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INTRODUCTION 

 
Morocco has a long and rich history in nuclear technology which began in the 1950s 
with the development of nuclear techniques in several important socio-economic 
fields such as medicine, agriculture and industrial applications. 
 
The development of nuclear technology evolved over various organizations, primarily 
within the Ministry of Education. 
 
However, with the formation of the National Centre for Nuclear Energy and 
Technology (CNESTEN) the development of nuclear technology in Morocco has 
been reinforced. 
 
 
Morocco is looking forward and actively pursuing alternative sources of energy and 
has a very strong interest in nuclear power generation and associated technologies 
such as nuclear desalination. Entry into these new technologies is required since 
there are no natural sources of energy, Morocco currently imports most of its energy 
needs from abroad and has a  rapidly expanding energy need. 
 
In this paper, we present CNESTEN and its main facilities, missions, research 
programmes, human resources, training, education, national and international 
cooperation, etc 
 

CNESTEN PRESENTATION  
 
Founded in 1986, CNESTEN is a publicly owned entity with legal 
and financial autonomy.  
 
CNESTEN is under the supervision of the ministry of energy, mines, 
environment and water. 



 
CNESTEN’s missions can be summarized as follows: 

• Promotes nuclear science and technology applications: 
o nuclear medicine, life sciences, natural resources, environment, 

non destructive testing… 
• Contributes to the preparation of the necessary conditions (Political, 

Regulatory, Technical, Human Ressources…) for the introduction of 
nuclear power: 

o reactor technology, safety and security, training 
• Acts as a Technical Support Organization to the national nuclear 

safety authority: 
o Safety 

• Manages the radioactive wastes at the national level. 
 
 NUCLEAR RESEARCH CENTRE OF MAAMORA (NRCM) 
 
To accomplish these objectives, CNESTEN was instrumental in establishing, the 
NRCM, the first nuclear installation of Morocco. 
 
In 2008, the development of the nuclear technology in Morocco took a major step 
forward with the commissioning of a 2 MW nuclear research reactor ‘TRIGA MARK II’ 
Installed at the (NRCM). 
 
Located 25 kilometres, north of Rabat, the NRCM is a multipurpose nuclear facility 
which includes the TRIGA Mk II reactor, nuclear and chemical laboratories for the 
development of nuclear and non-nuclear applications, waste storage facilities, and a 
technical staff fully equipped and capable of pursuing all activities. 
 
Realization of the NRCM was accomplished by CNESTEN through the cooperative 
efforts with: 

• France – for the Nuclear Energy Center and Laboratories 
• United States – for the Reactor Building and TRIGA Reactor 
 

 MAIN REALISATIONS  
 
For the past 20 years CNESTEN has taken a leadership role in the areas of nuclear 
technology development in Morocco. 
 
The main activities are organized around Research, development, production and 
supply of radiopharmaceuticals and radioisotopes, Utilisation of nuclear techniques in 
endocrinology, infectious diseases, nutrition, bioremediation and environment,  
Hydrological studies , Climate  change, Sol erosion and desertification phenomena, 
Expertise, training and certification in non destructive testing, Radiation protection 
services, Radioactive wastes management. 
 

• Qualified individuals in all areas of nuclear technology with a solid safety 
culture 

o More than 200 doctors, engineers and technicians in nuclear and 
related fields 



 
• CNESTEN has developed various partnerships with universities and scientific 

institutions through research, educational and training programs in nuclear 
science and technology and hosts in its laboratories, more than one hundred 
students per year, preparing their PhDs or engineer Diplomas.  
 

• In the international arena, CNESTEN and its key staff have established a wide 
cooperation network with the IAEA, WHO, FAO, France, USA, Spain, Belgium 
and many other countries. 

 
• The result of the CNESTEN commitment has been the selection of key 

Moroccan engineers and scientists to staff positions as experts and 
consultants to the IAEA, in nuclear science and technology  

 
o This exposure further develops the knowledge base of the CNESTEN 

staff 
 
CNESTEN has developed its leadership position in the region, 
 

• Hosted many regional events on the peaceful use of nuclear energy,  
o Professionals from more than twenty African and Arabic countries have 

participated in these meetings. 
 

CNESTEN has become a regional IAEA training centre, for French speaking African 
countries,  

• Organized the postgraduate educational course in radioprotection and nuclear 
safety (PGEC).  

• Since 2004 more than one hundred African specialists have benefitted from 
this training. 
 

CONCLUSION 
 
The completion of the Nuclear Research Centre of Maamora ‘NRCM’ completed the 
initial stage of CNESTEN’s mission. 
 
CNESTEN now has the means to carry out neutrons irradiations, the laboratories to 
analyze the data, and the scientific staff to carry out the programs. 
 
CNESTEN is now ready to move forward into the next stage of development: 

• At the national level to become the principal supplier of nuclear science and 
technology services in health, industry, environment, water, etc. 

 
• At the international level, CNESTEN is ready to become a regional centre for 

training, education and research in nuclear sciences and technologies. 
 
The completion of the NRCM and the commissioning of the TRIGA nuclear research 
reactor have given CNESTEN the needed experience to take the lead in the 
development to introduce nuclear energy in Morocco. This first nuclear experience is 
valued in the preparation of the Nuclear Power option considered by Morocco in its 
new energy strategy at the horizon of 2020-2030.  This includes human resources, 
reactor technology training and education, safety, legal framework, and nuclear 
waste management. 
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ABSTRACT: The mission of the National Nuclear Security Administration’s (NNSA) Office of Global 
Threat Reduction (GTRI) is to reduce and protect vulnerable nuclear and radiological materials located at 
civilian sites worldwide.  GTRI is a key organization for supporting domestic and global efforts to minimize 
and, to the extent possible, eliminate the use of highly enriched uranium (HEU) in civilian nuclear 
applications.   
 
GTRI implements the following activities in order to achieve its threat reduction and HEU minimization 
objectives: 

• Converting domestic and international civilian research reactors and isotope production 
facilities from the use of HEU to low enriched uranium (LEU); 

• Demonstrating the viability of medical isotope production technologies that do not use HEU; 
• Removing or disposing excess nuclear and radiological materials from civilian sites worldwide; 

and 
• Protecting high-priority nuclear and radiological materials worldwide from theft and sabotage. 

 
This paper provides a brief overview on the recent developments and priorities for GTRI program activities 
in 2010, with a particular focus on GTRI’s efforts to demonstrate the viability of non-HEU based medical 
isotope production technologies.   
 
 
1.  Introduction  
On April 5, 2009, U.S. President Barack Obama announced a new international effort to 
secure all vulnerable nuclear material around the world within four years.1  Over the 
ensuing months, President Obama further outlined his comprehensive strategy for nuclear 
security to reduce the danger of nuclear terrorism, prevent the spread of nuclear weapons 
capabilities, and strengthen the nuclear nonproliferation regime.  The U.S. National 
Nuclear Security Administration’s Global Threat Reduction Initiative (GTRI) is a key 
organization for implementing this strategy due to its mission to reduce and protect 
vulnerable nuclear and radiological material located at civilian sites worldwide.   
 
On September 24, 2009, President Obama chaired an historic meeting of the United 
Nations Security Council (UNSC), during which the UNSC unanimously cosponsored 
and adopted a resolution committing to work toward a world without nuclear weapons 
and endorsing a broad framework of actions to reduce the threat of nuclear terrorism.  
Specifically, UNSC Resolution 1887 “calls upon all States to manage responsibly and 
minimize to the greatest extent that is technically and economically feasible the use of 
highly enriched uranium for civilian purposes, including by working to convert research 
reactors and radioisotope production processes to the use of low enriched uranium fuels 

                                                 
1 Remarks by President Barack Obama,” White House website, 
http://www.whitehouse.gov/the_press_office/Remarks-By-President-Barack-Obama-In-Prague-As-
Delivered April 5, 2009.   
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and targets.”2  GTRI is responsible for supporting these efforts to minimize and, to the 
extent, possible, eliminate the use of highly enriched uranium (HEU) in civilian nuclear 
applications.   
 
GTRI has three elements – Convert, Protect, and Remove – that provide a comprehensive 
approach to achieving President Obama’s objective to secure and protect all vulnerable 
nuclear material within four years.  This paper discusses the status of these activities, 
with a particular focus on GTRI’s efforts in reducing the use of HEU in medical isotope 
production.   
 
2. GTRI Program Overview 
Implementation of GTRI’s Convert, Remove, and Protect subprograms are critical 
elements to achieving the objective to reduce and protect vulnerable nuclear and 
radiological material located at civilian sites worldwide.  Following is the status of 
GTRI’s Convert, Remove, and Protect activities.   
 
2.1   Convert  
GTRI’s Convert Program, also known as the Reduced Enrichment for Research and Test 
Reactors (RERTR), supports the conversion of domestic and international civilian 
research reactors and isotope production facilities from HEU to LEU.  These efforts 
result in permanent threat reduction by minimizing, or to the extent possible, eliminating 
the use of HEU in civilian applications.  Each reactor converted or shutdown eliminates a 
source of bomb material.  Once the need is eliminated, any remaining HEU fresh and 
spent fuel can be permanently disposed of by GTRI’s Remove Program.   
 
The goal of the Convert Program is to convert or verify shutdown prior to conversion of 
200 HEU reactors by 2020.  To date, GTRI has converted or verified the shutdown of 67 
reactors.  Since October 2004, acceleration of the program has resulted in 28 HEU 
research reactors being converted or shutdown prior to conversion, including 19 
international and 9 domestic conversions.  In 2009, GTRI completed the conversion of all 
U.S. research reactors that could convert using existing fuels two years ahead of 
schedule.  GTRI is also collaborating with four international facilities that will convert or 
shutdown their research reactors to LEU fuel before October 2010.   
 
The Convert Program is also developing and qualifying new high-density U-Mo LEU 
fuel to enable the conversion of high-performance research reactors.  In conjunction with 
the fuel development effort, GTRI established the fuel fabrication capability (FFC) 
project to work with industry, the U.S. Nuclear Regulatory Commission (NRC), the U.S. 
national laboratories and other entities to accelerate efforts to create a sustainable 
commercial-scale capability to fabricate and supply new ultra-high density U-Mo LEU 
fuel.   
 

                                                 
2 UN Security Council, Resolution 1887, S/RES/1887, September 24, 2009, 
www.un.org/Docs/sc/unsc_resolutions09.htm 
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GTRI recently down selected the fuel design to a monolithic Uranium-Molybdenum fuel 
foil with a thin Zirconium sheath serving as a diffusion barrier.  Key fuel performance 
and safety basis experiments will be conducted in 2010.  This new capability will allow 
the U.S. to meet its international commitment to HEU minimization, and it is hoped that 
this model will encourage other countries to meet their commitments to minimizing the 
use of HEU in civilian applications.    
 
2.2 Remove  
GTRI’s Remove Program supports the removal and disposal of excess nuclear and 
radiological material from civilian sites. These efforts result in permanent threat 
reduction by eliminating nuclear and radiological materials that terrorists could 
potentially acquire.  The materials include U.S.-origin, Russian-origin, and “gap” 
material that are not covered under U.S. or Russian programs.  Excellent cooperation 
with partner countries has enabled the removal of 55% of targeted vulnerable material, or  
2,531.6 kilograms of 4,603.9 kilograms, to date.  
 
