating fields. Simulation of beam loss at a level of 2.5×10-7 
was not yet performed by ACCEL. Instead, a beam loss projection is made by applying a 
Gaussian fit to the transverse particle distributions at the various longitudinal locations of the 
accelerator and extrapolating to the beam bore radius, ACCEL has arrived at a projected beam 
loss of few pA at most, significantly below the maximum loss allowed according to Soreq’s 
specifications. A more reliable simulation would be one that uses the actual particle 
distribution at the exit of the RFQ. This improved simulation will be performed when better 
knowledge on the distribution of particles from the RFQ will become available. 
     The beam dynamics group at Soreq has embarked on a program to perform simulations to 
validate the above strategy for estimating the expected beam loss for the SARAF LINAC. An 
effort was also made to investigate the basis assumptions inherent in the extrapolation 
procedure. We present projection for beam loss for a simulation representing an optimum tune 
with a 6D Waterbag ellipsoid for the initial particle distributions, with rms values and Twiss 
parameters as specified by the RFQ manufacturer. The Soreq beam dynamics calculations 
presented here were performed using the General Particle Tracer (GPT) simulation code, 
described elsewhere in these proceedings[3]. 
 
 
 Extrapolation for 1 nA  Beam Envelope: 
     Beam dynamics calculations that contain real 3D fields for the RF cavities and also include 
space charge effects for intense beams are very time consuming.  To determine 1 nA beam 
loss for a 4 mA beam would require a simulation containing at least 4×106 macro-particles, 
and significantly more if sufficient statistics or error analysis is desired. This is not feasible 
with our available computing technology. Instead, extrapolations relying on simulations with 



a more modest number of macro-particles will provide a reasonable estimate on the expected 
beam loss. 
     The procedure used by ACCEL for estimating the beam loss is based on such an 
extrapolation. A simulation is performed with 5000 macro-particles, including realistic 3D RF 
fields and space charge, with the optimum setting for the accelerating fields and RF phases of 
the HWR cavities and the magnetic fields for the solenoids as determined by previous 
optimization runs. At various locations along the acceleration length, histograms are made of 
the transverse deflection of the simulated particles. A separate histogram is made for the x-
deflection and for the y-deflection. Each histogram is fit with a Gaussian function. A circle of 
revolution is calculated from the x profile and the y profile to determine the distribution in 

22 yxr += . Using this derived function, an extrapolation is made to the distance of the 
beam bore radius to determine the fraction of events that will hit the beam pipe. Alternately, 
an extrapolation for a 1 nA beam profile can be made. 
      Our approach is to assume that the transverse beam has cylindrical symmetry, i.e. the 
transverse spread in the x or y coordinates are equal. This approximation is justified since the 
function of the MEBT is to bring a beam symmetric in x and y to the LINAC. Also, the 
solenoid magnets rotate the beam transversely and help maintain a beam symmetric in x and y 
(we assume that a particle bunch is always centered on the beam axis since steerers are 
foreseen in the system). If we parameterize the transverse spread at any given location as a 
Gaussian function in x and y, the distribution looks as follows: 

dyydxxdxdyyxf
yyxx

)
2

exp(
2
1)

2
exp(

2
1),( 2

2

2

2

σσπσσπ
−












−








=     (1) 

If we assume that σx=σy=σ, we arrive at the following function: 
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where 22 yxr += . Integration over the θ for a cylindrically symmetric beam yields: 
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We refer to the function )(rℑ  as a radial-Gaussian function. This is the function to fit to the 
transverse distributions of the simulated particles. The rms value for the radial-Gaussian 
function is: 
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or rmsr =√2σ. To determine the transverse distance R corresponding to 1nA beam loss, the 
following integration is performed: 
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The 1 nA beam profile is determined by equation 5, where σ represents the fit of the 
histogram for the transverse displacement with the function in eq. 3. 
 
 
Beam Dynamics Simulation for 6D Waterbag Ellipsoid: 
       We performed beam dynamics simulations for protons by generating 5000 macro-particle 
and guiding them through the SARAF MEBT+LINAC. The simulation contained the real 3D 



field maps for the HWRs as calculated by ACCEL, and included the Scheff prescription for 
simulating space charge for a 4 mA beam. The initial particle distribution was assumed to 
consist of a 6D ellipsoid with a Waterbag distribution. The longitudinal rms emittance was 
taken as 74 π-keV-deg. with Twiss parameters αz=0 and βz=0.771 deg/keV. The transverse 
rms emittance was taken as 0.2 π-mm-mrad, with αx=-1.38 and βx=0.46 mm/mrad and 
αy=0.96 and βy=0.61 mm/mrad. Note that the actual rms longitudinal emittance estimated by 
the RFQ manufacturer for a 4 mA beam is 36 π-keV-deg, or half of the input value to our 
simulation. This safety factor of 2 was used also by ACCEL in their simulation. 
      Figure 1. shows a histogram of the transverse distribution of the 5000 macro-particles at 
the location of the third solenoid, which corresponds to the largest transverse size for the 
beam profile. Also superimposed on the histogram is the best fit to the radial-Gaussian 
function )(rℑ . Note that the tail of the actual histogram lies below the extrapolation of the 
radial-Gaussian fit, an indication that the ACCEL extrapolation procedure is conservative in 
its assumptions. At all locations along the accelerator length, the tails of the actual simulated 
particle distributions fell sharper than that of the radial-Gaussian distribution used to fit the 
histograms. 

 
Figure 1.  Simulation of SARAF LINAC for 5000 protons. Histogram of 
transverse distribution at 3rd solenoid.  Best fit of radial-Gaussian to simulated 
data points. (Initial beam distributed  6D Waterbag ellipsoid.) 

 
     GPT provides calculation of various average quantities at each integration point, including 
user-defined quantities. We added to the GPT list the average rms for the transverse r 
distribution (where 22 yxr += ) given by: 
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As implied by equation (4), rrms should be equal to the product of √2σ, where σ is obtained by 
best fit of radial-Gaussian to the r distribution. Figure 2 shows the profile for rrms as 
calculated by GPT and the product √2σ, as determined by a fit of the radial-Gaussian to the 
transverse distribution. Note that the two methods for determining rrms yields very similar 
results.      
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     The method for determining the 1 nA transverse beam profile is straightforward. We 
simply take the profile for rrms and multiply the value by a factor of 5.5/√2, as shown in 
equation (5). The result is the 1 nA profile as shown in figure 3. The extrapolation for the 
transverse beam profile of a 1 nA beam envelope as shown in figure 3 is well within the beam 
bore radius of 15 mm. 

Conclusions: 
     We have performed beam dynamics calculations for the proposed SARAF accelerator with 
an emphasis on estimating the level of beam loss. Our results are in agreement with the results 
of similar simulations made by ACCEL. 
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Figure 2. Transverse proton rrms envelope of the simulated beam along the 
MEBT+LINAC. Curve represents rrms as calculated at each integration point. 
Data point represent rrms as determined by radial-Gaussian fit
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Introduction: 
       Beam dynamics calculations for the SARAF accelerator are presently being performed at 
Soreq as reported by S. Halfon[1] and G. Feinberg[2] in these proceedings. This effort at 
Soreq allows us to better understand the design and possible limitations of the planned 
SARAF accelerator facility. We present results of the beam dynamics simulations performed 
at Soreq with the General Particle Tracer (GPT) simulation program[3]. This computer code 
enables precise calculations of particle tracking, taking into account realistic 3D fields of 
accelerating and focusing elements and also effects of space charge. GPT contains provisions 
for generating random particles, and includes a variety of possible distributions. 
        It is becoming popular for simulating particles in RF accelerators to generate the particle 
distribution according to a 6D ellipsoid, with either a Waterbag or Gaussian distribution. The 
6D ellipsoid establishes the particle correlations in x-x’, y-y’, and z-z’, or ϕ-∆E spaces. The 
Waterbag option establishes a uniform distribution within the 6D ellipsoid, while the 
Gaussian option establishes a density profile with a Gaussian falloff. ACCEL GmbH[4], in 
addition to designing the SARAF LINAC, has performed extensive beam dynamics 
simulations assuming a 6D ellipsoid with a Waterbag distribution. 
        GPT version 2.52 has no provisions for a 6D ellipsoid, but it does contain option for 
linking a user routine to the GPT code. We embarked on developing algorithms for creating a 
6D ellipsoid, with a Waterbag or Gaussian distribution, and incorporating a reliable code into 
the GPT particle generator. This code was tested and checked for consistency and reliability.  
 
Algorithm for Generating 6D Ellipsoid: 
        Particle beams are usually described as distributions in the x-x’, y-y’, and z-z’ (or ϕ-∆E) 
spaces, where x and y are the transverse axes and z is the longitudinal axis, and the primes are 
the rate of change, or the “conjugate” variable. It is convenient to describe the envelope 
containing the ensemble of particles as an ellipse. It is customary to characterize the ellipse 
making use of the Courante-Snyder, or Twiss, parameters. For example, an ellipse in the x-x’ 
plane is defined by the equation: 
 
 
where α characterizes the slope, and β and γ characterize the extent of x and x’, respectively. 
(note that γβ-α2=1). 

The emittance ε is the product of the major and minor half-axes of the ellipse, and is 
proportional to the area A=π•ε. The emittance can be defined as the ellipse boundary 
incorporation a certain fraction of the particles in the beam, for example ε90% contains 90% of 
the beam, ε95% contains 95%, and so one. Figure 1 shows a beam ellipse in x-x’ space. 
          We now describe a  straightforward algorithm for generating events within a 6D ellipse. 
A 6D ellipse is similar to the 2D ellipse described above for the x-x’ plane, but generalized to 
include also the y-y’ and the z-z’ plane. First, we generate random number for x, x’, y, y’, z 
and z’ uniformly distributed within the given boundaries. Randomly select the following: 
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xxxx xxxx εβαγ =++ 2''2 2

(2) 

(1) 
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and then check  if the event is inside the ellipse, i.e. if the inequality in equation 3 is satisfied. 

 
If not, throw the event away. This procedure populates a 6D ellipsoid with a uniform 
distribution of particle within the ellipsoid (except for statistical fluctuations) - it generates a 
Waterbag distribution.  

            A 6D ellipsoid with a Gaussian distribution populated the pareticles with a density that 
falls off according to a Gaussian distribution. The width of the Gaussian distribution depends 
on the direction from the center of the ellipsoid, i.e. the axis chosen in the six dimensional 
space. To generate a 6D ellipsoid with a Gaussian distribution, we have to decide up to what 
number of standard deviations the particles will be chosen, i.e. Nσ or the multiple of the 
variable σ. We base our algorithm on the acceptance-rejection method of von Neumann[6]. 
First, we generate an event according to the prescription described above for the 6D 
Waterbag. This determines the orientation of the event, i.e. the five angles of the event within 
the 6D ellipse. The left side of equation 3, which we define as ℑ , represents the fraction with 
respect to the total ellipsoid of the ellipsoid encompassing the chosen point. The 
value ℑ represents the fraction of maximum extent within the ellipse at the selected 
orientation.  We then generate a random number 0<U<1. We check the following inequality,  
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If this inequality is satisfied, then we accept the event, if not, we start over.  
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Figure 1. Characterization of 
beam ellipse in x-x’ space. 
Contours represent ellipses 
containing 95%, 99%, and 
100% of the particles in the 
beam (fig. taken from [5]). 
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        Figure 2 shows that initial particle coordinates in the x-x’ plane, for 5000 particles 
randomly distributed according to the rms values of  εx, αx, and  βx as specified by ACCEL. 

Figure 2(left) shows that population in the x-x’ plane for a 6D Waterbag distribution. 
Although the density inside a 6D ellipsoid is constant for a Waterbag distribution, the 
projection onto a plane, in this case the x-x’ plane, shows a falloff in density due to the 
projection of the 6D object. Figure 2(right) shows the distribution for a 6D Gaussian. Notice 
that the density at the center of the ellipse is greater than for a Waterbag and that in addition 
to a falloff because of the projection of the 6D ellipsoid onto a plane, there is also the 
Gaussian tail that extends past the maximum defined by a Waterbag. 

Fig 2. Initial particle distribution in x-x’ plane with 6D ellipsoid as specified by ACCEL (same rms 
emittances and Twiss parameters).    (left)   Waterbag.   (right) Gaussian.  

 
Tune of the LINAC with 6D Waterbag and Gaussian: 
     We have discussed elsewhere in these proceedings beam dynamics simulations of the 
SARAF MEBT+LINAC with the GPT code[1,2]. We have shown that a good tune can be 
obtained with small longitudinal and transverse emittance growth, and with the rms transverse 
size well within the LINAC bore aperture. We have also shown that an extrapolation based on 
a radial Gaussian fit for the transverse particle distributions shows that the 1 nA beam 
envelope is still within the bore radius.  
     The simulations were performed with the initial beam relying on rms parameters as 
obtained from the RFQ manufacturer, and with a particle distribution given by a 6D 
Waterbag. The longitudinal rms emittance quoted by the RFQ manufacturer for a 4 mA beam 
was actually a factor of two smaller than the emittance used in our calculations, but we adopt 
a safety factor of two as set by ACCEL for the beam dynamics simulations. 
      The most reliable beam dynamics simulations are those that use as input the actual 
distributions from the RFQ injector. At present, only rms values for the beam parameters 
following the RFQ are available.  Precluding exact knowledge of the initial distributions, 
distributions generated from 6D Waterbag are believed to be representative of beams at high 
beam currents. Space charge generates correlations in x-x’, y-y’, and z-z’ space. The 
combined strong longitudinal and transverse focusing of the RFQ provides a natural filter for 
weeding out particles that are not within the accelerated bunch. Nevertheless, it is useful to 
perform simulations with initial distributions possessing extended tails. A 6D Gaussian is the 
simplest distribution resembling the 6D Waterbag but containing extended tails. 
     We have performed beam dynamics calculations for initial particle distributions generated 
with a 6D Gaussian. We compare these calculations with those performed with a 6D 
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Waterbag. For the simulation with a 6D Gaussian, it was required to perform a new 
optimization for the tune, since space charge forces depend on the particle distribution and 
influence the optimum phases of the accelerating cavities and solenoid fields. We succeeded 
in obtaining a tune with less than 50% rms emittance growth. The values obtained for rrms for 
the initial 6D Gaussian beam where very similar to the tune based on the 6D Waterbag. 
However, we see that the development of the bunch for 6D Gaussian results in particles that 
deviate from the radial Gaussian fit.  
     Figures 3(left) and 3(right) show the histograms for the transverse distribution and radial 
Gaussian fit for the beam particles at the location of the third and sixth solenoids, 
respectively, for a 6D Waterbag simulation. Figure 4 shows identical plots, but for a 6D 
Gaussian simulation. While the radial-Gaussian fit yields for both distributions rrms~2.4 mm at 
the location of solenoid #3, and rrms~1.8 mm at the location of solenoid #6, the distributions 
for the 6D Gaussian simulation show events that deviate significantly from the radial-
Gaussian extrapolation. One may question if extended tails exist in actual distributions of 
particles exiting an RFQ, and whether further optimization for the tune can better focus the 
transverse distribution of the beam. These points deserve further study. 

Figure 3:  Simulation with 6D Waterbag: Transverse distribution and radial-Gaussian fit: 
(left)  at solenoid #3.   (right) at solenoid #6. 

 

Figure 4:  Simulation with 6D Gaussian. Transverse distribution and radial-Gaussian fit: 
(left) at solenoid #3.    (right) at solenoid #6. 

Conclusions: 
       We have discussed the algorithms used for generating random particles distributed 
according to a 6D Waterbag and a 6D Gaussian. We have shown that for distributions with 
the same rms quantities, the 6D Gaussian distribution exhibits a more extended tail. Beam 
dynamics simulations with a 6D Gaussian contain events that deviate from the overall 
systematic of the main bunch. This is an important point which will received further study. 
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1. Introduction 
Neutron radiography is a powerful non-destructive imaging technique for the internal 
evaluation of materials or components. It involves attenuation of a neutron beam by an object 
to be radiographed, and the registration of the attenuation process as an image, on a film or a 
real time camera. Neutron radiography is an imaging technique which provides images 
similar to X-ray radiography. The difference between neutron and X-ray interaction 
mechanisms produce significantly different and often complimentary information. While X-
ray attenuation is directly dependent on the atomic number, some light elements, such as 
hydrogen and boron have high thermal neutron attenuation coefficients, whereas some 
heavier elements, such as lead, have relatively smaller attenuation coefficients.  
 
Thermal neutron sources are obtained by moderating fast neutron sources. Fast neutron 
sources utilized for thermal neutron radiography (TNR) include nuclear reactors [1-8], proton 
and deuteron accelerators [7-11] and radioactive sources such as 252Cf [7-8]. Small research 
reactors of power in the range of 100 to 1000kW are typical of many reactor TNR facilities. 
Power of 250kW-50MW produces a neutron thermal flux of 1012-5x1014 n/cm2⋅sec. The types 
of accelerators available for fast neutrons are: cyclotrons, Van de Graaffs, sealed tube 
generators and R.F. Quadrapole Linacs. Paul Scherrer Institute (PSI) is operating the world’s 
strongest continuously running spallation neutron source (SINQ). It is driven by a 590 MeV 
proton beam generated by an isochronous cyclotron. A proton beam of 1mA produces a high 
energy spallation neutron yield of 3-6x1016 n/sec.  The TNR facility at PSI (NEUTRA)[10] 
achieved at the image plane a thermal neutron flux between 3.5x106-2.5x107 n/cm2⋅sec. 252Cf, 
as an isotopic TNR neutron source, produces 2.40x109 n/sec per milligram 252Cf [7-8]. A 
thermal neutron source strength of about 3.4x108 n/cm2⋅sec was achieved using 50mg of 252Cf 
[7-8]. 
 
In this paper we describe calculations of a thermal neutron source and a TNR facility using 
the SARAF [12] superconducting linear accelerator. Fast neutrons are produced by the d+Be 
reaction. The energy of the deuterons is 40MeV and the beam current is 2mA. The yield of 
fast neutrons is 8⋅1014 n/sec and the flux of thermal neutrons at the center of a specially 
designed moderator is 1.7x1012 n/cm2⋅sec. The optimal moderator and the optimal collimator 
system for the TNR were obtained by Monte Carlo calculations using the MCNP-4b code 
[13]. 
 
2. Soreq TNR  neutron using a 5MW light water reactor 
The current thermal neutron radiography at Soreq NRC is based on a 5MW light water 
reactor. The thermal neutron source flux at the reactor core is 5x1013 n/cm2⋅sec and the flux 
of thermal neutrons entering the converging collimator is about 5x1012 n/cm2⋅sec. The camera 
includes a homogenous thermal neutron source, a convergent collimator, a beam defining 
collimator, a divergent collimator, an image plane and a thermal neutron beam catcher. The 
camera has the following characteristics: 



 2 

(a) Neutron flux at the image plane is 6x105 n/cm2⋅sec. 
(b) The ratio (L/d) between the distance (L) [defining collimator- image plane] 

and the aperture diameter(d) is 250. 
(c) Cadmium ratio which is used to characterize the thermal beam purity is about 

15. 
 
3. Neutron radiography camera using SARAF 
The thermal neutron radiography camera utilizing both SARAF as the fast neutron source and 
specially designed moderator and collimator, is planned to improve the current camera 
characteristics. Simulation calculations were performed using MCNP 4b [13], and the 
optimal configuration of the moderator and the collimator were determined. Figure 1 displays 
the geometry of the camera including the moderator and the collimator. 

 
Figure 1: Camera configuration (not to scale) 

 
The thermal neutron camera is based on moderation of fast neutrons. The production of a 
high intensity fast neutrons is achieved by the 9Be(d,xn) reaction [14-15]. The beryllium 
target is a water cooled rotating disc. The 6mm thick beryllium target enables the absorption 
of the incident 40MeV deuterons.  Neutron moderation is achieved by a D2O sphere 
surrounds the beryllium target at the region of interaction. The beryllium moderator-reflector 
is of thickness 20cm and the graphite moderator of thickness 10cm surrounds the beryllium. 
Thermal neutrons emitted at an angle 135o with respect to the incident beam direction, are 
passed through a converging collimator and a boral precollimator into a 2cm diameter boral 
defining aperture. The neutron beam is then diverged from the defining aperture towards the 
image plane of diameter 60 cm. The ratio (L/d) = 250, determines a distance L=500cm.  

 
In order to achieve a maximum and uniform thermal neutron flux, with minimum 
contribution of fast and epithermal neutrons and minimum contamination by gamma rays, a 
7.6cm thick bismuth single crystal filter, cooled to liquid nitrogen temperature, was 
positioned before the boral defining collimator. In order to reduce fast and epithermal 
neutrons emerging out of the moderating sphere and reduce the contribution of thermal 
neutrons not originating from the D2O sphere, iron, borated polyethylene and cadmium 
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surround the thermal neutron beam line. Lead was added to absorb gamma rays, created by 
inelastic scattering and thermal neutron capture 
 
Monte-Carlo calculations for the optimum configuration show that the thermal neutron flux 
on the image plane is 6.8 x105 n/cm2⋅sec. The Cadmium ratio calculated in the image plane is 
about 11.2. Gamma flux is comparable to 180 mR/h. 
 
4. Summary 
A design configuration of the moderator and the neutron collimator system that provides 
maximum thermal neutron intensity as well as high thermal to epithermal and fast neutron 
ratio at the image plane was determined by detailed Monte Carlo calculations. This collimator 
design yields similar characteristics to the current thermal neutron camera. The engineering 
design of the neutron moderator and the collimator system, based on the results of this study, 
is in progress. 
  
5. References 

1. F.C. de Beer, W.J.Strydom, “neutron radiography: facilities and applications at the 
SAFARI-1 research reactor in south Africa”, proceeding of sixth World Conference on 
NR, Osaka, Japan, May 1999, 101 

2. Y. G. Jo, N. M. Abdurrahman, B. W. Wehring, "Design of a Neutron Radiography 
Collimator System in a Through Beam Port at TRIGA Reactor," Trans. Am. Nucl. Soc., 
75, 113 (1996) 

3. J. Altamirano et. al, “Development of a neutron radiography system at the TRIGA 
MARK III reactor of the nuclear center of Mexico”, proceeding of first World 
Conference on NR, San Diego, December 1981, 119-126 

4. R.A. Lillie et. al, “design calculations for a 14MeV neutron collimator”, Nuclear 
Technology, vol. 43, May 1979, 373-381  

5. J.S. Brenizer et. al, “Recent improvements to the Pennsylvania State University’s 
neutron radiography facility”, proceeding of sixth World Conference on NR, Osaka, 
Japan, May 1999.  

6. T. Matsumoto, “Towards design of neutron beams for neutron radiography at the 
proposed MUSASHI reactor”, proceeding of sixth World Conference on NR, Osaka, 
Japan, May 1999, 159-165.  

7. M.R. Hawkesworth and J. Walker, “Basic principles of thermal neutron radiography”, 
proceeding of first World Conference on NR, San Diego, December 1981, 5-21. 

8. W. Whittemore “Neutron source and facilities –present status and future”, proceeding 
of sixth World Conference on NR, Osaka, Japan, May 1999, 3-9. 

9. E. Lehmann, et. al., “Application of new radiation detection techniques at the Paul 
Scherrer Institute, especially at spallation neutron source”, Nucl. Instr. and Meth. 424 
(1999) 158-164. 

10. E. Lehmann, et. al, “Properties of the radiography facility NEUTRA and SINQ and its 
potential for use as European reference facility”, proceeding of sixth World Conference 
on NR, Osaka, Japan, May 1999, 151.  