All HEU material has been removed from 17 countries, including: Brazil, Bulgaria, 
Colombia, Denmark, Greece, Latvia, Libya, Philippines, Portugal, Romania, Slovenia, 
South Korea, Spain, Sweden, Taiwan, Thailand, and Turkey.  GTRI completed the clean-
out of all HEU from Romania, Taiwan, and Libya in 2009, and Turkey in early 2010. 
 Upcoming shipments in 2010 will remove all HEU from Serbia and Chile.   
 
Removal of abandoned radiological materials in other countries include radioisotopic 
thermoelectiric generators (known as RTGs), with emphasis on recovery within Russia. 
GTRI has established the ambitious goal of removal or disposal of 860 Russian RTGs by 
2013.  The close cooperation with Russian partners has resulted in the successful removal 
of 59% to date.  The GTRI domestic radiological material removal program is working in 
cooperation with Federal, state, and local agencies, and private industry to recover and 
permanently dispose of excess radiological sources in the United States.  Over 23,022 
domestic sources have been recovered to date.  
 
To secure all vulnerable nuclear materials, GTRI has identified the material for inclusion 
in its Remove Program scope.  In order to secure these materials within four years, these 
materials are protected until a permanent threat reduction solution (conversion and 
removal) can be implemented.   
 
2.3 Protect  
GTRI’s Protect Program protects high priority nuclear and radiological materials from 
theft and sabotage.  These efforts result in threat reduction by improving the physical 
security of bomb material remaining at civilian sites until a permanent threat reduction 
solution can be implemented.  GTRI’s Protect Program involves both international and 
domestic material protection.  Work is conducted to ensure material security building by 
building.  Many of the buildings holding nuclear and radiological materials require a 
different approach since they are accessible to the public, such as hospitals and university 
facilities.  A systematic and comprehensive methodology is applied to evaluate and 
implement security measures.   
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Working with Federal, state and local agencies, GTRI is targeting about 2,500 high 
priority buildings containing risk-significant quantities of nuclear and radiological 
materials in the U.S.  This work has recently begun, and 106 have already been 
completed to date.  GTRI has identified 1,756 international buildings with nuclear and 
radiological material that require security installations and/or protection upgrades.  To 
date, 37% have been completed.  
 
3. Minimizing the Use of HEU in Medical Isotope Production 
GTRI is working to demonstrate a sustainable means of producing the medical isotope 
molybdenum-99 (Mo-99) without the use of HEU.   
 
Mo-99 is a crucial radioisotope that is used in approximately 80 percent of all nuclear 
medicine diagnostic procedures, and in roughly 50,000 diagnostic and therapeutic nuclear 
medicine procedures performed everyday in the United States.  Its primary uses include 
diagnosing heart disease, treating cancer, and studying organ structure and function.  The 
isotope’s short half-life and excellent binding properties make it uniquely suited for 
medical procedures, however due to its short half-life it must be produced continuously to 
meet the medical community's requirements.   
 
The United States does not currently have a domestic production capability for Mo-99 
and imports all of its supply from ageing reactors that use HEU in their production 
processes.  As part of its nuclear nonproliferation mission, GTRI’s mandate is to assist in 
the conversion of global isotope production facilities to use LEU, and to accelerate the 
commercialization of a reliable Mo-99 supply network in the United States that does not 
use HEU.   
 
3.1 Development of LEU-Based Technologies to Enable Conversion of Global 
Medical Isotope Producers 
As part of its nuclear nonproliferation mission, GTRI makes technical expertise available, 
on a non-proprietary basis, to all global isotope producers to assist with converting their 
Mo-99 production processes to use LEU.   
 
GTRI provides technical support in a number of areas, including foil rolling, target 
fabrication, target irradiation, target disassembly, target dissolution, product recovery and 
purification, and waste treatment.  GTRI also develops alternative LEU-based processes 
that increase the Mo-99 extraction efficiency and reduce the waste volumes generated, in 
order to facilitate the replacement of current HEU-based technologies. GTRI has long-
standing relationships with current and potential Mo-99 producers through its 
development of LEU-based Mo-99 technology and cooperation with research reactor 
facilities converting to LEU fuel.  
 
GTRI’s efforts to develop LEU technology for isotope production were validated by a 
January 2009 National Academy of Sciences report, entitled Medical Isotope Production 
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Without the Use of Highly Enriched Uranium.3  Released on January 14, 2009, the study 
provides confirmation of the viability of the technical progress made by GTRI and found 
the production of Mo-99 using non-HEU-based methods to be economically feasible. 
Specifically, the National Academies concluded that “LEU targets that could be used for 
large-scale production of Mo-99 have been developed and demonstrated,” and that “the 
anticipated average cost increase to convert to the production of medical isotopes without 
the use of HEU would likely be less than 10 percent.”   
 
To further support non-HEU-based medical isotope production, GTRI participates in 
related efforts of the International Atomic Energy Agency (IAEA), such as the IAEA 
Coordinated Research Project on “Current and Novel, Non-HEU based Isotope 
Production and Supply Technologies for Mo-99 and Tc-99m Suitable for Medical 
Procedures.” 
 
3.2 Accelerating the Establishment of Domestic Commercial Sources of Mo-99  
Over the past two years, technical difficulties and shutdowns at the major Mo-99 
production facilities have caused serious Mo-99 supply shortages.  The current supply 
shortage highlights the need for a reliable supply network in the United States, comprised 
of alternative production options (e.g. new non-HEU-based technologies and facilities) 
that will meet the demand of the medical community.  
 
GTRI is working to develop a reliable and diversified Mo-99 commercial production 
capability in the U.S. that does not use HEU, an effort that requires strong cooperation 
between government and industry.  It is imperative to ensure that this critical medical 
isotope is readily available for the medical community because of the current and 
projected isotope supply shortages.  The goal is to develop a reliable Mo-99 commercial 
supply network in the United States to meet daily patient needs that is consistent with 
HEU minimization policy and avoids a single point-of-failure.  
 
To further this critical effort, GTRI is supporting the U.S. private sector to accelerate the 
establishment of a reliable commercial Mo-99 production capability without the use of 
HEU.  GTRI is demonstrating four non-HEU based technologies, in cooperation with 
commercial partners and the U.S. national laboratories.  These technologies include LEU 
target technology, LEU solution reactor technology, accelerator technology, and neutron 
capture technology.  The projects utilize resources and the wide-ranging expertise from 
the U.S. national laboratories and U.S. commercial entities. 
 
Two Cooperative Agreements were awarded to commercial partners on September 30, 
2009 to accelerate the production of Mo-99 in the U.S. without the use of HEU.  These 
commercial partners are Babcock and Wilcox (B&W) for solution reactor technology and 
General Electric Hitachi for neutron capture technology. Cooperative Agreements are 
cost-share arrangements that require the private company to provide no less than 50-
percent of total project funding.     

                                                 
3 Committee on Medical Isotope Production Without Highly Enriched Uranium, National Research 
Council, Medical Isotope Production Without the Use of Highly Enriched Uranium, January 2009, 
<http://www.nap.edu/catalog.php?record_id=12569#description>.  
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3.3 The American Medical Isotope Production Act (H.R. 3276)   
On July 21, 2009, U.S. Representative Edward J. Markey, Chairman of the House Energy 
and Commerce Committee Subcommittee on Energy and the Environment, and 
Representative Fred Upton, the Ranking Member of the Subcommittee, introduced The 
American Medical Isotope Production Act of 2009 (H.R. 3276).   
 
The pending legislation would direct the U.S. Department of Energy (DOE) to establish a 
technology-neutral program to evaluate and support projects for the production of 
significant quantities of Mo-99 in the United States without the use of highly enriched 
uranium to be carried out in cooperation with non-Federal entities.  In addition, H.R. 
3276 directs DOE to establish a program to make LEU available, through lease contracts, 
to domestic commercial entities for Mo-99 production and to retain responsibility for the 
final disposition of waste created by the irradiation, processing, or purification of leased 
uranium.  The legislation would also phase out the export of HEU for medical isotope 
production in 7 to 13 years. 
 
On September 9, 2009, GTRI testified at the hearing of the House Subcommittee on 
Energy and the Environment on the legislation, and again on December 3, 2009 before 
the Senate Energy and Natural Resources Committee.  NNSA supports H.R. 3276 
because it recognizes the urgency of two important national priorities: nuclear 
nonproliferation and stability of the supply of medical isotopes.  
 
3. Conclusion 
Through GTRI’s efforts to convert research reactors and isotope production facilities to 
use LEU, remove vulnerable nuclear and radiological materials, and protect thousands of 
facilities from the threat of sabotage and theft until a permanent threat reduction 
alternative can be implemented, GTRI is a critical element to meeting the international 
effort to secure all vulnerable nuclear material around the world within four years. 
GTRI’s efforts to demonstrate and develop non-HEU based technologies for civilian 
nuclear applications, including in the production of medical radioisotopes, will achieve 
the important nonproliferation objective to phase-out the use of HEU in the civilian 
sector.  
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ABSTRACT  
 

Since last RRFM meeting, CNEA has deployed several related tasks. The RA-6 MTR 
type reactor, converted its core from HEU to a new LEU silicide one is scaling up the 
power, according to a protocol requested by the national regulatory body, ARN. 
CNEA is deploying an intense R&D activity to fabricate both dispersed U-Mo (Al-Si 
matrix and Al cladding) and monolithic (Zry-4 cladding) miniplates to develop possible 
solutions to VHD dispersed and monolithic fuels technical problems. Some monolithic 
58% enrichment U8%Mo and U10%Mo are being delivered to INL-DoE to be irradiated 
in ATR reactor core. A conscientious study on compound interphase formation in both 
cases is being carried out. 
CNEA, a worldwide leader on LEU technology for fission radioisotope production is 
providing Brazil with these radiopharmaceutical products and Egypt and Australia with 
the technology through INVAP SE. CNEA is also committed to improve the diffusion of 
LEU target and radiochemical technology for radioisotope production and target and 
process optimization. Future plans include:  

o Fabrication of a LEU dispersed U-Mo fuel prototype following the recommendations of 
the IAEA’s Good Practices document, to be irradiated in a high flux reactor in the frame 
of the ARG/4/092 IAEA’s Technical Cooperation project. 

o Development of LEU very high density monolithic and dispersed U-Mo fuel plates with 
Zry-4 or Al cladding as a part of the RERTR program. 

o Optimization of LEU target and radiochemical techniques for radioisotope production. 
 

 
1. RA-6 reactor with its new LEU core: from restart to its regime power 
 
The RA-6 reactor is a pool-type one sited at San Carlos de Bariloche city, Province of Río 
Negro, Argentina, and its core was recently converted into a new LEU-based oneI. This 
successful conversion process started in October 30th, 2005 with the signature of two 
contracts between CNEA and NNSA-DoE and comprised swapping of HEU-LEU 
inventories, exportation of HEU SNF US-origin to USA, and fabrication of the conversion 
core and new graphite reflectors and improvements on primary and secondary loops. 
During 2009 and up to date the following steps took place: 

• Criticality start-up operations, started on January 19th, 2009. 
• Formal re-inauguration took place on March 16th, 2009. 
• Scale up of power to a first step of 1 MW, to reach 3 MW during 2010, according 

to a plan authorized by ARN, the national nuclear regulatory body. 
• Refurbishment and relicensing of BNCT facility for experimental therapeutic  

melanoma treatment, Neutron Activation Analysis and other facilities.    
  