11. T.D.Hayward, et. al, “Alight tandem accelerator for neutron radiography”, Nucl. Instr. 
and Meth. B10/11 (1985) 1077-1081.  

12. A. Nagler ea. al, “SARAF Annual Report 2002”, Soreq NRC report 3344, March 2003. 
13. MCNP version 4b, Monte Carlo N-Particle Transport Code System, Los Alamos 

National Laboratory, Los Alamos, New Mexico,1997. 
14. J.P. Meulders et al. ,”Neutron Yields from Targets Bombarded with Deuterons”, Phys. 

Med. Biol.(1975), vol 20, no. 2, page 235-243. 
15. M.J. Saltmarsh, “Characteristics of an intense neutron source based on the d+Be 

reaction”, Nucl. Instr. and Meth. 145 (1977) 81-90. 
 



Dosimetry Studies of a Special Applicator for Post Hysterectomy 
Brachytherapy 

 

 
Nathan Schwob1, Gad Shani Ph.D.2 and Itzhak Orion Ph.D.2 

 
nschwob@hadassah.org.il  gshani@bgumail.bgu.ac.il    iorion@bgumail.bgu.ac.il 
1. Hadassah University Hospital, Sharet Ins. POB  1200 Jerusalem 91120 ISRAEL 

2.  Ben-Gurion University of the Negev, POB 653 Beer-Sheva 84105 ISRAEL 
 

 
Background: The treatment of uterine cancer can include surgery, external beam radiotherapy 
and brachytherapy. The brachytherapy of the vagina stump is usually performed by inserting a 
radioactive source into a one channel cylindrical applicator. The resulting isodoses map from 
such treatment contains elliptical lines, while the target region is quite flat. A new eight-channel 
applicator has been developed at Hadassah University Hospital in order to obtain a flatter 
isodoses map (Figure 1). An 192Ir source is loaded from the Nucletron microSelectron PDR 
afterloading system, step by step, at pre-selected dwell points in every channel, with pre-
calculated irradiation dwell time. The particular irradiation program for every patient, the dose 
distribution and the isodoses were calculated using a treatment planning system (TPS) and the 
plan had been optimized [1]. In routine work, this is the only practical way to find the dose 
distribution obtained during the treatment. 
 

 
Figure 1: The applicator dose film measurement setup. 

 
Two aims were set for this work: the first was to carry out practical dosimetric measurements 
around the new applicator for a comparison with the TPS results. The second was to create a 
detailed geometrical model for a complete description of the experimental components. This 
geometrical model was developed for simulations using EGS4 Monte Carlo program [2], and to 
function as a computer laboratory to simulate further experiments, as needed. 



Methods: The dose measurements were made in a special homemade Perspex phantom, using 
Kodak X-Omat-V films, at different depths. The Monte Carlo simulations were run using the 
EGS4 program. A user-code has been written for the phantom, the applicator and the source 
description to compute the isodoses maps at certain depths in a matrix format. The simulations 
were programmed also to resolve the depth dose absorption and the transmitted photon spectra. 
The EGS4 program included subroutines for low-energy photons transport (LSCAT) [3], and 
electron step optimization (PRESTA) [4] with separated simulations for electrons and photons 
source emission. 
 

 

 
Figure 2: Sensitometric Curves plotted in the form of a particular function of the net optical 

density vs. dose.  

 
Results: The film sensitivity energy dependence was found. A calibration method based on a 
physical analytical model has been developed. Sensitometric Curves were measured at different 
depths and plotted as a particular function of N.O.D. (normalized optical density) versus dose, to 
get a family of straight lines passing throw the origin [5]. An analytical function was obtained 
from the values of the slopes versus depth, to correct the film reading, and has been used to 
measure the depth dose absorption and the isodoses maps as shown in Figure 2. The EGS4 
simulations results have shown that the electrons emission was nearly completely absorbed inside 
the source or its container, and therefore the source was considered as a photon emitter only. The 
calculated photon spectra at different depths have shown the radiation energy softening, which 
explains the film sensitivity energy dependence. The calculations of the TPS was found to be 

Sensitometric Curves measured at different depths.
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close to the EGS4 simulations results although the TPS is using a homogeneous water medium 
approximation: no differences were observed due to the Lucite applicator or due to air gaps inside 
the channels. On the other hand, the TPS, due to isotropic approximations, overestimated the 
dose up to 20% of its real value, as shown in Figure 3. 

 
 

          Figure 3: The dose rate profile results comparison: Therapy Planning System (TPS) dose 
                          calculations, the film measurements, and the EGS4 Monte Carlo simulations results. 
  
 
 
 
 
 
References: 

[1] Nath R., Anderson L.L., Meli J.A., Olch A.J., Stitt J.A., Williamson J.F., “Code of practice for 
brachytherapy physics: Report of the AAPM Radiation Therapy Committee Task Group 
No.56”, Med.Phys 24 (10), 1557-1598 (1997). 

[2] W.R. Nelson, H. Hirayama, D. Rogers, “The EGS4 Code” , SLAC-265, 1985. 
[3] Namito Y., Ban S., Hirayama H., “LSCAT: Loe-energy photon-scattering expansion for the 

EGS4 code”, KEK National Laboratory for High Energy Physics, KEK Internal 95-10, Japan; 
and Namito Y., Ban S., Hirayama H., “Compton scattering of 20 to 40 keV photons”, Phys. 
Rev. A 51, 3036-3043, (1995). 

[4] Bielajew A.F., Rogers D.W.O., “PRESTA: The Parameter Reduced Electron-Step Algorithm 
for electron Monte Carlo transport”, Nuclear Instruments & Methods in Physics Research 
(B18), 165-181, (1987). 

[5] Williamson J.F, Kahn F.M, Sharma S.H, “Film dosimetry of megavoltage photon beams: 
A practical method of isodensity to isodose curve conversion”, Med. Phys. 8 (1), 94-98, 
(1981). 



Fast film dosimetry calibration method for IMRT treatment plan 
verification 

 
 

Nathan Schwob, Annette Wygoda 
 

nschwob@hadassah.org.il 

Hadassah Univer. Hospital, Radioth. Unit, Sharet Inst., POB1200 Jerusalem 91120 ISRAEL. 

 
 

Background: 
Intensity-Modulated Radiation Therapy (IMRT) treatments are delivered dynamically and as 
so, require routinely performed verification measurements [1]. Radiographic film dosimetry 
is a well-adapted method for integral measurements of dynamic treatments fields, with some 
drawbacks related to the known problems of dose calibration of films. Classically, several 
films are exposed to increasing doses, and a Net Optical Density (N.O.D) vs. dose 
sensitometric curve (S.C.) is generated. In order to speed up the process, some authors [2][3] 
have developed a method based on the irradiation of a single film with a non-uniform pattern 
of O.D., delivered with a dynamic MLC. [Figure 1-2]. However, this curve still needs to be 
calibrated to dose by the means of measurements in a water phantom. It is recommended to 
make a new calibration for every series of measurements, in order to avoid the processing 
quality dependence of the film response. These frequent measurements are very time 
consuming. We developed a simple method for quick dose calibration of films, including a 
check of  the accuracy of the calibration curve obtained. 
 
 
 

 
Figure 1: Four stages of the RIT©  dynamic MLC Step Wedge, during irradiation.  
 
 
 
Methods & Materials:  
Dose measurements in water have been replaced by dose calculations on our Treatment 
Planning System (TPS). A plan setup simulating the experimental film irradiation 
configuration was created in our TPS (CadPlan, Varian) and dose calculation was carried 
out. In order to check the accuracy of the TPS computations, measurements were performed 
with an ion chamber, in a water phantom, irradiated using the same dynamic file as for film 
exposure (RIT© dynamic MLC step wedge [3]). Measurements were taken for every dose 
step. The measured and computed dose values were compared. The calculated doses were 
then used to calibrate Kodak XV2 films, irradiated with 6 MV & 18 MV photons.  
 



 
 

 
Figure 2: Radiographic film, irradiated with the RIT©  dynamic MLC Step Wedge. There are 

13 steps with different O.D. for calibration purposes. 
 
 
  
To control the accuracy of the calibration curves created, a profile line was selected on the 
calibration film, and analyzed. The data was translated from O.D. to dose according to the 
calibration file and compared with the same line computed on the TPS. Besides the 
calibration points which are expected to fit (flat part of the steps), the correspondence 
between the remaining regions of the curves (gradient between steps) can demonstrate that 
the calibration curve is correct. 
 
 
Results: 
The TPS computed dose points were found to be close to the measurements in water 
phantom with less than 6.3% relative difference for 6 MV photons and 5.6% for 18 MV. The 
differences can be explained by the TPS precision and the N.O.D. averaging over the region 
in every step, chosen for the film calibration. They are very acceptable in clinical context. 
The comparison of the curves has shown a good fitting (3%), [Figure 3], and has allowed to 
detect calibration errors.  
In conclusion, using the TPS for film dose calibration has been shown as a fast, accurate and 
flexible method, allowing film calibration at different energies and depths, and making film 
dosimetry a straightforward method for routine Q.A. of IMRT. 
 
 



 
 
Figure 3: Same profile line computed with the TPS and measured on the calibration film, 

after calibration, with 13 dose points. The two curves are well corresponding. 
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Purpose:  

Radiation therapy of brain or head and neck tumors extending partly between the eyes 

presents a tough dosimetric challenge.  

The technique generally used consists of two lateral fields with blocks for the eyes: in the 

region between the eyes, the dose is then made up using an anterior electron field. Much 

care has to be taken in the choice of the appropriate energy, and even then, the region of 

matching between the lateral fields and the anterior one gets a highly inhomogeneous dose. 

We have developed a method of moving matching of fields leading to a great improvement 

in homogeneity of this matching. 

 
 
Method and Materials:  
 
The head of the patient is immobilized in an Aquaplast mask. A wax compensator for the 

region between the eyes is prepared, so that the entrance surface of the electron beam, 

instead of being highly irregular (nose) is flat and perpendicular to the beam axis. 

Treatment planning is based on CT, to allow 3-dimensional delineation of volumes and 

planning in our 3-D treatment planning system (Somavision-Cadplan). After the tumor 

volume is contoured by the physician on the CT axial images and margins are defined, 

lateral beams are placed at the isocenter, and the eyes are blocked on the Lateral Beams Eye 

Views: Figure 1. The AB posterior limit of the eye blocks is defined parallel to the surface 

of the compensator. In most adults, the distance between the bridge of the nose and the 

retina lies between 3 and 4 cm, leading to the use of a 12MeV electron beam for the 

anterior field. 

On figure 2, a typical dose distribution resulting from a two lateral field irradiation is 

displayed on one of the axial cuts at the level of the eyes blocks. We have checked dose 

homogeneity along line Z passing through the eyes when adding an electron anterior field.  

The depth dose measurement of a small (20mm x 20mm) 12MeV energy electron beam 



shows that the 50% range is at depth 40mm. Ideally, even if it would correspond exactly to 

the depth of the 50% isodose line resulting from the photon beams, it can be seen on figure 

3 that the resulting dose along line Z would not be homogeneous, and would lie between 

80% and 135% in the matching region. 

 

Results: 

In order to minimize this inhomogeneity, we have used a moving anterior border -in the AB 

region- of the lateral fields along line Z. On figure 3, it can be seen that the bigger the 

border shift, the greater the effect it has on dose homogeneity: for a ±7mm shift, the dose, 

normalized to the isocenter, lies between 105% and 120%, however for a ±3mm shift, the 

technique is less effective: the dose lies between 90% and 135%. As far as the anatomy and 

the target volume allow it, a maximal shift should be used in order to improve homogeneity 

of dose delivery.  
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Purpose 
During many interventional procedures, patients' radiation doses are high, affecting 
radiologist's radiation doses. We checked occupational  doses of a workloaded 
interventional radiologist during seven years.  
Materials and methods 
The radiological systems were Siemens Angiostar (1997-1999) and Siemens Multistar 
T.O.P. Plus (2000-2003). Dr. A performed about 1200 procedures per year.            
The radiation exposure data were obtained from the regular dosimetry service reports.   
Dr. A. uses radiation badges of trunk (on the left upper chest behind lead apron), head 
(on the left upper chest above lead apron) and finger. The issue of badges' location 
influence on the reported doses was considered. The protection devices were              
a 0.35 mm/0.25 mm lead equivalent(l.e.)front/back personal wrap around apron,          
a 0.50 mm l.e. thyroid shield , protective eyeglasses of 0.5 mm l.e. and sterile gloves 
of 0.016 mm l.e. Lead drapes ,0.5 mm l.e. at table sides were used. We measured 
possible radiation doses to radiologist's legs beneath lead apron (without lead drapes). 
The current allowed annual occupational doses in Israel are 5 rem for whole body 
exposure, 15 rem for the lenses of the eyes and 50 rem for extremities. Based on data 
obtained we assessed  the occupational risk. 
Results 
Annual trunk badge exposures were 168-468 mrem (aver. 300 mrem). During some 
procedures( while radiologist's right side is closer to the irradiated area) the measured 
dose may be underestimated up to 1.5-2 times. Annual head badge exposures were   
4-8 rem (aver. 5.8 rem). Considering the location of  the head badge, about 25 cm 
beneath the eyes, and the attenuation of protective eyeglasses, the lenses were 
exposed to 2%-3% from the head badge exposure. Annual finger badge exposures 
were 12-32 rem (aver.12 rem). Radiation doses to radiologist's legs (without table 
drapes) beneath lead apron were high. Estimated whole body effective dose for 35 
work years is 10 rem (up to 15-20 rem using geometric correction factors).   
Conclusions 
Observed trunk doses are low, even for the new recommendation of  2 rem/year, but 
not negligible. The front/back apron should be 0.5 mm/0.25 mm lead equivalent. 
Doses to head unprotected regions are high, about 250 rem during 35 work years. 
Protective eyeglasses  minimizes lenses' doses. Hands' doses might be high but their 
contribution to whole body effective dose is low. Lead drapes should be used at both 
table sides to protect radiologist's legs beneath apron. There is no risk for 
deterministic effects, but very low probability for stochastic effects is statistically 
possible. Proper use of all protection  devices beside constant and correct use of 
radiation badges are essential. There is a need for further consideration of geometric 
correction factors to the radiologist's badges dose readings. 
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Introduction 
Diagnostic radiology plays an important role in the assessment and treatment of neonates 
requiring intensive care. It is often necessary to perform multiple radiographic examinations 
depending upon the infants birth weight, gestational age and respiratory problems, especially to 
those infants with very low birth weight (< 1500g). The high frequency of these examinations 
raises the radiological issue due to the potentially long-term adverse effects [1]. We hypothesize 
that unnecessary organs of those infants are exposed to X-ray radiation during their 
hospitalization, leading to an increased risk of long-term adverse effects. The goal of this study 
was to examine if organs, other than those originally intended, were exposed to excessive 
radiation in a population of neonates during their stay in the Neonatal Intensive Care Unit - 
NICU. 
 
Methods   
157 neonates with different neonatal courses, who were admitted to five (out of 22) level III 
NICUs in Israel, were included in the study during a period of two months. Their mean birth 
weight was 1747+911 g (range: 564 to 4080g).  499 X-ray examinations were taken, divided 
into chest, plain abdominal and both chest&abdominal radiographs (68%, 17% and 15%, 
respectively). The equipment that NICUs are using is a mobile X-ray unit. These radiographs are 
the most commonly requested diagnostic X-ray examinations undertaken in NICUs. Each X-ray 
examination that was performed during this period was recorded independently by the radiology 
technician who performed the test and by the research coordinator in each center. All X-ray 
examinations were interpreted according to the WHO recommendations [2]. The 
recommendations for each type of examination that was ordered (chest, abdomen or 
chest&abdomen) were compared to the actual X-ray picture that was taken, indicating the 
inclusion of organs that were unnecessarily exposed to radiation during the examination. 
Following the results of these comparisons, the organ doses and the effective doses for each type 
of examination were calculated both for the WHO recommendations and for the present study 
results. Calculations were performed using the PCXMC, a PC-based Monte Carlo program that 
calculates organ doses in medical X-ray examinations [3].  
 
Results 
• The actual borders of the X-ray pictures show exposure of larger areas than those ordered 

(Figure 1).    
• None of NICUs used a gonad shield despite of NCRP recommendations [4]. 



• In most cases, the X-ray pictures showed much larger borders of exposure for infants with 
very low birth weight (< 1500g) comparable to those with higher birth weight (> 2000g) 
(Figure 2).  

• Exposure of unnecessary organs increases the organ doses by 1-59.4, 1-34.5 and 1-9.5 for 
chest, abdomen and chest&abdomen examinations, respectively (Table 1). This exposure 
increases the effective doses by 2.3, 1.6 and 1.4 for the chest, abdomen and chest&abdomen 
examinations, respectively (Table 1). 

 
Conclusions 
Current practice of neonatal radiography is significantly exposing non-relevant organs of infants 
to X-ray radiations. Even relevant organs were underexposed but to a lesser extent than those 
who were overexposed. Although the radiation risk of any single X-ray examination is low, 
radiography of all newborns should be limited to minimally necessary tests. Medical teams and 
adequate trained technicians should be aware of these risks and prevent over exposing 
vulnerable organs, to X-ray radiation in such high-risk populations. This policy may reduce the 
long-term risk of adverse side effects.  
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Figure 1: Abdomen X-ray Examinations, Necessary and Unnecessarily Exposed Organs.  

Light bars show necessarily exposed organs according to WHO recommendations, dark bars show 

unnecessarily exposed organs. Percents represent the relative frequencies of the irradiation. 
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Figure 2: Abdomen X-ray Examinations, Exposed Organs as a Function of Birth Weight. 
 
 
 
 
Table 1: Deviation of Organ Doses as a Function of Enlarged Examination Borders for Chest, 
Abdomen and Chest&Abdomen Examinations. 
 

Chest & Abdominal Abdominal Chest Examination 
Type 

Ratio**Dose *Dose  Ratio**Dose *Dose Ratio **Dose*Dose Organs 
1.0 0.5944 0.5765  1.0 0.5942 0.5923  59.4 0.5824 0.0098 Ovaries 
8.5 1.2333 0.1455  8.9 1.2302 0.1383  >> 0.2055 ND Testes 
1.4 0.2343 0.1722  1.7 0.1971 0.1175  2.0 0.1952 0.0998 Bone Marrow
9.5 1.0450 0.1095  11.0 0.1060 0.0096  9.2 1.0673 0.1155 Thyroid 
1.0 0.7074 0.6888  2.0 0.6891 0.3440  1.1 0.7061 0.6718 Lungs 
6.0 0.0222 0.0037  5.4 0.0038 0.0007  6.1 0.0212 0.0035 Brain 
1.0 0.4547 0.4536  1.0 0.4497 0.4361  1.5 0.4532 0.3122 Spleen 
1.0 1.0160 0.9756  34.5 0.9718 0.0282  1.0 1.0162 0.9745 Thymus 
1.4 0.6394 0.4625  1.6 0.5510 0.3383  2.3 0.5400 0.2337 Total Body 

1.4 0.7394 0.5461  1.6 0.6722 0.4291  2.3 0.6173 0.2736 Effective 
Dose (mSv) 

* Doses (mGy) calculated according to WHO border recommendations. 
** Doses (mGy) calculated including the unnecessary exposed organs according to the study results.  
All doses correspond to an entrance air kerma (free-in-air) of 1mGy, AP projection of an infant, weight 
1500gr, height 41cm,  X-ray tube voltage 70kV, filtration 3mm Al, 17.5° X-ray anode angle. 
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Since the very beginning of X-rays discovery, about one hundred years ago, there has 
been an ongoing development of technological means, focusing on image quality and imaging 
capabilities improvement, as well as on awareness and radiation dosage reduction.  

 
   Films were commonly used in fields as conventional imaging, mammography, heart 

catheterization, angiography and dentistry. However, in the last few years, there has been a 
transition towards computerized systems using Computerized Radiography (CR) and Flat 
Detectors (FD). These developments enable us to view X-ray images on computer screens, 
substituting the conventional films, and making it possible to use digital image processing. 
These technologies, which are being used in the market for almost a decade now, are pushing 
aside the traditional imaging devices, letting them slowly fade away ; they are progressing 
towards computerized systems in the CR technology, with a promising future advancement 
towards FD. It is estimated that on the one hand medical instruments suppliers will enhance 
the new imaging products marketing and that the spare parts for old equipment will slowly 
disappear on the other hand. 

 
Although the new technology is saving dosage per each single picture, it may case up to 

2-3 times of the radiation dosage per medical X-ray procedure. Following is a review of the 
main new future technological developments in the field of medical X-ray imaging : 
 

• CR is a method where a mobile cassette holding a radiation sensitive board replaces 
the traditional cassette. Radiation that hits the board would transform the electrons 
into a meta-stable level, which would be released by a particular wavelength laser 
beam. Under these conditions, a radiation intensity light-  correlated would be emitted 
from the board, and would be detected by a laser sensitive photodiode. This device 
enables to transform an existing radiology institute into a kind that produces digital 
images, simply by replacing the cassettes and the cassettes' reader, and adding a 
computerized viewing system and an information storage system. 

 

• The transition from Imaging Intensifier II to FD was needed because of the lack in 
technology that would be capable of acquiring the fast changing information, namely, 
the information we get from angiography rooms and catheterization rooms. Most of 
the developments included picture quality improvement, along a decrease in the 
radiation’s dosage needed to produce a single picture. 

 

• Multi-Slice CT (MSCT) is a CT new method that scans a large volume of the patient, 
using multi- row detectors (during axial or spiral scan).  

 

• Dual energy technique enables better and more accurate diagnosing abilities in the 
field of chest X-rays and mammography. The technique is known for many years, but 
the modern computerized abilities enable the use of this technique in a simpler way 
and with less radiation. 



 
• In the past, tracing and diagnosing changes in high-risk groups was impossible; 

however, the Temporal Subtraction method now allows us to do so. This technique 
compares and subtracts a current image from an existing archive image, and any 
routine follow up would show the changes in the high-risk group patient. 

 
• Image processing software can detect and mark the lung nodule suspected area. This 

gives the radiologist new abilities that in the past were clinically experience 
dependant. 

 
• Computer Aided Diagnosis (CAD) software is becoming widely common in early 

prognosis and additional analysis in the field of mammography. 
 

• Radiologists have the possibility to receive a 3D images sequence where they may 
search the vascular system or the gastrointestinal tract for stenosis or any other 
pathology on this tract. 

 
• PACS – Digital technology created the need for digital archives, which requires 

archive managers. This enables the use of remote viewing stations, the ability to 
interchange an image between two units, and such. In addition to the images local 
mobility, remote clinics may be connected to medical centers using the Internet. With 
the help of Teleradiology, experts from information centers may then analyze the 
findings and assist with the solution to the problem. However, PACS caused the 
manufacturers to deal with data safety problems, preventing unauthorized people from 
getting a patient’s data and keeping the patient’s privacy. 

                                                               
The new age of imaging systems dramatically improved diagnosis abilities and imaging 

quality. New technologies open the door to better imaging that is able to view details that 
were once unnoticeable to the human eye, and all that while using lower radiation dosage per 
image. However, since digital devices usage became so easy, it might ironically increase 
exposure to radiation by increasing the number of images taken per patient and by getting the 
needed information for the presentations of the new computerizes images. Thus, larger 
radiation dosage could be delivered to the patients (up to 2-3 times). 

 
This situation puts modern medical radiography justification and optimization to the test. 