2. Applied R&D on dispersed and monolithic U-Mo fuels.  
• The final analysis on the interaction U(Mo,1%Zr)/Al (7%Si) developed in out-of-pile 

tests using high intensity synchrotron X-rays diffraction techniques performed in the 
LNLS Campinas, Brazil, was carried out. It showed the precipitation of Zr as Zr3Al5 in 
the interaction zone.  



• Other research activities already performed are the irradiation of a set of microplates 
in the RA3 reactor and computational methods applied to thermodynamic and kinetic 
calculations. Concerning calculations, a thermodinamic database was built to 
calculate phase equilibria. The diffusion problem was simulated using the DICTRA 
package which articulates thermodinamic data with a mobility database. The 
equilibria obtained in the Al-U system and a first model of UAl3/Al diffusion couple 
that succesfully simulates the growth of the Al4U phase are presented in the poster 
session. 

 
3. Development and irradiation of promissory solutions to VHD monolithic 

and dispersed fuels technical problems  
• Improvements in the development of dispersed and monolithic fuels made with 

Uranium-molybdenum alloy were done. The purpose is to have additional 
alternatives to cover HEU-LEU conversion possibilities.  

• CNEA is working in the fabrication of depleted U-7Mo based miniplates. Once this 
process is stable and repetitive, the fabrication of a LEU prototypic fuel assembly 
will follow.  To enhance the expertise of human resources in rolling techniques, the 
technical visit of Dr. Wiencek to CNEA laboratories, an US-ANL expert was  
produced. This visit was done through IAEA’S Tecnical Cooperation MANPOWER 
program.   

• The project ARG/4/092, in the frame of IAEA’s Technical Cooperation, looks for the 
irradiation in a high flux reactor and PIE a full scale LEU-Mo/Al-Si based dispersed 
fuel assembly prototype. Procurement activities are finished and the contract with 
the irradiadiation and PIE services provider will take place soon. 

• In order to avoid an undesirable porosity in the aluminium side of the interaction zone 
with U-Mo due to the migration of gas fission products, and according to studies 
done on the convenience to add a proper component to matrix powder, Al-Si alloys 
are being tested. After results, fabrication conditions of dispersed U-Mo plate full 
size will be obtained. 

• Concerning very high density monolithic U-Mo both miniplates and plates, using MEU 
and LEU fuel meat with Zry-4 cladding to be irradiated in USDoE-ATR Reactor, are 
being developed  

• In order to improve material performance and plate dimensioning fabrication 
conditions were studied and modified, like hot co-lamination of U-Mo and Zry-4 
sheaths. Several depleted uranium prototypes were elaborated, characterized and 
tested to set up process variables and fabrication conditions. 

 
4. Improvement of the LEU target and radiochemical technology for Mo99 

and other radioisotopes production: It was already presented that CNEA has 
decided on 2001 to turn into LEU material for target fabrication, maintaining other 
characteristics of the production, i.e. the alkaline chemical digestion process. CNEA 
has been producing Mo-99 using LEU since 2002.CNEA produces Mo-99 primarily 
for its domestic market and secondarily for export to other South American countries. 
It began producing Mo-99 using HEU targets in 1985[II] and developed and converted 
to LEU-based production in 2002. CNEA manufactures its own uranium-aluminum 
alloy plate LEU targets[III].  

• CNEA has developed and is using high-density LEU-aluminum dispersion targets 
to produce Mo-99 for its domestic market. The target meat has a density of  2.9 
gU/cm3, which is obtained by increasing the ratio of uranium aluminide to 
aluminum in the target meat. The mass of U-235 in the target meat is about twice 
that of conventional uranium-aluminum alloy targets.  

• CNEA was able to convert to LEU-based production in the same set of hot cells 
that were being used for HEU-based production. Moreover, this conversion was 
made without interrupting Mo-99 production 



• Targets are irradiated in the RA-3 reactor at CNEA’s Ezeiza Atomic Center near 
Buenos Aires. Target processing is carried out in a hot cell facility at the Ezeiza 
site. Process wastes are also managed at the site. 

• CNEA’s development showed that there are no technical barriers to conversion of 
Mo-99 production from HEU targets to LEU targets. Production using LEU targets 
is technically feasible and is being carried out by CNEA in Argentina and will be 
shortly by the Australian National Nuclear Science and Technology Organisation 
(ANSTO) using CNEA technology using CNEA-developed LEU targets and target 
dissolution process to produce Mo-99. 

• This new LEU technology satisfies the most stringent requirements of quality for its 
use in nuclear medicine applications.  Mo-99 purity has been consistently higher 
than that produced using HEU targets[IV] 

• Also in September 2005, CNEA began the regular production of high quality fission 
I-131, a by-product of Mo-99 production, meeting also international quality 
standards. 

• New results are that HEU-LEU production process comparison costs reveals that 
this new technology has no significant over cost. CNEA recently presented a 
comparison of its variable costs for producing Mo-99 using LEU and HEU 
targets[V]. Variable costs for Mo-99 production for the three years prior to (i.e., 
1998-2001) and three years following (2003-2007) conversion were compared. 
Costs were presented in three categories: (1) labor; (2) materials; and (3) services, 
maintenance, taxes, and miscellaneous. The costs were presented as present 
value estimates normalized on a per curie basis for the number of curies produced 
in 2007. Overall costs for LEU-based production compared to HEU-based 
production increased by about 5 percent. 

• Since CNEA has duplicated the LEU-based radioisotope weekly production rate to 
provide Mo99 and other radioisotopes to Brazil.  

• Conclusions: no technical, quality or financial reasons make disadvantageous to 
change from HEU to LEU radiochemical technology for Mo99 and other 
radioisotopes production. CNEA becomes a leader in LEU based isotope 
production technology: the production plant built up with CNEA’s technology in 
Australia by INVAP started to produce RI, and a similar one in Egypt is scheduled 
to start production during 2010. Future plans: at present, CNEA is expanding Mo-
99 production within its current facilities by increasing target throughputs. Such an 
expansion would put CNEA in the ranks of large-scale producers 
. 

5. Conclusions: CNEA continues deploying development activities on LEU technology 
for core reactor conversion and Mo99 and related radioisotope production. Future 
plans include prototypic fuel irradiation and optimization of LEU targets and alkaline 
digestion process. 
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The Foreign Research Reactor (FRR) Uranium Supply Program at the  
Y-12 National Security Complex supports the nonproliferation objectives 
of the HEU Disposition Program, the Reduced Enrichment Research and 
Test Reactors (RERTR) Program, and the United States FRR Spent 
Nuclear Fuel (SNF) Acceptance Program. The Y-12 National Nuclear 
Security Administration (NNSA) Y-12 Site Office maintains the prime 
contracts with foreign governments for the supply of Low-Enriched 
Uranium (LEU) for their research reactors. The LEU is produced by down 
blending Highly Enriched Uranium (HEU) that has been declared surplus 
to the U.S. national defense needs. The down blending and sale of the 
LEU supports the Surplus HEU Disposition Program Record of Decision 
to make the HEU non-weapons usable and to recover the economic value 
of the uranium to the extent feasible. This program supports the 
important U.S. government and nuclear nonproliferation commitment to 
serve as a reliable and cost-effective uranium supplier for those foreign 
research reactors that are converting or have converted to LEU fuel 
under the guidance of the NNSA RERTR Program.  In conjunction with 
the FRR SNF Acceptance Program which supports the global 
nonproliferation efforts to disposition U.S.-origin HEU, the Y-12 FRR 
Uranium Supply Program can provide the LEU for the replacement fuel 
fabrication. In addition to feedstock for fuel fabrication, Y-12 supplies 
LEU for target fabrication for medical isotope production. The Y-12 
process uses supply forecasting tools, production improvements and 
efficient delivery preparations to successfully support the global research 
reactor community. 
 
Y-12 Foreign Research Reactor Supply Program Overview 
 



Y-12 supplies foreign research reactors with low enriched uranium (LEU) 
at 19.75 wt. % 235U under the Foreign Research Reactor (FRR) Uranium 
Supply Program.  The LEU is produced at Y-12 by down blending U.S.-
origin highly enriched uranium (HEU). In a 1994 Presidential declaration 
174 metric tons (MT) of HEU were declared surplus to national security 
needs by a 1995 presidential order.  Although current LEU production is 
primarily in the form of uranium metal, Y-12 production processes have 
the capability to provide various forms and enrichments of LEU, 
depending on research reactor requirements.   

In keeping with the commitment made by the U.S. to permanently 
remove the declared surplus HEU from the U.S. defense stockpile and to 
use it for peaceful uses to the extent possible, the HEU Disposition 
Program, under the Office of Fissile Material Disposition, manages and 
integrates the surplus HEU disposition activities.  The down blending 
and sale of the LEU for FRR fuel supports the Record of Decision for the 
Surplus HEU Disposition Program to make the material non-weapons 
usable and to recover the economic value of the uranium to the extent 
feasible.   

As of the end of January 2010, over 131 MT of surplus HEU have been 
down blended and approximately 3.1 MT have been down blended at Y-
12 for research reactor fuel feedstock.  In 2005, an additional 200 MT 
were declared excess to weapons needs. Between the two surplus 
declarations, approximately 10 MT have been designated for disposition 
to research and test reactor fuel and targets for medical isotope 
production through at least 2016. 

 
The FRR uranium supply program supports the important U.S. 
government nuclear nonproliferation commitment to serve as a reliable 
and cost-effective supplier of feed material for those foreign research 
reactors that are converting or have converted to LEU fuel under the 
guidance of the NNSA Reduced Enrichment for Research and Test 
Reactors (RERTR).  The Y-12 NNSA Site Office is authorized to administer 
the FRR uranium supply contracts with foreign governments  in 
accordance with Section 54a of the Atomic Energy Act of 1954, as 
amended, and Section 3112 (d) and (e) of the United States Enrichment 
Corporation (USEC) Privatization Act of 1996. DOE is authorized to 
distribute special nuclear material to countries who have entered into an 
Agreement for Cooperation with the U.S. Government concerning 
peaceful uses of nuclear energy and that DOE may sell enriched 
uranium to “any State or local agency or nonprofit, charitable, or 
educational institution for use other than the generation of electricity for 
commercial use.”  In addition, DOE may now sell LEU to commercial 
research reactors as long as the material is not necessary for national 
security needs; the sale will not have an adverse impact on the domestic 



uranium industry; and the price is not less than the fair market value of 
the material. 
 
LEU Supply Process 
 
The research reactor representative  submits an expression of interest to 
Y-12 specifying the LEU requirements, including quantity by calendar 
year, desired delivery schedule by quarter, enrichment (19.75% weight 
percent  235U, typically) and material form.  Y-12 evaluates the request 
and determines material availability.  At the customer’s request, Y-12 
provides a cost proposal.  If the quoted price is accepted, the customer 
sends a letter of intent and Y-12 provides a draft contract with 
standardized General Terms and Conditions to begin contract 
negotiations. 
 
The successful completion of the uranium supply contract is contingent 
on the timely submission and receipt of an export license issued by the 
U.S. Nuclear Regulatory Commission.  The export license process is often 
the limiting factor for finalizing the delivery schedule because it requires 
NNSA and/or State Department review and approval and foreign 
government assurances for the peaceful use of the requested enriched 
uranium.  The NNSA Y-12 contracts require the customer to agree to 
utilize the Y-12 supplied, U.S.-origin uranium in the reactors listed in 
the contract as well as in the export license application where the 
ultimate end use of the material is specified. 
 