The greatest challenge for those using modern radiation devices is basically to use them 
wisely. With the right guidance and training to effectively use medical radiology devices, we 
can decrease future radiation risks to both population and staff.  
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A method based on non-destructive neutron activation analysis was developed for 

measuring traces of gold in silver. This method requires a very small neutron source and, 

in this study, it was Am-Be of 5µCi. With a small neutron source, the equipment is not 

expensive and radiation protection problems are reduced. Our method was applied to 

ancient silver coins from the 4
th
-3

rd
 centuries B.C. These coins were obols minted in Gaza 

and Yehud coins minted in Jerusalem. It was found that there is gold in all of them. Their 

relative gold content was found to be between 3107.1 −×  and 3109.8 −×  with a relative 

accuracy of less than 7%. The gold content in silver coins can serve as a “finger print” for 

the origin of the silver.  

The activation equation can be solved in order to give the mass of the element 

using the measured count rate and knowing the value of the other factors: 
 

          (1) 

 
where: 

S - Sum of counts under the photo peak; Fγ - Fraction of gammas (ranching ratio); 

E - Efficiency of the detector; G - Geometric correction; 
2

det

4 R

A
G ector

π
= ; 

Adetector - Area of the detector; R - Distance of the detector from the sample; 

B – Background; N*- Number of target nuclei [atoms]; Φ - Neutron flux [m-2
sec

-1
]; 

σ – Cross-section [m2
]; θ  - isotopic abundance. 

 

Consider that we have a mixture of materials like gold in silver; we can have 

quite accurate values for the ratio of the weight, since, when considering ratios, the 

neutron flux Φ , which is not known accurately, is canceled. The ratio of the silver to 

gold weights is given by: 

 

 (2)  

 
 

Our coins were inserted near an Am-Be neutron source of 5µCi  (Fig. 1) located in 
a tank surrounded by paraffin and mounted inside a sleeve with 15cm of paraffin between 

the source and the coins (as shown in the figure). 

Then, the coins were irradiated with a 10
3
 n/(cm

2
 sec) thermal neutron flux (slowed down 

by the paraffin).  

                                                 
*
 E-mail: yronen@bgumail.bgu.ac.il 
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                                            Fig. 1 - Neutron source. 

 

We have considered small silver coins, most of them minted in the Land of Israel. 

Amongst them were 6 coins of the Yehud (YHD) type, 4 from the Persian period and 2 

from the Ptolemaic period, as given in Table 1 below:  

 
 

Table 1 – Yehud (YHD) coins. 

Coin Number Type Weight Reference 

1 Persian YHD 0.34 (Meshorer, 2001); coin 16 

2 Persian YHD 0.49 (Meshorer, 2001); coin 6 

3 Persian YHD 0.20 (Meshorer, 1982); coin 6 

4 Persian YHD 0.16 (Meshorer, 2001); coin 15 

8 Ptolemaic YHD 0.12 (Meshorer, 2001); coin 32 

9 Ptolemaic YHD 0.11 (Meshorer, 2001); coin 32 
 

The results of the gold content in the silver coins are summarized in Tables 2-4.  
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Table 2 - YHD Coins (Persian period). 

Coin number Coin weight (g.) Wg/Wg+WS 

1    0.34 (4.54±0.29) ·10-3 

2    0.49 (1.72±0.04) ·10-3 

3    0.20 (8.90±0.08) ·10-3 

4    0.16 (5.67±0.15) ·10-3 

 

Table 3 - Gaza obols 4
th
 century B.C. 

 

 

* Sidonian Coin 4
th
 century B.C. 

 

Table 4 - YHD Coins (Ptolemaic period). 

Coin number Coin weight (g.) Wg/Wg+WS 

8    0.12 (6.54±0.19) ·10-3        ** 
9    0.11 (6.08±0.18) ·10-3       ** 

 

** Average and standard deviations were calculated from 6 measurements of            

the broken coin. 
 

From these results, we can see that there is gold in ten of the eleven coins from the 

fourth century B.C. that were minted in the Land of Israel (with one Sidonian 

exception). The amount of gold found was between 0.17 to 0.89 of a percent. The 

accuracy of these results is quite good and the relative uncertainty in all the 

measurements is less than 0.07, making us confident in our results.  

In this paper, we presented a method for determining the gold content of 

ancient silver coins. Our method is very sensitive for detecting gold and so we can 

obtain accurate results by using a very small Am-Be neutron source of only 5µCi. The 

neutron flux is also very small, on the order of 10
3
 n/cm

2
s. Thus, there are practically 

no problems of radiation protection. The small neutron source makes the equipment 

needed for the analysis quite cheap.  

 In conclusion, a very simple and cheap method of NAA can be used in order 

to determine gold traces in ancient coins. These gold traces can serve as “finger 

prints” to identify the sources of the ancient silver. 
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Coin number Coin weight (g.) Wg/Wg+WS 

5 0.43 (4.13±0.14)·10-3       ** 
7 0.73 (4.65±0.28 ) ·10-3      ** 
10       0.49 (4.04±0.13) ·10-3 

11       0.81 (5.34±0.16) ·10-3 

6*       0.64 (6.17±0.31) ·10-3 
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Calibration of charcoal cassettes for radio-Iodine sampling 
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Introduction 
  131I is considered a high hazard radioisotope due to its abundance as a fission product, 
and its concentration in the thyroid gland. Monitoring 131I in laboratories and determining its 
concentration in air is of great importance for Radiation Protection purposes. In order to 
achieve good collection efficiencies, monitoring devices are based on active charcoal 
cassettes, usually impregnated with TEDA 5% to enhance Iodine trapping (retention) 
efficiency. We employ at NRCN at the radio-iodine production laboratory continuous 
monitoring by air sampling through a cassette containing ∼26 gram activated coal, with a 
diameter of 57.4 mm and a height of 22 mm (TE2C 30x50 Mesh, manufactured by F&J, 
USA). A monitoring device, the RIS system, was described in the past (1). The charcoal 
cassette is replaced periodically, and the activity of the radio-Iodine is determined by gamma 
counting or spectrometry.  
 
 
The counting efficiency of the cassette 
  The gamma spectrometry method is relative, and the counting efficiency must be 
determined for the exact geometry  of the sample. For most applications in routine sampling 
with cassettes, it is supposed that the radioiodine is retained in the first thin layer of  active 
carbon. Only for very high radio-iodine quantities, as in accident situations, can the charcoal 
become saturated, and breakthrough occurs. In this case, the radio-Iodine activity will be 
more homogeneously distributed through the cassette volume. In an article dealing with 
calibration of charcoal cartridges(2) it is proposed to prepare two counting standards : a face-
loaded cartridge with the radioactivity on the inlet side and a homogeneously loaded cartridge 
with the radioactivity distributed throughout the filter.  
  Wheeler and Robell(3) developed an equation for adsorption of gas penetrating a bed of 
active charcoal. For the steady state situation, where the input and output concentrations are 
constant, it was shown that the concentration attenuation along the cassette follows an 
exponential function. Several experimental works(4) validated the exponential behavior. 
Experimental data(4) have shown that over 85% of the activity is located in the front layer of 
the cassette in the first 3 mm.  
  In some publications it was shown that the parameters for adsorption capacity are 
influenced by different physical and environmental conditions. Wren and Moore(5) found that 
the efficiency of TEDA charcoal can be seriously degraded by the presence of  NO2 and SO2 
in the air sampled. Besides, the efficiency of the charcoal depends strongly on the moisture 
content adsorbed, and may be influenced also by the presence of non-radioactive Iodine in the 
air. If the adsorption properties of the charcoal are decreased, the first charcoal layers may 
become saturated by relatively small amounts of radioiodine and the rest will be retained in 
the further layers, a process  which will cause a distribution of the absorbed radioiodine 
different from the thin layer geometry, for which the cassette was calibrated. The resulting 
problem is that the calibration factor of the counting system will no longer be adequate, and 
errors may be induced in the activity determination.  
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Experimental results 
  As a representative test, a cassette which was employed for continuous air sampling 

during one month were opened, and the charcoal content was divided into 8 portions, each 
consisting of a layer of ∼2.5 mm containing ∼3 grams of charcoal. The coal grains in each 
group were mixed to obtain a homogeneous mass and the content was spread on a flat plastic 
vial, for which the counting efficiency is well known. Each plastic vial, containing a different 
layer of activated charcoal, was counted by a spectrometry system, and the radio-iodine 
content was determined. Figure 1 presents the original counting results and the mass of each 
layer.  
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Figure 1: The count rates (  - left scale) and weights (∆- right scale) of the charcoal layers as  
                a function of depth in the charcoal bed of the cassette. 
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      Figure 2: The radio-Iodine actual concentration as a function of depth in the charcoal bed   
                      in our work  and in Reference (4). 



 3

   Figure 2 presents the weight-normalized percent of activity content in each layer, as 
obtained in our work and in the work in reference (4). The conclusion in reference (4), which 
analyzed layers of charcoal from the cassette in steps of 1mm, immediately after Iodine 
sampling, is that the behavior is exponential, in accordance to theory. From figure 2 we can 
see, that the results in our work show that the distribution is not exponential, and even after a 
depth of 20 mm, at the end of the cartridge, radio-Iodine could be detected. 
 
 Discussion and conclusions 
 The one month sampling seems to have deteriorated the absorption properties of the 
active charcoal in the sampling cassette. Due to the different distribution of the radioactivity 
in the cassette volume, the calibration constants must be changed accordingly. 
 A simple way to determine the characteristics of the activity distribution in the cassette 
is to count also the turned cassette (counting the cassette laid on both faces on the counter). 
The ratio of the count rates is dependent on the location of the radio-Iodine. We obtained the 
following ratio values for a thin layer of radio-Iodine absorbed on a paper filter, located at two 
depths in the charcoal bed : 
 

Depth in charcoal bed (mm)  Counts ratio    
0                                           3.03 
5                                           1.54 

                                            10                                             1* 
 
*  10 mm is the middle of the cassette, and because of symmetry the theoretical ratio is 1. 
 
 The cassette for which the data in figures 1 and 2 is given, produced a counts ratio of 
∼1.8. By using the original calibration factor, it is estimated that an error of about 50% would 
have been obtained. Other cassettes gave also values different from the expected thin layer, 
which indicates that the problem is more general.  
 It is proposed to use the counts ratio as an indication of the activity distribution in an 
activated charcoal cartridge, and to prepare and use efficiency correction factors for non-
normal distributions. The results presented here are preliminary, and work is to be continued 
on this subject. 
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Introduction: PEGS4 [1], the cross-section reprocessing code for EGS4 Monte Carlo code 
system [2], is a stand-alone utility program written in MORTRAN (Macro-FORTRAN).  The 
PEGS4 is programmed to compose materials’ data-files for the EGS4 simulations, and for 
providing some other functions in order to represent cross-sections to the user. The active 
operations of PEGS4 are functional. Included among these operations are: Fitting functions using 
piecewise linear fits; selected functions print plots production; comparison of functions with 
sampled spectra. 
Associated with these active functions are other operations: Selection of the referred function’s 
material; Selection of energy cutoffs for fits; Punching of fit data. ELEMent, MIXTure, and 
COMPound are the options to specify the material used by the PEGS4 functions.  The parameters 
needed to specify a material are the density, the number of different kinds of atoms, and, for each 
different kind of atom, the atomic number, atomic weight and proportion of each atom, by 
number - for a compound, or by weight - for a mixture. Tables for the atomic symbol 
(ASYMT(1:100)) and atomic mass (WATBL(1:100)) for elements Z=1 through Z=100, are 
included in the PEGS4 code. PEGS4 also contains a table of the elements densities 
(RHOTBL(1:100)).  Rayleigh (coherent) scattering data can be attached to the normal output data 
according the user request. 
The “energy” option is used to define the electron and photon energy intervals for each particles 
transport, and to fit to total cross sections and to branching ratios. Electron and photon cutoff 
energies are 512 keV and 1 keV, respectively. The upper energy limit for both particles is set at 
100 GeV. The LSCAT, Low-energy photon scattering expansion for the EGS4 [3], is a code 
package, with the newly PEGS4N pre-code, that enables to compute accurately a few keV 
photons transport using the EGS4, due to an extended physical model. 
In this study, cross-sections for lower energies from Henke et al (1993) [4] were introduced into 
the PEGS4 database file for each element from atomic number 1 (H) up to 30 (Zn). Both in the 
photoelectric (PE) and in the Compton cross-section data-files, the total range was reduced by an 
order of one magnitude to be used for 100 eV up to 10 GeV photon energies, allowing us to keep 
the same raw data length as in the standard code.  Since the shell edges for low atomic-number-
materials were at energies below 1 keV, each element’s array-size in the PE data-file was 
enlarged in order to achieve a higher capacity for the additional cross-sections data around the K, 
L, M shells edges. Since the coherent scattering form-factors were added along the whole range 
below 1 keV before [3], it was not needed to change these factors data base. 
 