The LEU demand for foreign research and isotope production reactors is 
approximately 1,500 to 2,000 kilograms per year and is expected to 
increase as reactors convert from HEU to LEU.  As the global LEU 
demand increases, it is important for a research reactor to have a reliable 
fuel supply.  NNSA Y-12 encourages multi-year supply contracts because 
of several mutual benefits.  The customer receives a competitive base 
price with the option to negotiate a lower base price each year, assurance 
of fuel feedstock supply, and a high quality product.  An export license 
application can be submitted for multiple deliveries to accommodate 
multi-year supply contracts, thereby reducing administrative costs and 
potential delays in deliveries.   
 
Y-12 benefits include better production planning and campaigning 
efficiencies, which results in lower production costs for the customer.  
Also, Y-12 can assure production capacity is available to meet the 
demands for LEU. In addition, the multi-year contracts provide a long-
term disposition path for surplus HEU. 
 
   
Pricing Policy 



 
Y-12 utilizes a DOE pricing policy developed specifically for DOE 
contracts executed for the sale of LEU to authorized users for use in 
foreign research and test reactors.  This pricing policy was developed to 
assure competitive pricing for NNSA sales of uranium to foreign research 
reactors in order to attract worldwide research reactor community 
support for the nonproliferation objectives of the RERTR and FRR SNF 
Acceptance Program.  The policy requires that the LEU be sold at fair 
market value as well as requiring full cost recovery. Because of the 
extreme fluctuations in the uranium market over the past several years, 
implementation of the NNSA pricing strategy was modified from month-
end spot prices to an averaging over a period to provide the fair market 
value to the FRR customer.  The current pricing policy is based on the 
Y-12 costs to produce the LEU metal plus the average market value for 
19.75% enriched uranium.  The average market value, which includes 
the sum of the published uranium component market prices for uranium 
feed and separative work units (SWU), typically, averaged over the two 
quarters prior to contract negotiation, is used to calculate the 
corresponding market price per kilogram to be charged for 19.75% LEU. 
 
In recognition of the uranium market fluctuations and the objective to 
provide the fair market value to its FRR customers, NNSA includes in 
new contracts an option for the FRR customer to negotiate a new base 
price if the average market value decreases below the base price of the 
component values in the contract. The Y-12 processing costs have to be 
incorporated into the price since Y-12 is a government facility which 
requires its operations to be full cost recovery.  
 
In support of the NNSA Office of Global Threat Reduction and the FRR 
Spent Nuclear Fuel Acceptance Program goal for the safe, secure removal 
of U.S.–origin HEU from foreign research reactors, NNSA often negotiates 
the removal of HEU by offering an equivalent LEU credit based on the net 
value of the material to be returned.  The FRR can apply the LEU credit 
to an order under a LEU supply contract with NNSA Y-12. 
 

Ultimately, Y-12 strives to provide the FRR customer with the most fair 
and beneficial price based on the current state of the uranium market.  
Y-12’s customer base includes research reactors in Europe, Asia, North 
and South America, and Australia. 
 
LEU Production Process 
 
Y-12 employs a molten metal casting process to down blend the surplus 
HEU with either depleted or natural uranium to nominally 19.75 weight 
percent 235U.  The HEU is selected based on chemical analysis and 



availability. The feed materials are melted in a vacuum induction furnace 
and cast into a right angular cylinder (or hollow log), which has a 
critically safe geometry.   
 
Samples are drilled from the hollow log for analysis to ensure 
enrichment, uranium isotopic composition and impurities meet the 
material specifications. The hollow logs are broken in a hydraulic press, 
and then sheared to make broken metal pieces ranging in size from 80 to 
300 grams. The broken metal is loaded into carbon steel or stainless 
steel cans with press-fit lids under an argon atmosphere.  The cans are 
4.25 inches by either 4.75 or 8.75 inches tall and are lined with either 
aluminum or carbon steel mesh to minimize movement of the material 
during transport.  
 
When a customer’s order is placed, then the cans are loaded into the 
selected shipping container certified for international transport of fissile 
material.  A Mylar tamper indicating device is applied to the cans and/or 
shipping container.  The containers are then staged for shipment.  Y-12 
coordinates with the customer’s transportation services company to 
develop the shipping logistics and to execute the delivery. 
 
Y-12 LEU Quality 
 
There are over 250 research reactors worldwide, many of which operate 
using LEU fuel enriched from 5% to less than 20% in 235U.   The primary 
feed material form provided is uranium metal which is used to produce 
uranium silicide, uranium aluminum, or uranium titanium fuels.  Some 
reactors also need U3O8 and UO2 oxides.  International initiatives guided 
by the RERTR Program are continuing to convert several of those 
remaining reactors using HEU into LEU fueled reactors.    
 
The origin of the material in the production of LEU for the research 
reactor community is the major contributor to the quality of the LEU 
product.  At Y-12, the LEU is produced by down blending weapons-grade 
HEU material with carefully selected diluent.   Reprocessed material is 
usually less suitable due to the minor uranium isotope concentrations 
and the processing required to remove the impurities. 

 
Efforts have been made in the past by research reactor suppliers to agree 
upon a worldwide unified technical specification for LEU. An American 
Standards and Test Materials (ASTM) standard specification (ASTM 
specification C-1462-00) was developed in order to facilitate supplies of 
LEU for fabrication of research reactor fuel elements.  However, the effort 
to develop one specification that met the different organizational needs 
created a specification that is not acceptable to many research reactor 



customers.  For example, C-1462-00 has higher 234U, 236U, and 
transuranic element limits to allow the use of reprocessed uranium, 
which is not acceptable to some of the fuel fabricators and reactor users.    
 
Consequently, Y-12 developed a standard specification for LEU based on 
its understanding of the material quality and the requirements of the 
various FRR customers.  By producing LEU that meets a standard 
specification, Y-12 is able to maintain an inventory of LEU metal in 
support of current and future NNSA uranium supply contracts. 
 
All the limits (except for dysprosium) in the Y-12 LEU Standard Metal 
Specifications for Research and Test Reactors are equal to or less than 
the ASTM-C-1462-00 specification limits.  Table 1 shows a comparison of 
the specification limits for several of the parameters between the Y-12 
LEU metal produced from down blended HEU and the ASTM-C-1462-00 
standard specification limits.  
 
Standardization has enabled Y-12 to respond quicker to FRR customer 
requests by maintaining an LEU inventory that meets a standard 
specification and it has simplified production requirements and quality 
control checks which have improved Y-12’s efficiency to prepare LEU 
orders for delivery. 
 
Y-12 continues to evaluate ways to standardize the uranium metal form 
that is provided to its FRR customers.  The current form is broken metal 
with irregular shaped pieces.  One objective is to cast material into small, 
regular shapes at a more uniform mass that would meet a customer’s 
equipment and process requirements.  Several mold designs have been 
tested on surrogate material and efforts continue to develop an 
acceptable product.  A standard form will also greatly optimize 
production efficiency by reducing material handling and packaging 
requirements. 
 

Y-12 can provide uranium oxide (U3 O8) and metal plates or coupons and 
other LEU assays.  Since these are not the normal form supplied by Y-12 
the production costs will be higher.  Y-12 is actively involved in the 
development of new LEU fuels in support of the RERTR Program 
assisting reactors to convert from HEU to LEU fuel. Y-12 is developing 
and validating a production oriented, monolithic uranium molybdenum 
(U-Mo) foil fabrication process.  Between 2006 and 2009, Y-12   produced 
multiple U-Mo foils and coupons for testing and evaluation. 
 

 

Table 1. Comparison of Y-12 Specification to ASTM-C-1462-00 



   Y-12 LEU Metal ASTM  
Element Symbol Units Y/GNSS-05-02 r2 C1462-00 
Uranium U wt % 99.88% 99.85% 
U-232 U-232 µg/gU 0.002 0.002 
U-234 U-234 wt % 0.26% 1.00% 
U-235 U-235 wt % 19.75% 19.75% 
U-236 U-236 µg/gU 4,600 40,000 
Trans-U 
(Alpha) TRU Bq/gU 100 250 
Activation 
Products ActProd Bq/gU 100   
Fission 
Products Gamma Bq/gU 600 600 
Carbon C µg/gU 350 800 
Cobalt Co µg/gU 5 10 
Dysprosium Dy µg/gU 5 Sum < 3 
Europium Eu µg/gU 2 Sum < 3 
Gadolinium Gd µg/gU 1 Sum < 3 
Lead Pb µg/gU 5 10 
Lithium Li µg/gU 2 10 
Manganese Mn µg/gU 24 50 
Phosphorus P µg/gU 50 100 
Samarium Sm µg/gU 2 Sum < 3 
Silicon Si µg/gU 100 250 
Total 
Impurities TotImp µg/gU 1,200  1,500 
Equivalent Boron Content   3 4 

 
 
 
Summary 
 
The Atoms for Peace initiative launched by President Eisenhower in 1954 
and the creation of the International Atomic Energy Agency were 
successful in establishing research reactors around the world.  The 
Department of Energy NNSA and Y-12 is honored to support the research 
reactor community by supplying enriched uranium. 
 
 
The Y-12 process has resulted in a reliable and cost-effective FRR 
uranium supply program. The Y-12 supply of high-quality LEU is 
essential to the present and future successful operation of the world’s 
research reactors. 
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ABSTRACT 
 

The Nuclear Weapons Nonproliferation Policy Concerning Foreign Research Reactor 
Spent Nuclear Fuel, adopted by the United States Department of Energy (DOE), in 
consultation with the Department of State (DOS) in May 1996, scheduled to expire May 
12, 2016, to return research reactor fuel until May 12, 2019 to the U.S. is in its 
fourteenth year.  This paper provides a brief update on the program, part of the National 
Nuclear Security Administration (NNSA), and discusses program initiatives and future 
activities.  The goal of the program continues to be recovery of U.S.-origin nuclear 
materials, which could otherwise be used in weapons, while assisting other countries to 
enjoy the benefits of nuclear technology.  The NNSA is seeking feedback from research 
reactor operators to help us understand ways to include eligible research reactors who 
have not yet participated in the program. 

 
 
 

1. Introduction 
 
This paper presents the Foreign Research Reactor (FRR) Spent Nuclear Fuel (SNF) 
Acceptance Program, or the U.S.-Origin Nuclear Remove Program (furthermore referred to as 
the Program), which is part of NNSA’s Global Threat Reduction Initiative (GTRI).  After an 
initial discussion of program history, contract issues are discussed.  Planning issues are then 
set out to incorporate lessons learned from recent shipments in order to help FRRs understand 
issues which can affect their SNF disposition project.  The final discussion topic is DOE efforts 
to advance the goals of the Acceptance Program, with a conclusion that the Acceptance 
Program wants to work with FRRs to plan for shipment of their eligible spent fuel as early as 
possible. 
 
2. Acceptance Program Metrics 
 
The Program, now in the fourteenth year of implementation, has safely completed Fifty (50) 
shipments to date, with more expected to be completed this year.  Twenty-nine countries have 
participated so far, returning a total of 9175 spent nuclear fuel assemblies, just under 5,000 
kilograms of uranium, to the United States for management at DOE sites in South Carolina 
and Idaho.  Forty (40) of the Fifty (50) shipments contained aluminum-based spent nuclear 
fuel from research reactors and were placed into storage at the Savannah River Site (SRS) in 
South Carolina.  Two shipments with fresh or slightly irradiated fuel were sent to the Y-12 
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National Security Complex, and the remaining eight (8) shipments consisted of Training, 
Research, Isotope-General Atomics (TRIGA) type fuel and were placed into storage at the 
Idaho National Laboratory (INL).  The most recent shipment was completed without incident, 
arriving at SRS on January 12, 2010.   
 
3. Contractual Requirements 
 
3.1 Contract Extensions 
 
Research reactors will need a contract extension to authorize shipments after May, 2009.  
Reactor Operators who intend to ship after May 2009 and do not have a modified contract 
should contact the Program office to negotiate extension of the DOE-FRR contract to 
authorize continued Program participation. 
 
3.2 Contract Implementation 
 
Each research reactor that returns SNF to the United States through the Program enters into a 
contract with DOE.  It is very important that the contracting parties clearly understand all of the 
provisions in the contract.  Contract requirements are usually described in detail prior to the 
first shipment.  As time passes and personnel change, some understanding may be lost, so it 
is very important to review the contract and ask questions if there is any doubt about 
requirements.  Compliance with all contract requirements must be maintained.  Further 
discussions on contract requirements can always be addressed to the Program office.  One 
important article which has been misunderstood in the past involves compliance with U.S. 
government regulations restricting public disclosure of any shipping plans, shipment 
information, or individual details comprising such plans or information.  Compliance with this 
article is an important obligation to ensure security for all shipment activity.  Any press release 
made prior to the material reaching the final storage site, even after the ship reaches 
international waters on the way to the United States, is a violation of the contract and makes 
the security of the shipment more vulnerable.  Premature release of shipment related 
information also violates the U.S. Nuclear Regulatory Commission regulations under which the 
shipments are authorized.  Also, The Convention on Physical Protection of Nuclear Material 
entered into by states which support the Program requires that each state protect the 
confidentiality of this information.  Our ability to continue the Program depends on our 
customers following this critical and agreed-to process. 
 
3.2 Contract Appendix Changes 
 
Issuance of the DOE “Authorization to Ship” letter approves and establishes the fuel as 
identified and characterized in the revision of Appendix identified in the letter as “Authorized 
Material”.  Making physical changes to a fuel assembly after the Appendix A data has been 
accepted can add to the cost and schedule of receipt preparations and may result in DOE 
refusing the material if the required safety documents cannot be completed prior to the 
scheduled shipping date.  Any changes to the fuel assemblies after the data is submitted for 
evaluation must be approved in advance because the changes may require a new Appendix A 
and cause either delays or re-evaluation of the data.  Any changes to the fuel assemblies after 
the formal identification of the fuel assemblies as “Authorized Material” should be 
communicated to DOE as soon as possible since any change would void the material being 
considered “Authorized Material” and would not be authorized to depart the foreign reactor 
facility.  The calculations that provide the safety basis for accepting the material are made from 
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the data submitted and almost every possible change could result in the need to repeat these 
calculations in order to repeat approval of the material as acceptable.  Changes which can 
cause problems include location of cropping or removal of plates.  Reactor operators also 
need to understand that the fuel assemblies must be identified exactly as indicated in the 
Appendix A and that no changes may be made after the data is submitted. 
 
4. Focus on Early Planning 
 
The Program focuses on the planning and implementation of research reactor spent fuel 
shipments to the United States in support of worldwide nuclear nonproliferation efforts, while 
allowing other countries to enjoy the benefits of nuclear technology.  Along with shipment 
logistics, the DOE/NNSA GTRI continues to address many other issues of programmatic 
importance.   
 
4.1 Shipment Scheduling 
 
It is always important that NNSA clearly understands the intentions of all reactor operators so 
that our planning can be well integrated and supported to meet the reactor operator’s needs.  
It is also important to submit the required fuel data as early as possible in order to allow 
adequate time for the receiving site to perform necessary reviews and prepare for receipt and 
storage.  Early availability of this data is also important for use in verifying transport package 
license requirements or submitting for a license amendment, when required.  Budget 
limitations have been known to challenge implementation of shipping plans for our customers 
and NNSA.  Similarly, the DOE receiving facilities also face increasing challenges in providing 
resources to receive material, particularly when reactor operator’s shipping plans are not 
known in time to obtain funding.  The Program staff will be happy to answer questions about 
scheduling or clarify what type of information is needed to facilitate receipt of fuel. 
 
Shipment delays impact DOE’s ability to maintain a regular schedule of operations and 
adequate resources for the receipt facility.  The FRRs are strongly encouraged to continue 
shipping as early as possible and maintain original schedules where possible.  Deferring 
shipments when spent fuel is available for shipping could result in changes to DOE’s ability to 
support the receipt of fuel when a shipment is desired by the customer.  Also, as the Program 
approaches the end of the policy period, a large amount of shipments are expected.  DOE 
may be required to exercise its authority to limit receipts to specific customers with the 
greatest need.   
 
4.2 Nuclear Liability Insurance Issues 
 
Insurance issues have been a recurring problem for reactor operators in high-income economy 
countries who participate in joint shipments.  Nuclear liability insurance associated with the 
ocean transport has the potential to adversely affect the total cost of shipping.  This occurs 
because the shippers are sometimes required to have overlapping insurance coverage and 
also may have different requirements for minimum coverage.  It is important for reactor 
operators to plan early for the required coverage and determine how to provide coverage in 
the least expensive manner.  Consideration should be given for reactor operators entering into 
a joint shipment to coordinate in obtaining their nuclear liability insurance with the same pool 
or under a joint contract, where possible, in order to mitigate overlapping insurance costs.  
Recently, we have experienced better results for some customers with aggressive 
coordination.  It is also important to be conscious of this potential problem and budget for any 
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added cost that cannot be mitigated.  In some cases, DOE may be able to take title of the 
“Authorized Material” at an earlier point as discussed in the Title Transfer Section of this paper 
potential reducing the reactor operator’s cost of shipping.   
 
4.3 Cask License Review 
 
The Program enjoys a very good working relationship with Nuclear Regulatory Commission 
(NRC) staff and wishes to take every measure possible to respect this relationship by ensuring 
that cask license applications are timely and complete.  DOE has been meeting periodically 
with NRC to discuss planned shipments and forecasted support required to meet the needs of 
the Acceptance Program and our customers.  Because there are limited NRC resources for 
review of cask licenses, our customers need to provide adequate time in the preparation 
process, scheduling for early application for review and approval of cask licenses. 
 
4.4 Fuel Cropping Operations 
 
In many cases, fuel assemblies must be cropped for shipment and storage at the receiving 
facility.  In order to avoid complicating the shipping and receiving process at the receiving 
facility or preventing the capability to unload the fuel assemblies, it is essential to maintain an 
open line of communication with the Program and the cask vendor.  The cask vendor may 
provide useful insight to the reactor facility concerning cropping operations and techniques.  
The cask vendor should be consulted to ensure that the fuel is cropped in the appropriate and 
agreed upon locations as well.  It is also necessary to communicate any difficulties in cropping, 
such as bent plates or any other changes in the final cask loading as previously planned to the 
Program.  This communication should at least be contained in the final fuel verification letter 
required to be sent to DOE upon completion of loading.  Damage caused to a fuel assembly 
during cropping, or other operations, may remove this material from being approved as 
“Authorized Material” and would not be authorized for shipment.  For any fuel damage or 
change in physical characteristics from the physical condition inspected by DOE during pre-
inspections, the reactor operator must communicate this change.  Taking pictures of any 
unusual condition may be helpful to the unloading personnel.  This would allow for evaluation 
of potential for different unloading methods and helps the receiving facility to be better 
prepared for unloading and handling the fuel assemblies.  Maintaining the condition of the fuel 
elements also allows for ease of fuel handling operations.   
 
4.5 Title Transfer 
 
In accordance with a recent revision to the Program’s authorization as discussed below, under 
certain situations, DOE may take title to the “Authorized Material” at a point earlier than upon 
arrival in the United States.  One significant benefit to the reactor operator is that the United 
States’ Price Anderson Amendment Act (PAAA) provides nuclear liability indemnification in the 
unlikely event of a nuclear incident outside the United States when the material is titled to the 
United States and other conditions apply. 
 
5. Efforts to Improve and Accelerate 
 
The Program has now passed its approximate midpoint.  More than ever, DOE and reactor 
operators need to work together to schedule shipments as soon as possible, to optimize 
shipment efficiency over the remaining years of the program.  Countries interested in 
participating in the Program should express their interest as soon as possible so that fuel and 
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facility assessments can be scheduled and shipments may be entered in the long-term 
shipment forecast.  New and current Program participants should also coordinate with DOE at 
least 18 - 24 months in advance to ensure DOE can meet the reactor operator’s plans and 
needs.  Accelerated schedules are possible if there are no significant issues or changes from 
past shipments such as a change in fuel type or fuel condition.  However, decreasing 
resources and coordination requirements with other agencies such as the NRC and 
Department of Transportation (DOT) have the potential to limit DOE’s capability to support 
these accelerated schedules.  Specifically, the Program may not be able to accommodate a 
large number of requests at the end of the program, particularly from geographically isolated 
regions. 
 
5.1 Source Recovery 
 
DOE sponsors a program to recover excess and unwanted radioactive sealed sources, the 
Orphan Source Recovery Program.  Traditionally, the program has dealt largely with 
americium-241 and plutonium sources.  Because of heightened concerns about the potential 
that radioactive sources may be diverted to use in a dirty bomb, DOE is moving aggressively 
to include other isotopes of concern.  DOE is currently emphasizing larger excess sources 
containing cobalt-60 and cesium-137, such as medical irradiators.  The DOE is also 
considering a campaign to manage large numbers of small obsolete sources, examples of 
which are cesium-137 brachytherapy sources, and various radium-226, americium-241, and 
other sources.  To be considered, institutions must register their material with Los Alamos 
National Laboratory.  Reactor operators and other Stakeholders should consider this 
opportunity and also communicate with and assist in any coordination within their country or 
region.  To learn more and register online, please visit osrp.lanl.gov 
 
Several recent shipments of SNF have provided an opportunity for ISO containers with 
Sources from South America, Europe and Australia to be transported to the U.S. on the same 
vessel used to ship SNF in support of the Radiological Remove Program of GTRI.  This is an 
excellent opportunity for the partner country or other organizations in the partner country or 
surrounding countries to dispose of unwanted radioactive sealed sources, particularly sources 
that can not be transported by air.  The Program highly encourages partner countries and 
reactor operators to work with neighbouring countries interested in disposing of sources to 
allow the Program’s dedicated vessel used in the spent fuel shipment to also transport these 
sources to the United States for disposition.  The cost of shipping an ISO container with 
sources on the same ship is deminimus and allows for disposition of these potential vulnerable 
items that would otherwise remain in unwanted or undesirable locations within that region.   
 
Although this program is not covered by the spent fuel removal program, supporting the 
disposition of these items is important to the overall goals of nonproliferation and is a benefit to 
all countries.  Consequently, one of the considerations to adjust the DOE acceptance fee 
under the Program’s Fee Policy, is the overall benefit to DOE, Unites States, and partner 
counties. 
 