 
 



Objective: The extension for the EGS4 Monte Carlo code system reported in this work was 
aimed to provide the ability to simulate low-energy photon transport at incident energies 
available at synchrotron radiation beam lines for biological targets [5]. This upgrade stage was 
concentrated on low-atomic numbers media.  The possibility to simulate such low-energy 
photons had not yet available by the other common use Monte Carlo codes, even though low-
energy cross-section databases were published before (for example: L. Livermore package “The 
1989 Livermore Evaluated Photon Data Library (EPDL)” [6]). 
  

 

 

 
 
 

 

 

 

Figure 1: The simulations setup illustration. 

 
Simulations Results: In order to run a test-case with the new photon range, we preformed 
simulations for a simple configuration of two cylinders, made of pure carbon (2.26 g/cm3). The 
15 µm radius and 3 mm thickness cylinder was covered with a 2.5 µm radius on 25 µm thickness 
cylinder located above the center (see Figure 1). This 3-D geometrical structure was defined as a 
biological cell coarse-structure with a cover above its centered nucleus. The whole system was 
irradiated with a monochromatic parallel beam between 150 eV – 5000 eV in a 30 µm diameter 
circular opening. The 0.5 µm resolution radial dose-distribution scoring on the “cell” cylinder 
showed an unambiguous step below the cover due to a 25 µm thickness cover shielding. The dose 
ratios between the covered and exposed regions were found to be depended on the photons source 
incident energy.  In Figure 2 the absorbed dose ratios were plotted versus the photon incident 
energies. Also, the photoelectric absorption cross-section was plotted in order to show how the 
dose ratios followed up this cross-sectional shape, in particular around the Carbon K-edge (284 
eV). Some differences in the dose behavior appeared due to the CSDA secondary electrons 
transport (Figure 2).  
We concluded that the EGS4 code was successfully upgraded toward the 100 eV photon 
transport. Now, EGS4 had become the only general purpose code for 100 eV photons Monte 
Carlo simulations.   

Cell 

30 µm 

Beam 

25 µm Cover 



100 200 400 600 8001k 2k 4k 6k 8k10k
101

102

103

104

105
 

 P
E 

Ab
so

rp
tio

n 
C

ro
ss

 S
ec

tio
n 

(c
m

2  g
-1
)

To
ta

l A
bs

or
be

d 
D

os
e 

(A
rb

. U
ni

ts
)

Incident Photon Energy (eV)

Carbon PE

K-Edge

EGS4

 
Figure 2: The EGS4 simulations absorbed dose results compared with the photo-absorption cross-

section in the range of 150 -5000 eV. 
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Introduction 
In case of a nuclear accident, it is essential to determine the source of radioactive 
contamination in order to analyze the risk to the environment and to the population. The 
radiation source may be a radioactive plume on the air or an area on the ground contaminated 
with radionuclides. Most commercial radiation detectors measure only the radiation field 
intensity but are unable to differentiate between the radiation sources. Consequently, this 
limitation causes a real problem in analyzing the potential risk to the near-by environment, 
since there is no data concerning the contamination ratios in the air and on the ground and this 
prevents us from taking the required steps to deal with the radiation event. This work presents 
a GM-tube-based Differential Detector, which enables to determine the source of 
contamination.  
 
 
Description of the work 
The proposed system covers a wide range radiation field from 100µR/h to 100R/h. The 
differential detector under development is based on two pairs of identically GM tubes. Each 
pair consists of ZP1201 and ZP1313 GM tubes. The ZP1201 sensitivity is 17 cps/mRh-1 and it 
covers a range of 100uR/h to 400mR/h. The ZP1313 sensitivity is 1.5 cps/mRh-1 and it covers 
a range of 100mR/h to 100R/h.The detector includes the following electronic circuits: HV 
power supply, microcontroller, measuring and counting circuits for each pair of tubes. The 
microcontroller activates one GM tube of each pair according to the field intensity. The 
system components are packaged in a customized case which is designed to stand harsh 
environment conditions. 

 

Figure 1: Differential Detector Block Diagram 
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The two pairs of GM tubes, one for air contamination and the other ground contamination, 
will be separated from each other by a lead (Pb) plate. The lead thickness will be determined 
to reduce no less than 85% of the γ radiation (137Cs). The lead plate will avoid influence of air 
contamination readings on the designated ground tubes and vice-versa. Designing a lead plate 
inside the detector, as opposed to two independent detectors separated by lead, reduces the 
total weight of the system. The Differential Detector block diagram is depicted in Figure 1. 
 
The microcontroller receives pulses from the four GM tubes. By default, the ZP1201 tube (the 
more sensitive tube) is activated. Switching between the two GM tubes is done automatically 
by the microcontroller. In case the radiation field increases over 400 mR/h then the high range 
GM is activated. In case the radiation field decreases bellow 200 mR/h then the low range 
GM is activated. The Differential Detector mode of operation is shown in Figure 2. 
 

 
 

Figure 2: Differential Detector Mode of Operation Flowchart 
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The measured radiation field of each pair of tubes is transmitted via RS-232 channel to 
ROTEM's “RAM R-200” [1], a radiation monitoring and detection instrument that uses 
ROTEM's communication protocol. The difference between the readings of the lower and the 
higher pair of tubes is analyzed in the RAM R-200 instrument in order to determine the 
source of the radiation. The readings of each pair of tubes are displayed on the RAM R-200 
meter. It is also possible to connect the Differential Detector directly to a PC with a suitable 
software. 
 
 
Summary  
In this paper we described a light, compact, low-cost Differential Detector which assists in 
measuring and analyzing radiation risks. The versatile system can be easily combined into a 
mobile monitoring system such as VMS [2]. The final characteristic of the system has been 
completed and development is scheduled to start at the beginning of 2004. 
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Introduction 
Many Radiological Detection Systems detect Poison distributed data from a sensor. These 
systems process and analyze the data in order to detect intensity changes of the monitored 
radiation field. In some cases, when the changes are lower than the noise level, a Low Pass 
Filter (LPF) is applied to the noisy data. The filter smoothes the signal and enables the system 
to detect small changes of the field. Applying such a filter increases the response time, 
causing a delay between the event and the response. In some safety systems this delay can 
cause a small fault to become a serious accident. For example, in case of an increasing 
radiation field in an emergency shut-down system that detects neutron flux in a nuclear 
reactor [1], every passing second is crucial in deciding whether the increased power is real or 
just noise when the emergency shut-down must be operated immediately in order to prevent a 
serious accident. 
 
 
Description of the Work 

In this work an optimal first order linear filter has been developed to be used when a fast 
response time is necessary. The algorithm is very simple and can be applied to any 
microprocessor. The statistical distribution data ( D ) can be described as signal (m - mean) 
and noise ( dσ  - STandard Deviation (STD)). The algorithm is based on the following 
assumptions: the noise is random, normally distributed and there is no correlation between 
any one of the samples to its neighbors. 

)1(  ),( 2
dmNd σ≈  

These assumptions are valid in most real life cases, when radiation emission rate is high. 
 

 
Figure 1 – Normally distributed data and a threshold limit 
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Figure 1 shows radiation field samples. The mean value equals 100 and has a normal 
distributed noise. The standard deviation (STD) equals 10. Analyzing this signal in the 
frequency domain will show that applying a LPF will pass the slow changes caused by the 
radiation field without the fast changes caused by a random noise. We are looking for an 
optimal filter that will respond to a true change in the field as soon as it occurs, but will not 
respond to any change caused by statistical noise. 
The First Order Linear Filter parameter q in equation (2) is optimized, where vector V 
generates from the sampled data D: 

(2) )1(*)1(1 <−+= − qdqvqv ttt  

The linear operation (2) will leave V as a normal distributed variable with lower noise than D 
(lower STD). In order to find the optimal q it is necessary to define the maximum acceptable 
false alarm rate, meaning one alarm per n seconds. 
The false alarm probability Pa can be expressed as:  

)3(  Pa=1/(n*N) 

Where: 
N is the sample rate (samples per second). 
nSTD is defined as the number of STDs between mean field m and threshold th.  
Pa is the probability for a false alarm; the chance to obtain a sample higher than threshold: 

(4)  nSTD=Inverse Error Function (1-Pa) 

Dividing the difference between field value and threshold by the number of STDs, will give 
one σv: 

(5) σv= (th-m)/nSTD 

when m is the field mean value. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 - Statistical view of the data in Figure 1 
 
Figure 2 shows the same data as in Figure 1, but from the statistical distribution point of view. 
We can see the normal distribution data before the implementation of the proposed filter 
(wide Gaussian distribution curve) and after applying the filter. The chance for a false alarm 
equals to the area under the data curve at the right side of the threshold line. In Figure 2, this 
area equals 0.023 for the "Non Filtered Data" curve.  
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If the false alarm rate is defined to be one false alarm every hour (n=3600), and the sample 
rate equals 1 sample per second (N=1): 

(6) Pa=1/3600 

Applying (4) will give: 

(7) nSTD=Inverse Error Function (1-Pa) =3.41. 

After applying (5), we get: 

(8) σv= (th-m)/nSTD= (120-100)/3.41 = 5.86 

For the above example: 

(9) σd=10 

Using the "non correlation" assumption mentioned above, we get the variation equation based 
on (2): 

(10) 22222 *)1(* dvv qq σσσ −+=  

Solving equation (10) for q will give: 

(11) 22

22

vd

vdq
σσ
σσ

+
−

=  

 
 
Results 
Applying parameter q given in equation (11) to the filter (2) will give us the optimal filter. 
This filter will have the minimal response time to a real field change and will not generate 
more than one false alarm in N seconds. In the given example one false alarm occurs every 
3600 seconds (every hour) in average.  
σd is the STD of the source data D and σv is the STD of the filtered data V.  
Choosing q higher than in equation (11) will give a lower response time; choosing q lower 
than (11) will give a higher false alarm rate for the requested threshold. When q is applied to 
equation (2) as it is expressed in (11), we will obtain the minimum response time with the 
requested false alarm rate 
 
 
Summary 
An optimal First Order Low Pass Filter is presented. The filter can be used when fast response 
to a change in a noisy radiological field is needed. The filter can be implemented in hand held 
instrumentation as well as in area monitoring systems. 
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Abstract 
Radioactivity decay is a random process. Due to the statistical nature of radiation emission 
from radio-nuclides, any measurement of a nuclear decay source is subject to some degree of 
statistical fluctuations. In radiation survey, it is necessary to achieve a fast accurate 
measurement while keeping a stable display in a constant gamma field.  
In this paper a smoothing increment data algorithm is described. The algorithm implies a non 
linear IIR (Infinite Input Response) filter to the raw pulses count from the detector. The filter 
reduces the statistical fluctuations of the radiation measurement but increases the response 
time of the instrument. 
From the user point of view and in order to comply with the ALARA principle, an accurate 
measurement and a stable display should be achieved as fast as possible, especially in high 
intensity radiation fields. These requirements, stable display and fast response, are 
contradictory. Whenever a sharp difference in the radiation field measurement is detected, the 
smooth algorithm should be avoided and a new measurement display must be based only on 
the new data measurement; a sharp field change detection algorithm is applied. This algorithm 
which is based on statistical principles, selects whenever the smoothing data algorithm should 
be activated or avoided. 
 