5.2 Material Disposition 
 
The DOE’s Office of Environmental Management (DOE-EM), the previous organization to 
manage the FRR SNF Acceptance Program, is making strides to further disposition the 
repatriated spent nuclear fuel.  DOE-EM is considering continuing with the DOE Programmatic 
Spent Nuclear Fuel Environmental Impact Statement [1] and associated Record of Decision 
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[2].  This decision included transporting fuel to place all aluminum clad spent fuel at the SRS 
and stainless steel fuel such as TRIGA fuel at INL.  This allows for a potential decision to treat 
the aluminium clad fuel in the H-Canyon facilities at SRS for disposition as waste in the same 
fashion as other high level waste material within the DOE complex.  Any decision to treat the 
material would be subject to further evaluation under the National Environmental Policy Act. 
 
5.3 Potential Fee Changes 
 
NNSA continues to evaluate ways to accelerate repatriation activities.  Therefore, fees may 
change in the future and/or other changes may be implemented, if DOE believes the changes 
will positively influence program goals as well as other nonproliferation goals.  Since the 
inception of the Program, there has not been an increase in fees nor has there been a request 
to do so.  GTRI is dedicated to keeping the repatriation process as cost effective as possible 
for partner countries and reactor operators.  Any suggestions of methods to accelerate 
repatriation of SNF, especially Highly Enriched Uranium (HEU), would be welcomed and given 
all due consideration. 
 
5.4 Two revisions to Record of Decision 
 
A revision to the Record of Decision (61 FR 25092; May 17, 1996) on the Environmental 
Impact Statement on a Proposed Nuclear Weapons Nonproliferation Policy Concerning 
Foreign Research Reactor Spent Nuclear Fuel (FRR SNF EIS) DOE/EIS-0218, February 
1996) to allow the United States to take title to spent nuclear fuel and assume financial 
responsibility for shipments from the point at which DOE takes title.  In implementing this 
policy, the Administrator for the National Security Administration must make, on a case-by-
case basis, any decision to accept title for foreign research reactor spent nuclear fuel outside 
the United States.  The authority for making this decision cannot be delegated.   
 
A revision to the Record of Decision (61 FR 25092; May 17, 1996) on the Environmental 
Impact Statement on a Proposed Nuclear Weapons Nonproliferation Policy Concerning 
Foreign Research Reactor Spent Nuclear Fuel (FRR SNF EIS) DOE/EIS-0218, February 
1996) to allow the United States to transport and receive a limited quantity of SNF containing 
non-U.S. origin Highly Enriched Uranium HEU and SNF containing U.S. origin HEU that was 
not previously addressed in the FRR SNF EIS.   
 
These two decisions, (73 FR 50004; August 25, 2008) and (74 FR 4173; January 23, 2008) 
will enable NNSA under very limited circumstances to facilitate return of SNF to the United 
States that would not otherwise be possible. 
 
5.5 Coordination with Other Programs 
 
A primary goal of the Program is to support worldwide nonproliferation efforts by disposition of 
HEU which contains uranium enriched in the United States.  Integral to this process is the U.S. 
assistance offered in helping reactor operators convert their cores to low enriched uranium 
(LEU) as the reduced enrichment fuels become qualified and available.  In addition, DOE 
plays a strategic role in ensuring a supply of low enriched uranium for fuel fabrication.  In the 
Program, the primary goal is intertwined with the missions of the Reduced Enrichment for 
Research and Test Reactors (RERTR) Program and the Enriched Uranium Operations group 
from DOE’s Y-12 National Nuclear Security Complex in Oak Ridge, Tennessee as well as the 
Orphan Source Recovery Program.  The Program staff remains committed to working with 
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staff in other program offices within DOE to assist in smooth transition of core enrichment level 
and a steady supply of fuel. 
 
6. Benefits of Participation 
 
A research reactor operator and other organizations involved in the operation of the research 
reactor may reap many benefits from participation in the Program.  The long term 
management and disposition of nuclear fuel and materials may prove to be a large burden, 
technically, logistically, and monetarily, on the research reactor operator and associated 
organizations.  Participation in the Program, if eligible, would help alleviate the liability and 
costs involved with the long term storage and disposition of nuclear materials.   
 
Recently, there has been a resurgence of global nuclear nonproliferation efforts.  Two of the 
mainstays of these efforts are international cooperation and multi-national projects.  
Participation in the Program, in some cases, allows for cooperation between neighbouring 
countries in shipping nuclear fuel and radiological sources as part of GTRI’s Orphan Source 
Recovery Program.  Cooperation on this level provides for opportunities to minimize the 
overall cost of transporting nuclear materials being accepted under the programs and would 
prove to be a notable example of participation in international nuclear nonproliferation efforts. 
 
Participation in a shipment that is part of the Program provides a great exercise for many 
countries that may not have an extensive background in international transportation of nuclear 
materials.  The transportation operation involves the interaction of many different government 
and commercial entities, which of which may not happen often.  The operation also provides 
practice in handling operations that may not happen often as well.   
 
7. Conclusion 
 
The United States remains committed to supporting worldwide nonproliferation goals while 
assisting other countries to enjoy the benefits of nuclear technology such as those for which 
this program was designed.  The programmatic goal is to accept eligible fuel sooner rather 
than later.  Reactor operators are strongly encouraged to work closely with technical points-of-
contact in order to ensure shipping schedules are accurate and achievable.  The GTRI staff 
hopes to work with all remaining eligible research reactors to plan for shipments of their 
eligible spent fuel as early as possible.  NNSA continues to support research reactor 
operators’ needs and would be happy to meet any interested parties to discuss the program. 
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ABSTRACT 
 

Chemical elements, written as T, to be added into γ(U-Mo) were thoroughly chosen 
to determine the main diffusion mechanisms when coupled with Al and Al-Si 
counterparts.  
The selection criteria are based (i) on the potential solubility of the alloying element 
into the γ(U-Mo) matrix, (ii) its capability to form the ternary aluminides based on 
the CeCr2Al20 and Ho6Mo4Al43 - types, and (iii) the feasibility to control the 
microstructure of the alloys. On this basis, a test matrix is defined. It concerns 
γ(U80-Mo15-T5) alloys (in at.%) and T = Y, Cu, Zr, Ti, Cr, which were obtained by 
arc melting, followed or not by a heat-treatment at 900°C to favour the 
homogenization. Diffusion couples were fabricated by joining each alloy, in as-cast 
state or heat-treated one, with Al or Al-6.9at.%Si alloy. The corresponding 
specimens were heat treated at 600°C for 2 or 4 hou rs and characterized 
(interaction thicknesses, elementary concentration profiles…). On the basis of 
these characterizations, a direct relationship between the microstructure of the γ(U-
Mo-T) alloys and the diffusion behaviour with Al and Al-Si is evidenced and 
discussed. 

 
 
1. Introduction  
 
U-Mo alloy dispersion fuel is being developed as a high uranium density fuel for research 
and test reactor cores due to its excellent stability under irradiation [1]. However, initial 
irradiation testing of U-Mo dispersion fuels with pure Al as matrix indicated that an extensive 
porosity is formed in the interaction layer (IL) between U-Mo and Al, which leads, in certain 
cases, in pillowing and eventual failure of fuel plates [2]. The main cause for the instability 
was identified to be the irradiation behaviour of the U(Mo)-Al interaction phases.  
Si additions to the Al matrix may constitute a possible solution to this problem since Si 
permits to reduce significantly the IL volume and to promote the formation of silicon-rich 
phase(s) that exhibit(s) better irradiation performance [4,5]. In fact, experiments performed 
by different authors on U-Mo/Al-Si diffusion couples showed that Si in enough content in Al-
Si alloy, modifies the nature of U(Mo)-Al interaction phases by an accumulation process in IL, 
suppressing the formation of the UAl4 brittle compound and also of the ternary phase 
U6Mo4Al43 [6-7]. This last compound is suggested in recent studies to have a poor gas 
retention capability [8].  

Similar to the addition of Si to Al, chemical alloying by addition of a third element to γ(U-Mo) 
was proposed by several teams to stabilize the reaction between the U-Mo and Al in U-Mo/Al 
dispersion fuels [4, 9-17]. Various elements such as Al, Si, Ti, Zr, Sn and Pt were evaluated 



in out of pile [10-14] as well as in pile studies, for some of them [15-17]. Promising results are 
obtained for Ti [11-12, 16] and Zr [13-15]. In these later cases, interdiffusion tests have 
demonstrated that an addition of a small amount of Ti or Zr into γ(U-Mo) can not only reduce 
the interaction layer growth with Al or Al-Si alloy, but also induces a high accumulation of Si 
in the interaction layer (IL) developed with Al-Si alloys, especially in the case of Ti [11,12].  
 
This work is aimed to determine the influence on interdiffusion processes when a third 
element is added to γ(U-Mo) coupled with Al and Al-Si counterparts. For this purpose, criteria 
of choice of T addition elements to U-Mo alloy are defined at first and then, diffusion-couple 
tests between γ(U-Mo-T) alloys and Al or Al-Si alloys were performed.  
 
2. Choice of chemical elements to be added into γγγγ(U-Mo) 
 
Alloying T elements that will be added to U-Mo alloy were chosen according to the following 
criteria of selection:  

- Potential solubility of the third element into the γ(U-Mo) matrix, 

- Capability to form the ternary aluminides based on CeCr2Al20 and Ho6Mo4Al43 
structure–types, written as AB2Al20 and A6B4Al43,  

- Feasibility to control the microstructure of the alloys (single phase or not). 
 
On this basis, five elements were selected, namely Y, Cu, Zr, Ti and Cr. As shown in Table 
1, these elements mainly differ in terms of solubility in γ(U-Mo) and capability to form the 
ternary Al-rich compounds. 
 

Table 1: Solubility into γ(U-Mo) and ternary aluminides formation capability, for different 
elements [18-21]. 
 
On the basis of binary diagrams U-T and Mo-T, yttrium and copper have no solubility domain 
with U or Mo elements (the solubility of Cu into Mo is inferior to 0.1at.% at 1085°C) [18,19]. It 
would be traduced by the presence of these elements in the (U-Mo) matrix only as 
precipitates. Conversely, γ(U-Mo) alloys can accept in solid solution some amounts of Zr, Ti 
and Cr (taking into account their respective limits of solubility).  
These differences will induce different microstructures for the (U-Mo-T) alloys that are 
expected to impact the interdiffusion processes between these alloys and Al or Al-Si. 
 
Table 1 indicates also the capability of the third element to form or not ternary aluminides 
AB2Al20 and A6B4Al43 (with respectively CeMo2±yAl20±y [20] and Ho6Mo4+xAl43-x [21] structure 
types). It should be noted that no data about the formations of these compounds with Zr and 
Cu can be found in the open literature.  
In the case of the ternary Al-rich compounds, it is worth mentioning that, substitutions could 
take place either on the site A or B, depending on the nature of the T element. Such 
possibilities of substitution could lead to a modification of the physico-chemical 
characteristics of the AB2Al20 and A6B4Al43 phases found in the U-Mo/Al diffusion couples. 
 
The composition of all ternary alloys used in this study is U80-Mo15-T5 (in at.%). It was 
chosen on an experimental work basis about the solubility limit of Ti into γ(U80-Mo20) alloy. 
 