 
The Averaging Algorithm 
If the measuring instrument is located in a constant radiation field, data fluctuations are 
attenuated by filtering the raw pulse counts with a non-linear IIR filter. 

Defining: 
Dn - filtered measurement to be displayed, 
Dn-1 - currently displayed reading, 
Cn - raw pulse measured during the nth time interval of duration T and 
α - weight coefficient (0≤α ≤1) 

Then: ( ) αα 101 1 CDD +−=  (1)

 αααα 21
2

02 )1()1( CCDD +−+−=  (2) 

 ( ) ( ) ( ) in
ni

i
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n
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01  (3) 

 
Calculation of Averaging Weight Coefficient  

The mean raw data measurement is given by:  ∑
=

=
n

i
iC

n
C

1

1  (4) 

The sample variance which quantifies the amount of the fluctuations from the mean (4) is 
given by: CCC ii −='  (5) 
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Where: ∑
=

=
n

i
iC

1

0'  (6) 

The raw data measurement is Poisson distributed: ),(~ CCPC  (7) 
If the raw data measurement is relatively large (say n greater than 20), a normal (Gaussian) 
distribution which is a mathematical simplification of the Poison distribution can be applied. 
Then: ),(~ CCNC  (8) 

Where the standard deviation is: C=σ   (9) 
In order to achieve the same percentage of display fluctuations in different counts rates, the 
standard deviation should be multiplied by a weight coefficient α.  

Then:  σασ ⋅='  (10) 
The weight coefficient αi reduces the statistical fluctuations but increases the response time. 
Hence, an appropriate α value should be selected according to the count rate measurement. 
The αi values were determined in a way that in constant radiation field measurements, the 
fluctuations of the readings will be less than 3.7% in 90% of the cases (1.64σ), and less than 
7% in 99% of the cases (3σ). 

From equations (9) and (10): Cασ =  (11) 
According to equation (1) in a constant radiation field: 
 ( ) ( ) ( ) ααααα i

n
i
nnn CCCCCCCD +=++−=+−= 11  (12) 

Where: CCC nn −≡'  (13) 

From (7) and (13): ),0(~' CNC n  (14) 

Then: ),0(~' 2CNC n αα  (15) 
 ),(~ 2CCNDn α  (16) 

The probability that an expected measurement will be in the range of σaC ± ,  
and  )( σaCCP i <−  is given in Table 1:  

Table 1: The probability P(a) that Ci is within aσc of C  

a 0.67 1.00 1.64 1.96 2.58 3.00 3.50 
P(a) 0.50 0.68 0.90 0.95 0.99 0.997 0.9998 

For a probability of a change in the display reading less than b: 

 ( ) bnnn PbDDD =<− −− 11P  (17) 
Assuming a constant radiation field, the current reading should be equal to the expected value 
of the raw pulse count C :  

 
( ) bn PCbCD =<−P

 (18) 
From equation (18) and Table 1: 

 
( ) ( )aPCaCDn =<− αP

 (19) 

From (18) and (19): CbCa =α  (20) 

From (20) the weight coefficient for α can be calculated by:   (21) a
Cb=α
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If, for example, we want to keep a stable measurement display with fluctuations lower than 
3% in 90% of the cases (1.64σ), from equation (21) at 100 cps count rate  

 18.0
64.1

10003.0
==α  

 
The response Time 
According to the ANSI-N42 standard, the response time is defined as the time required for a 
change between 10%-90% of the displayed measurement as a response to a step function at 
the input. Assuming C counts at the input and a constant weight coefficient we get: 

 )1(1
)1(1)1(1.09.0

)1()1(1.09.0
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 (22) 
Following some algebraic operations:  )1ln(/19.2 α−−=n  (23) 

In some cases the response time is very long. To allow a faster response time, when there is a 
high probability of a variation in the gamma field, a new count represents a true change in the 
measured field (and not just a statistical fluctuation); the averaging filter is bypassed and the 
raw count is directly displayed. Several heuristic rules are used to determine in which cases 
the filter is to be bypassed. 
From Table 1, ( ) 9998.05.3 11 =<− −− nnn DDCP , i.e. in 99.98% of all the measurements, the 
difference between the new reading and the mean value is less than 3.5σ. When the difference 
is higher than 3.5σ it can be assumed that a true change has occurred in the radiation field 
intensity and the averaging function should be bypassed. 
Likewise:  (24) 
( ) 0.999  0.9)-(1-164.1,64.1,64.1 3

33222111 ==+>+>+> −−−−−−−− nnnnnnnnn DDCDDCDDCP
When the difference between three consecutive counts and the mean value were higher than 
1.64 σ it can be assumed that a true change has occurred in the radiation field intensity and the 
averaging function should be bypassed again. 
When the number of counts in each time interval is small (e.g. lower than 20), the statistical 
approximation to normal distribution should not be applied and the Poisson distribution 

criteria should be applied: 
!

)(
x
eCxCP

x

i
⋅

==  (25) 

For example, when the average pulse count is 2 cps, the probability to get a null count is 
P(0) = 0.135, therefore, after three consecutive null readings we can assume a true change in the 
measured field with a probability of 1-P(0)3 = 0.9975. Here the response time will be only 1 sec. 
 
 
Testing and Conclusion 
The described algorithm was implemented and tested on ROTEM's RAM R-200 meter The 
response time for small changes in the radiation field was according to the presented 
algorithm. When the RAM R-200 was exposed to an abrupt change in the radiation field 
intensity, the response time was less than two seconds. This algorithm reduces the standard 
deviation of the displayed reading by a factor of α, while keeping the response time 
unchanged. The results meet the IEC1017-1 international standard and the ANSI N42 dose 
rate response requirements for gamma radiation rate meters.  
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Introduction 
Three selected aspects of radiation shielding calculations performed for SARAF (Soreq 
Applied Research Accelerator Facility) are presented.  These aspects relate both to the 
prompt radiation emitted during operation, as well as to residual radiation following 
system shutdown.  Two of the selected aspects relate to the hazards resulting from beam 
loss minimized by design to 0.8 nA/m, whereas the third aspect relates to the hazard 
created from total beam loss in a dump.  Beam loss calculations were conservatively 
performed for a deuteron beam attaining a maximum energy of 50 MeV.  Beam dump 
calculations were performed for Stage I of SARAF characterized by a maximum deuteron 
energy of 7 MeV and a current of 4 mA. 
 
I.  Deutron Activation versus Neutron Activation 
The residual radiation hazard resulting from reactions of deutrons with stainless steel and 
niobium beam line components is described in detail in [1].  The present work presents a 
comparison between the deuteron activation hazard and the residual radiation resulting 
from reactions of neutrons with various components in the beam and service corridors 
(Fig 1).  Such components in the beam corridor include copper in cryostats, stainless 
steel, niobium and concrete.  Components in the service corridor include stainless steel 
valve boxes and concrete. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Vertical Cross Section of Accelerator Corridor   
 
Residual radiation levels were obtained from the following two-stage calculation with 
MCNP-4B [2]: 
 

Service 
Corridor 

     Beam  
     Corridor 



1. Neutron mode:  Calculation of formation rates of radioactive products and  
photon emission rates as a function of beam current and loss rate, cross 
section and range, position in activated component and duration of irradiation. 

2. Photon mode:  Calculation of exposure rate resulting from the distribution of 
neutron activation products in given components. 

 
In the beam corridor, neutron activation of copper in the cryostats results in a saturation 
level exposure rate of about 1 µSv/h (0.1 mr/h), following the decay of  62Cu (t1/2=9.7 m).  
The primary contribution originates from 64Cu and 60Co.  This dose rate is low in 
comparison to the 20 µSv/h residual dose rate from (d,x) products [1].  A dose rate of 0.7 
µSv/h contributed by 56Mn in stainless steel quickly decays (t1/2=2.58 h).  Additionally, 
24Na in the concrete, and 54Mn and 51Cr in stainless steel, additively contribute a low dose 
rate of about 0.2 µSv/h. 
 
In the service corridor, the primary contribution at shutdown is from 24Na (t1/2=15 h) in 
structural concrete, but the exposure rate is only about 0.1 µSv /h.  Following 24Na decay 
(and 56Mn decay in the valve boxes), the primary contributors are radioactive (d,x) 
products in beam line components, but the exposure rate from them in the service 
corridor is negligible (0.01 µSv/h). 
 
II.  Neutron Streaming 
The following two neutron streaming problems were evaluated: 
 
1.  Streaming through the vacuum pipe at the high energy end of the LINAC 
A 10 inch diameter vacuum pipe containing internal liquid and gas helium pipes 
penetrates the concrete roof of the service corridor at two locations, adjacent to the PSM 
(the first cryostat) and at a central location above the LINAC.  The pipe penetrating the 
roof above the LINAC splits into five pipes which, in addition to the PSM vacuum pipe, 
penetrate the concrete wall separating the beam corridor and service corridor opposite 
each of the six cryostats (Fig I).  The dose rate above the opening in the service corridor 
roof resulting from the streaming of neutrons originating in the beam corridor was 
calculated as a function of roof width.  For the 1.5 m width (determined from calculation 
of neutron penetration through structural concrete of the beam corridor [1]), the dose rate 
is significantly lower than the 1 µSv/h criterion for continuous occupancy. 
 
2.  Streaming through openings for RF cable of the RFQ  
A 10 inch RF cable penetrates the concrete roof of the service corridor and the wall 
separating the two corridors.  Despite the lower energy of neutrons emitted from beam 
loss in the RFQ, the high level of loss (taken to be 10% for deuterons at 3 MeV) and their 
longitudinal concentration relative to beam loss distributed along the 25 m LINAC, 
present a potential radiation safety problem.  A conservative calculation of the exposure 
rate above the opening in the service corridor roof assuming a hollow cable, results in a 
value below the continuous occupancy criterion.   
 
A second calculation was performed of residual radiation in a copper layer of the coaxial 
RF cable surrounded by a moderating dielectric, which results from thermal neutron 



activation (n,γ), as well as from reactions with higher energy neutrons ((n,p), (n,α)).  The 
resulting residual saturation level exposure rate from the RF cable was found to be 
negligible. 
 
III.  Beam Dump Shield Design 
The total energy loss in a tungsten beam dump results in significant levels of prompt and 
residual radiation, which necessitate efficient local shielding in addition to structural 
shielding.  As noted, this calculation was performed for Stage I of SARAF, for which the 
maximum deuteron energy attained in the PSM is 7 MeV and the current is 4 mA.   
Calculations were performed for a conical copper structure with an internal tungsten 
layer, which longitudinally distributes beam absorption and thus optimizes heat 
dissipation.  The local shield consists of an internal 20 cm iron layer which attenuates 
higher energy neutrons through non-elastic reactions, and an outer 40 cm borated (5 %) 
polyethylene (BPE) shield which further moderates the neutrons and captures an 
appreciable fraction of them. 
 
1.  Prompt radiation hazard 
The following two-stage calculation was performed: 

a. Calculation of the energy-angle distributions of neutron leakage from the 
dump shield. 

b. Definition of these distributions as input in a calculation of exposure rate 
resulting from neutron penetration through the 1.5 m concrete roof of the 
beam corridor. 

                          
The combined local and structural shielding results in an exposure rate significantly 
lower than the criterion for continuous occupancy (1 µSv/h).  The secondary gamma 
radiation created from inelastic scattering and capture reactions of neutrons in the beam 
dump shield is effectively attenuated by the structural concrete shielding.  Secondary 
gamma radiation created from neutron reactions in structural concrete was also calculated 
and found to be significantly below the safety criterion.   
 
2.  Residual radiation hazard 
The residual saturation dose rate from the tungsten dump (dominated by 182Re) opposite 
the exposed opening of the conical beam dump is unacceptably high, and a 12 cm lead 
shutter is required for attenuation to a level acceptable for continuous occupancy. 
 