 



3. Experimental procedures 
 

Binary alloys of γ(U82-Mo18) and ternary alloys of γ(U80-Mo15-T5) with T = Y, Zr, Cu, Ti, Cr 
were melted in a arc-furnace using a non-consumable tungsten electrode and a cooled 
copper crucible under partial pressure of argon. High purity metals, uranium piece (99.8 
wt.%), molybdenium chips (99.99 wt.%) and metal T chips : Y, Zr, Cu, Ti and Cr (all 99.99 
wt.%) were used. The ingots were cut into two pieces, half of the samples were employed 
as-cast, the second half of the samples were introduced into silica tubes, which were sealed 
under argon cleaned vacuum, for homogenization. The heat-treatment was performed at 
900°C for 3 weeks and subsequently the reaction tub es were water-quenched to stabilize the 
high temperature γ-U phase.  

 

Diffusion couple tests were prepared by mechanically pressing plates of uranium alloy, with 
pure Al (99.99wt.%) or the commercial Al 4043 alloy provided by ALCAN (nominal 
composition 7.1 wt.%Si, i.e. 6.9 at.%Si), using stainless steel clamps. These couples were 
isothermally treated at 600°C for 2 or 4 hours unde r Ar atmosphere and quenched in water.  

 

X-ray diffraction (XRD – D8 Advanced Brucker) and scanning electron microscopy coupled 
with energy dispersive spectroscopy (SEM+EDS - JEOL JSM 6400 + OXFORD EDS system) 
techniques were used to characterize the as-cast and heat-treated U-Mo-T alloys. 
Microstructure and concentration profiles of interaction layers (ILs) in the different diffusion 
couple test specimens were examined by SEM+EDS. 
 
4. Results 
 

4.1. Microstructure of γ(U-Mo-T) ternary alloys 
 
Metallographic observations of the microstructure of all the ternary alloys, homogenized or 
not, revealed precipitates dispersed in an U-Mo matrix. The homogenization by heat 
treatment leads to a more regular distribution of the precipitates (in terms of shape and size).  
The solubility of the T element into U-Mo alloy was evaluated by composition measurements 
using EDS method. In agreement with the literature [18, 19], the solubility of Y and Cu is 
almost null in the homogenized U-based alloys. The solubility of Zr, Ti and Cr was assessed 
using this semi-quantitative method, revealing that the elemental composition of the final 
alloys is roughly in agreement with the target composition, for the heat treated samples with 
T = Zr and Ti only, and for both as-cast and homogenized samples for T = Cr.  
 
For all ternary alloys, the XRD characterisations showed diffraction peaks which correspond 
the metastable γ-U phase. The width of the diffraction peaks appears narrower for the 
homogenized alloys than for the as-cast ones  
 

4.2. Microstructural analysis of IL 
 
The interdiffusion experiments yield the formation of an IL between the U-based alloys and 
the Al or Al-Si alloy. The diffusion couple tests performed with as cast γ(U-Mo-T) ternary 
alloys provide interfaces with irregular shapes, whereas the IL obtained with γ(U-Mo-T) 
homogenized samples show much regular and rather parallel interfaces.  
IL widths were measured by drawing parallel lines on each side of the IL. An estimated error 
corresponding to the minimum and maximum of the IL thickness is also specified for each IL 
width. Results on γ(U-Mo-T) homogenized vs. Al or Al-Si diffusion couples compared with 
γ(U-Mo) (U82-Mo18, at. %) reference diffusion couples annealed at 600°C for 4h are 
recapitulated in Figure 1. 
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Figure 1: IL thickness measured for reference diffusion couples with γ(U-Mo) and 
homogenized γ(U-Mo-T) vs. Al or Al-Si. The heat-treatment of the interdiffusion experiments 
was carried out at 600°C for 4h. 
 
Width of the IL for the diffusion couples considered as references is about 350 µm and about 
70 µm for U-Mo/Al and for U-Mo/Al-Si6.9, respectively. Chemical alloying with a third element 
into (U-Mo) did not lead to a sharp decrease of the IL thickness developed either with Al or 
with Al-Si alloy compared to the results of the reference experiments. The reduction of 25% 
of the IL thickness observed in the case of U-Mo-Y/Al and U-Mo-Ti/Al couples can not be 
considered as significant, when it is compared to the gain induced by Si addition to the Al-
matrix. Moreover, all the diffusion couples fabricated by joining with γ(U-Mo-T) and Al/Si 
blocks exhibit ILs width of the same magnitude.  
 

4.3 Compositional analysis of IL 
 
Chemical compositions of IL formed with the γ(U-Mo-T) alloys in homogenized and as-cast 
states  versus. Al or Al-Si alloy diffusion couples, annealed at 600°C for 2 h and 4 h were 
measured by using electron probe micro-analysis (EDS). Figures 2-4, presents the Al, Si, T, 
Mo and U concentration profiles, superimposed on the corresponding micrographs of the IL. 
 
In presence of pure Al, the IL shows similar compositional profiles for both types of diffusion 
couples, those fabricated with the γ(U-Mo-T) alloys and those, made with U-Mo alloy 
(references). Moreover, no significant difference in the elemental analysis can be detected 
between the IL grown from couples made with homogenized and as-cast alloys. The Al-to-(U 
+ Mo) ratio increases from the U-Mo side to the Al side of ILs, which has a chemical 
composition equivalent to UAl4, while the concentration of the T element remains constant 
and negligible throughout the ILs even if the alloying metal was in solid solution into the γ-U 
based alloy. The effect of the solubility of the third element T into γ(U-Mo) alloy does not 
seem to produce any change in IL composition compared to the U-Mo/Al references.  
 
In presence of Al-Si alloy, the profiles of the elemental composition is affected by the 
solubility (or not) of the third element T into γ(U-Mo) alloys. Results concerning the 
elementary composition of the U-Mo/Al-Si reference diffusion couples are presented at first, 
and then those obtained on U-Mo-T/Al-Si diffusion couples in presence or not of a T element 
in solid solution into γ(U-Mo) alloy are shown below.  
 
1. Reference: U-Mo/Al-Si diffusion couple 
 
Preferential accumulation of Si in the interaction products of the U-Mo/Al-Si6.9 diffusion 
couple performed with γ(U-Mo) homogenized alloy is illustrated in Fig. 2a and 2b, in which 
the position of the Si peak showing its accumulation in IL (as high as 45 at.% Si) moved 
towards the U-Mo side with the duration of annealing treatment (Fig 2b). In contrast, no peak 
indicating an accumulation of Si in IL can be detected in the case of U-Mo/Al-Si diffusion 
couples performed with as-cast γ(U-Mo) alloy. 
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Figure 2 : Compositional profiles (at.%) of IL from U-Mo/Al-Si6.9 diffusion couples with γ(U-
Mo) homogenized alloys annealed at 600°C for 2 h (a ), for 4 h (b) and with as-cast γ(U-Mo) 
alloy annealed at 600°C for 4 h (c). 
 
2. T element in form of precipitates into γ(U-Mo) : case of U-Mo-Y/Al-Si6.9 diffusion couples 
 
The concentration profiles of IL in U-Mo-Y/Al-Si6.9 diffusion couple annealed at 600°C for 2 h 
and 4 h, performed with homogenized γU-based alloy, show preferential localisation of Si on 
the Al-Si alloy side, with a content as high as  20 at.% Si (Fig. 3 (a) and (b)). Contrary to the 
U-Mo/Al-Si reference performed with homogenized γ(U-Mo) alloy (cf. Figure 2b), no 
detectable Si accumulation is measured on the U-Mo side.  
The Y precipitates in the initial U alloy remain in form of precipitates in the γ(U-Mo) alloy and 
in the IL. 
Unlike the reference U-Mo alloy, which leads to Si accumulation in the vicinity of the U-Mo 
side the homogenisation of U-Mo-Y alloy does not seem to affect the diffusion of Si,.  
Similar concentration profiles were recorded when the third element was copper. 
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Figure 3: Compositional profiles (at.%) of IL from U-Mo-Y/Al-Si6.9 diffusion couples with γ(U-
Mo-Y) homogenized alloy annealed at 600°C for 2 h ( a), for 4 h (b) and with as-cast γ(U-Mo-
Y) alloy annealed at 600°C for 4 h (c). 
 
3. T element in solid solution into γ(U-Mo) : case of U-Mo-Cr/Al-Si diffusion couples 
 
The IL of the U-Mo-Cr/Al-Si6.9 diffusion couple with homogenized γ(U-Mo-Cr) alloy annealed 
at 600°C for 2 h (Fig. 3a) shows Si concentration p rofile similar to the one recorded in the U-
Mo/Al-Si6.9 reference couple annealed at 600°C for 4 h. A peak indicating the Si 
accumulation close to γ(U-Mo-Cr) side up to 40 at.% Si is clearly evidenced.  
The IL of the U-Mo-Cr/Al-Si diffusion couple annealed at 600°C for 4 h with homogenized (U-
Mo-Cr) alloy displays a constant amount of Si along its width. The value is about 20 at.% Si 
without any preferential localization of Si. It seems that the alloying of a third element in solid 
solution into γ(U-Mo) modifies the thermal behaviour and favours Si accumulation in IL. The 
presence of Cr is detected as trace in IL (Fig. 3b).  
The Si concentration profiles between the U-Mo-Cr/Al-Si6.9 diffusion couple annealed at 
600°C for 4 h, for homogenized and as-cast γ(U-Mo-Cr), are similar. No significant 
differences on the Si accumulation are observed among the U-Mo-Cr/Al-Si6.9 diffusion 
couples. It seems that the homogenization heat treatment of the ternary U-Mo-T alloys has 
little influence on the Si accumulation, which is significantly different from what was observed 
for binary γ(U-Mo) based alloy. 
Diffusion couples made with γ(U-Mo-T) alloys, where T = Ti and Zr, which produced solid 
solutions show the same interaction behaviour, especially in term of Si diffusion process. 



 
 
 
 
 
 
 
 
Figure 4 : Compositional profiles of ILs from U-Mo-Cr/Al-Si6.9 diffusion couple with γ(U-Mo-
Cr) homogenized alloys annealed at 600°C for 2 h (a ), for 4 h (b) and with as-cast γ(U-Mo-
Cr) alloy annealed at 600°C for 4 h (c). 
 
5. Discussion 
 
The aim of this study was to evaluate the influence of a third element in γ(U-Mo) on the 
interdiffusion processes in U-Mo/Al and U-Mo/Al-Si systems, using diffusion couple 
experiments between pure Al or Al-Si alloy and ternary  γ(U-Mo-T) based alloys,  with T = Y, 
Cu, Zr, Ti, Cr. The interaction layers (IL) developed on diffusion couples were carefully 
examined in terms of elementary analysis and kinetics of the IL growth. Comparisons of the 
characteristics of the ILs are performed as a function of the alloying T element as well as with 
IL of references produced with binary γ(U-Mo) diffusion couples. 
From the IL growth point of view, the minor alloying of a ternary element such as Cu, Zr, Cr 
does not seem to change the growth kinetics of IL between U-Mo-T and pure Al, compared 
to the reference U-Mo/Al couple. When the T element is Ti or Y, a reduction of about 25% of 
the IL thickness is observed, compared to the reference U-Mo/Al. Our results confirm the 
potential efficiency of Ti to reduce the interdiffusion between γ(U-Mo-Ti) and pure Al, as 
already reported in the literature [11,12]. On the opposite, the capability of Zr to reduce the 
interdiffusion, claimed in some studies [13, 14] was not confirmed.  
The diffusion couples between γ(U-Mo-T) and Al-Si display similar thickness range of IL 
when compared to the U-Mo/Al-Si references. Only a slight reduction of the interdiffusion 
zone is observed in the case of alloying with Ti or Zr. The combined effects of Si addition to 
Al and Zr or Ti addition to U-Mo alloys on IL thickness reduction was already observed by 
J.M. Park et al. [12,13]. 
 