Neutron activation of the inner iron shield of the dump results in a saturation residual 
exposure rate of about 5 µSv /h in the beam corridor, which necessitate either the addition 
of an external lead layer to the beam dump shield, or a limitation of exposure time in the 
vicinity of the dump to 400 h/y. 
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Accelerator targets, both for radioisotope production and for high neutron flux sources generate 

very high thermal power in the target material, which absorbs the particles beam. Generally, the 

geometric size of the targets is very small and the power density is high. The design of these 

targets requires dealing with very high heat fluxes and very efficient heat removal techniques in 

order to preserve the integrity of the target. Normal heat fluxes from these targets are in the order 

of 1 kW/cm2
 and may reach levels of an order of magnitude higher.  

 

In order to evaluate the actual potential of jet impingement for high heat flux cooling, 

experimental cooling loops based on water and liquid gallium jet impingement are being 

designed and built. The water system is already operating. Initial experiments, using gas burner 

as the heat source, have been preformed (see Figure 1). 
 

 

Figure 1: The water jet cooling system in operation 

These experiments demonstrated a cooling capacity of 5 kW with average heat flux of 0.5 

kW/cm2 and a maximum of about 1 kW/cm2 with a total target area of 10 cm2. Target 



temperatures at various locations are presented in Figure 2 (The geometry of the target and the 

locations of the thermocouples are shown on the right side of the figure). As can be seen, the gas 

burner generates an uneven temperature distribution. The temperature is highest in the center of 

the target and decrease as the distance from the center increase. An accelerator beam is expected 

to give a similar power distribution (Gaussian distribution). During the experiment the heat 

source strength has been kept constant. Changing the cooling water flow rate has varied the 

cooling capacity. Target temperature decreased as flow rate increases due to increase of the heat 

transfer coefficient. No indication of surface boiling has been observed yet. 
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Figure 2: Temperature profile in copper target for a 5 kW total heating experiment 

 

Figure 3 compares measured temperature radial profile with our estimates. The current estimates 

are based on a correlation for stagnation point heat transfer coefficient and a radial heat transfer 

distribution function derived by Lienhard [1]. Detailed description of our estimation procedure is 

given in [2]. As can be seen, the measured values are lower than the temperatures expected from 

the calculations. The discrepancy can results from better heat transfer coefficient than estimated 

by the correlation or inaccurate assumptions used for the calculation. The heat flux distribution 

due to the gas burner is assumed Gaussian; the heat transfer radial distribution function does not 

account for the effects of the outer walls of the cooling chamber; the analysis is one dimensional 

and does not account for radial heat transfer. There is also a quite large error margin due to the 
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relatively large size of the thermocouples used for the measurements. The temperature 

measurements in the target have been done with 1.6 mm thick K-type thermocouples (TC). The 

solid blue line in the figure presents the estimated target temperature at the location of the center 

of the TC. The doted lines present the estimated target temperature at the two sides of the TC that 

are 0.8 mm closer or farther from the cooled surface than the TC center (see the drawing of the 

geometry of the target in Figure 2). 

 

Figure 3: Radial temperature profile in target with 90 l/min cooling water jet, comparison 

between measured (red circles) and estimated (blue lines) values 

 

Further experiments require development of high power heat source capable of providing the 

required heat flux and total power. For this purpose we develop now an electron gun heat source 

that is designed to provide up to 20 kW heating power.  
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As of the very early stages of the accelerator project at the Soreq Nuclear Research Center – 
"Saraf" [1], a safety group was established which has been an inseparable participant in the 
planning and design of the new facility. 
 
The safety group comprises of teams responsible for the shielding, radiation protection and 
general industrial safety aspects of "saraf". 
 
The safety group prepared and documented the safety envelope for the accelerator, dealing 
with the safety requirements and guidelines for the first, pre-operational, stages of the 
project. The safety envelope, though based upon generic principles, took into account the 
accelerator features and the expected modes of operation.  
 
The safety envelope was prepared in a hierarchical structure, containing Basic Principles, 
Basic Guidelines, General Principles for Safety Implementation, Safety Requirements and 
Safety Underlining Issues. 
 
The above safety envelope applies to the entire facility, which entails the accelerator itself 
and the experimental areas and associated plant and equipment utilizing and supporting the 
production of the accelerated particle beams. 
 
The Basic Principles are generic statements including the need to plan the facility so that its 
nominal operation will impose no excessive risk to either the staff, the people outside the 
facility or to the environment. The Basic Principles demand that active measures should be 
taken and implemented so as to prevent endangering accidents and incidents, and that active 
measures should be taken and implemented to minimize the risk given that an accident had 
occurred.  Another basic principle is that the structure in which the accelerator is located 
would provide passive shielding to prevent exposure of people and the environment 
surrounding the facility. 
 
The basic standards include, for example, reference to National and International Safety 
Standards [2-5] that the facility has to meet, Procedures for the proof of safety before the 
facility becomes operational, and the terms in which the ALARA principle is to be 
implemented. 
 
The general principles give mention, for example, to the fail-safe, two-person and the safety-
in-depth concepts.  The safety requirements relate specifically to the facility itself, based 
upon preliminary risk analysis which takes into account the accelerator's expected modes of 
operation and provisions for future expansion. 
 
 
 



In preparing the Safety Requirements the Energy-Analysis Approach [6] was adopted for 
local risk identification and characterization.  The idea that lies behind Energy-Analysis is 
that for an injury to occur, a person must be exposed to an injurious influence – a form of 
"energy". An injury occurs when a person is exposed to energy that exceeds the injury 
threshold. The purpose of the method is to obtain an overview of all energies in the 
installation which can cause acute injuries or may have long-term effects, for example, 
exposure to ionizing radiation. 
 
The accelerator facility was mapped and divided into zones and sections. For each zone or 
section a risk-matrix was prepared, in which every form of potentially hazardous energy was 
assigned a "level of severity".  Thus these matrices provide identification of risks which 
should be addressed in the safety design. 
 
The forms of energy included, for example, radiation of all types (ionizing, electromagnetic, 
acoustical, etc.), chemical influence (poisonous, corrosive, contagious, etc.), electric shock 
hazards, heat and cold, moving parts, fire, explosion and miscellaneous.  
 
The safety group of "Saraf" keeps on being involved and integrated in the project and to 
provide its inputs hand in hand with the advancement of the project from the design stage to 
its full scale operation. 
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Introduction 
This Paper describes a new methodology for a comprehensive modular Safety Control System 
(SCS), for a cyclotron site. The developed SCS is a modular approach for controlling the 
production procedures, safety conditions and documentation aspects in the Cyclotron site. 
Usually, the safety conditions in cyclotron sites are maintained by a variety of sensors. The 
cyclotron is supplied from the manufacturer with a self-integrated control system for its 
operation, yet the comprehensive SCS has to be defined and setup by the customer. Therefore, 
customers face a lot of integration problems in trying to combine all the signals from the 
different safety systems such as radiation monitoring, environmental and access control, in 
order to maintain proper safety working conditions. The presented SCS design provides main 
user interface and the complete safety solution required by including preset control logic 
definitions and open logic for specific user applications. The knowledge for the preset control 
logic definitions was gathered in previous projects [1]. 

Failure Mode and Effects Analysis (FMEA) method has been implemented on the SCS to 
analyze the potential failure modes and their impact on the product reliability. 
 
 
System Description 
The SCS is based on a Control Box Unit (CBU) and HMI Computer Software. The CBU 
includes: Programmable Logic Controller (PLC), digital and analog I/O connections, local 
display and indication signals. Safety conditions are maintained by separated systems such as: 
ventilation control, smoke detectors, access control and radiation detectors. The SCS 
combines and integrates all the signals state conditions in order to provide a main user 
interface without compromising the system reliability. The system controller integrates the 
signals directly from the sensors and enables the user to define the logic involving signals 
from additional different systems by a unique software setup table (see figure 2). By using 
this logic table, furthermore logic can be defined later on. Risk assessment analysis of the 
system logic using FMEA method, facilitates the definition of the potential failure, in order to 
improve and maintain the required system reliability. 

The system display is based on a 15'' Panel PC (PPC) that displays on line information 
concerning the system mode operation and alarm messages in case of abnormal conditions. 
Using PPC provides flexibility and simpler user interface. The SCS block diagram is shown 
in Figure 1. 
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Figure 1:  Safety Control System Block Diagram 
The Safety Control System design is conceived as follows: 
1. Improvement of the operating and environmental safety conditions without degradation 

of the system reliability. 
2. Default logic setup; friendly and flexible software for adding changes without requiring 

user's previous experience in control systems. 
3. Combination of all the safety signals into one single user interface, in order to improve 

the ability to maintain the system and to track the malfunctions. 
4. Documentation of alarms and abnormal conditions for future reference. 

The SCS incorporates the following main units: 

The Control Box Unit (CBU) includes Human to Machine Interface (HMI), switches, 
buttons and lamps. The CBU enables: programming and direct process intervention, display 
of abnormal events, alarms, announcements, acknowledgments and data logging. HMI is an 
approved standard software, enable to program the PLC logic on a synoptic screen and to 
communicate with other computers and PLCs, using standard network protocols such as 
TCP/IP or MODBUS. In order to achieve HMI immunity, hierarchical passwords were used. 

The I/O Box Unit incorporates the PLC, digital and analog inputs/outputs. Direct 
communication with the cyclotron site is maintained using dry contacts and standard analog 
connections such as 4-20 mA, 0-10V, etc. 

The Test Box increases any possible event and checks the whole system responses. The Test 
Box was specially developed to validate the HMI and the PLC logic operations. 
After installing the CBU and the I/O Box Unit, the programmer has to accomplish only four 
simple steps: 
-  Install the site logic directly, using the HMI interface. 
-  Validate the connection of the Test Box to the CBU in order to preserve the logic and 

enable system announcements. 
-  Disconnect the Test Box and connect the cyclotron site inputs/outputs. 
-  Test the operation of the Cyclotron site “on line”. 
The synoptic setup screens for the digital inputs and outputs and for the analog inputs and 
outputs programming, are both shown on Figure 2. 
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Figure 2:  Synoptic setup screen for digital and analog I/O 

The PLC logic response has been tested for risk assessment analysis, using FMEA method. 
Some of the control logics are listed below:  
- Monitor the under pressure regime inside the hot cell and alarm accordingly. 
- Acknowledgment for activity transfer from the cyclotron into the hot cell only when the 

 hot cell door is closed. 
- The gas released from the delay line is based on the radiation level. 
- Manual safety procedure acknowledgement for the cyclotron activation. 
- Record the cyclotron operating period with the environmental conditions. 
- Command the ventilation system to dilute the released gas concentration, in accordance  

 with the stack radiation detector. 
- Activate the alarm in case of radiation threshold exceeding in one of the area monitoring  

 detectors. 
 

Conclusions 
The proposed SCS is a universal system that can be adapted and customized to offer a wide 
range of control logics based on diverse information. Instead of having a specially designed 
control system for the cyclotron site, the presented SCS provides an "off the shelf product" 
based on flexible control logic design. The SCS improves the user's ability to maintain the 
system and track the malfunctions. At the same time, it preserves the whole wiring at a central 
location. The system enables addition of more control logics, and gives the possibility to 
extend the system in any stage. By using the developed approach, multiple advantages are 
achieved: 
- It is possible to centralize all the control systems to one user interface, with a main  

 controller and HMI interface.  
- Comprehensive control system; easy installation, operation and maintenance. 
- Enable analysis of the control sensors state and approves the safety working conditions. 
- Data logging of the environmental working conditions for analyzing the production 

 analysis. 
- Document alarms and abnormal conditions for future references. 
- Track historical data and create reports for the authorities. 
- Provide safety control logics that were not included in the original system. 
- Alarm in case of abnormal conditions and stopping the system. 
- Monitor each one of the sensors of the Cyclotron safety loop. 
- Combine the radiation monitoring system with the logic control. 
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