In agreement with literature [11-14], no significant change on U-Mo/Al interaction 
mechanisms seem to be observed when Ti or Zr are alloyed into γ(U-Mo) (with the 
characterization means used in this study). The thickness of the IL remains of the same 
order of magnitude and the solubility of the third element seems to be negligible in the 
interdiffusion zone (close from the detection limits of EDS analysis). Similar behaviours are 
observed when T = Cr and also with elements which are precipitated (T = Y, Cu). 
In contrast to the U-Mo-T/Al interaction process, the diffusion behaviour between U-Mo-T/Al-
Si strongly depends on the nature of the T alloying element, more especially its solubility into 
the γ(U-Mo) matrix. When the third element T can be solubilized into γ(U-Mo) alloy, the 
kinetics of diffusion of Si through the IL seems to be favoured. U-Mo alloying with elements 
such as Zr, Ti, Cr provokes a preferential localization of the Si within the IL with a Si peak at 
the vicinity of the γ(U-Mo-T) side. The accumulation for Si is more or less important 
depending on the annealing treatment conditions. 
On the opposite, when the third element T = Y and Cu, which don't show detectable solubility 
into γ(U-Mo) alloy, only low-Si enriched ILs are developed. In such cases, the Si remains on 
the Al-Si alloy side. 
The Si diffusion through the IL seems to strongly depend on the microstructure of the U-Mo-T 
alloys, which can be described as single phase or multiphases with the presence of 
precipitates of the T element. Our results corroborate the out of pile studies performed on U-
Mo-T/Al-Si diffusion couples with T = Zr and Ti in solid solution into γ(U-Mo) alloy, which 
evidenced an enhancement of the diffusion of  Si through the IL [12-14].  
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The second factor identified in our study to have an impact on the Si diffusion is the 
homogenization state of γ(U-Mo) alloy. In fact an U-Mo/Al-Si reference performed with γ(U-
Mo) homogenized alloy allows a high Si accumulation on the U-Mo alloy side. It may be 
explained by an U-Mo microstructure homogenisation and especially an Mo homogenisation 
inside the U-Mo grains. The Si content on Al-Si alloys and the temperature on thermal 
diffusion test seem not to be the only parameters allowing to control the Si-rich layer 
formation.  
Nevertheless some questions need to be solved on U-Mo-T/Al-Si interaction system in the 
case of T elements being in solid solution into γ(U-Mo) alloy. In fact, it is planed to complete 
this study by µ-XRD and µ-XAS measurements to describe precisely the nature and the 
localisation of phases present in the IL especially on U-Mo-T/Al-Si interaction systems. 
 
6. Conclusion 
 
The influence on interdiffusion processes when a third element is added to γ(U-Mo) coupled 
with pure Al or Al-Si alloy have been studied. 
A kinetic approach reveals that γ(U-Mo-T) vs. Al or Al-6.9at.%Si alloy diffusion couples 
performed in our conditions test reduce IL thickness in similar range as U-Mo/Al and U-
Mo/Al-Si references. 
The solubility effect of the third element into the γ(U-Mo) alloy on the Si diffusion is 
emphasized. Indeed, when the third element T has some solubility into γ(U-Mo) alloy, 
diffusion of Si is favoured. Moreover, the state of homogenization of the γ(U-Mo) alloy on U-
Mo/Al-Si reference is also identified as a significant factor to form rich Si IL. 
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ABSTRACT 

TUM performed well documented full size plate irradiations with UMo fuel be-

tween 2005 and 2007 in cooperation with CEA and AREVA-CERCA in OSIRIS 

reactor at two edge positions of the core. Precise swelling data were collected af-

ter each of 5-8 irradiation cycles. Due to 50% enriched uranium very high local 

burn up values could be achieved. Particular calculations of the IRIS device at the 

core edge now can provide detailed fine structure of relative power and burn up 

distribution in both plates (front and back plate). This better resolved local burn 

up data across the plate width is compared to the local swelling. It becomes evi-

dent that the fuel cannot swell at the edges with the highest burn up values be-

cause of the squeezing by the framing aluminium of the plate. The framing works 

as good as pliers there.  

Swelling estimations at the corner of the meat filling have to take into account the 

mechanical constraints given by the frame. When assessing on maximum possible 

swelling induced by burn up expectations at the meat edge with usually the high-

est burn up values in fuel plates it doesn’t make sense to take a zone width smaller 

than let’s say 5 or 6mm width in core calculations for the local fission density 

evaluations. Tensile evaluations of the stress give clear hints about the framing 

forces at the edges. The high local pressure values caused thereby inside the fuel 

should have an impact on fission gas formation in the fuel at the corners of the 

meat filling at high burn up. 

1 Introduction 

TUM performed together with CEA and AREVA-CERCA well documented full size plate irradiations with 

UMo fuel between 2005 and 2007 [1,2]. Nearly all PIEs are finished now [3]. The irradiations took place in 

French OSIRIS reactor at two edge positions in an IRIS device each. Very detailed swelling data were col-

lected after each of 5-8 irradiation cycles. Due to 50% enriched uranium very high local burn up values could 

be achieved, particularly at the meat edges, where [4] expects deformation effects of fuel grains and fission 

pores. 

After authorizing for a heat flux extension by the French IRSN, the irradiation at the MTR reactor OSIRIS at 

CEA-Saclay started in Sept. 2005, the last irradiation cycle ended March 2007. The four plates with nominal 

8 gU/cm
3
 density were distributed into two irradiation devices (core position 11 & 17 – see Fig. 1) to re-

spond to the effect of too severe self-shielding in the case of four adjacent plates in one single irradiation 

device. A reserve plate with 7 gU/cm
3
 was inserted later into IRIS device location 17. The neutron flux val-

ues and spectra must be rather identical for both positions, since they are at two similar edges of the OSIRIS 

core. Measurements of the swelling were done in situ mechanically after each cycle
#
. 

                                                      

#
 These mechanical measurements are done in the reactor pool with a device, originally developed for qualifying the 
actually used U3Si2 fuel in FRM II [5]. A qualification extension was necessary for the IRIS-TUM UMo test plates for a 
maximum heat flux of 300 W/cm2. Before the maximum heat flux was linited to 231 W/cm2 by IRSN-France for the IRIS 
device [6]. 
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Fig. 1:  

Fuel element grid of OSIRIS 

reactor. In the bottom line (11-

17) IRIS devices can be 

inserted instead of Be 

moderator elements. 

 

 

 

 

 

 

 

 

 

 

Fig. 2:  

IRIS device at edge of OSIRIS reactor in Position 11 and 17.   

Only the two top positions were charged with IRIS-TUM plates each.  

 

 

2 Thickness measurements 

After each cycle the test plates have been extracted from their in-core position, inserted in a measuring de-

vice within the reactor pool and absolute thickness values have been measured with an accuracy of  ±2 µm 

along several traces in vertical and horizontal direction. Swelling data have been obtained by subtracting the 

thickness of the respective plate before irradiation.  

 

Fig. 3: Measured swelling in the ‘mfp’ of 

front plate 8503 after up to 5 cycles of 

irradiation.  
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Fig. 3 displays the so measured swelling over the width in the vertical mid of the front plate 8503. The dis-

tance is given from the meat center and extends about 28mm in each direction. Obviously the swelling is 

very anisotropic according to the anisotropic flux distribution in the respective irradiation position. The 

maximum swelling happens at a width of about +25 mm. For the two plates in location 11 the irradiation in 

OSIRIS was finished with the last cycle F210 of all together five. A remarkable degree of swelling was ob-

served at first with the 4
th
 cycle F208, as shown in figure 3, meaning the start of the postlinear swelling.  

3 Fission density (FD) distribution 

3.1 CEA’s collected data  

The power density distribution for each irradiation cycle and for each plate have been calculated by 2d-

neutronic flux calculations prior to the irradiation. Fig. 4 shows the calculated fission density (FD) distribu-

tion for the plate 8503 along the maximum flux plane (‘mfp’), i.e. the horizontal line across the mid of the 

plate.  

 

Fig. 4: Calculated 

fission density distribu-

tion in the maximum 

flux plane for plate 

8503 after up to 5 

cycles of irradiation 

and compared to the 

measured fission 

density by γ-

spectrometry after the 

last cycle F210. 

 

 

 

 

 

 

 

 

 

 

 

To verify these calculated fission densities a γ-spectrometry was performed with one plate of each of the two 

core positions 11&17 some month after the respective last irradiation cycle. The FD profile derived from the 

measured activity of the long living isotope 
137

Cs over the width of plate 8503 at ‘mfp’ is also shown in the 

figure. In vertical direction the ‘mfp’ lies in the plate centre. The FD as determined by γ-spectrometry is re-

garded to have an absolute precision of about 3-5 %.  

When compared to the measured FD profile some results can be derived from the original CEA calculation: 

• The FD curves describe the measured fission density shape quite reasonably; although there is a 

tendency that the edges are slightly underestimated. 

• Comparison between calculated FD curve after cycle F210 with the measured data shows that the 

absolute values of the calculations for the IRIS device in location 11 have to be corrected by a 

factor of 0.84. 

• The measured data don’t show up totally smooth, especially for the centre it was concluded a 

small fuel concentration (lump). 
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3.2 TUMs calculations for IRIS in OSIRIS location 11 

Particular calculations of the IRIS device at the core edge can provide a detailed fine structure of relative 

power and burn up distribution in both plates (front and back plate). This better resolved local burn up data 

across the plate width is then compared to the measured power density (PD) and also the local swelling val-

ues.  

 

Fig. 5:   

Core model for calculation of fission density 

profile across both IRIS-TUM plates in device 

IRIS at edge location 11 in OSIRIS reactor. The 

two front positions were charged with UMo 

plates IRIS-TUM, the back positions kept 

dummy plates. The density of the 20% enriched 

fuel in the core region (orange) was set for a 

multiplication factor of ‘One’. It was calculated 

with reflective conditions on top and on right 

side, the right top corner of the model meaning 

the center of the OSIRIS core. The left and 

bottom side are shielded by light water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6:   

Calculated fission density pro-

files across IRIS-TUM front 

plate in location Pos11 and 

values measured by γ-

spectrometry for the long liv-

ing isotope 
137

Cs.  
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Some results can be derived from this detailed IRIS-calculation: 

• The more detailed MCNP calculation of the device with IRIS-TUM plates provides a quite well de-

scription of the measured fission density profile for the front plate. In particular it describes better the 

edges than the 2d-CEA grid calculation by use of a neutron diffusion code.  

• The power and fission density values must be highest at the edges of the plate, here particularly at 

the right side that is closer to OSIRIS core. The theoretical edge peek is smoothened in the meas-

urement.  

• The fuel inhomogeneities don’t show up in form of one local concentration (lump) at the centre as 

thought with the diffusion calculation (compare section 3.1). Instead a consistent fuel density varia-

tion in the range of maximum 5% shows up. 

• The back plate sees over all 6% less power than the front plate. 

We now pay attention to the edges of the fuel over the width of the plate. The power profile is extrapolated 

to the exact edge of the fuel zone. And we compare now the PD or FD profile to the measured swelling data 

of front plate 8503.  

3.3  Comparison to plate swelling 

 

Fig. 7:   

Calculated and measured 

values for fission density 

(FD) profiles across front 

plate 8503 in location Pos11 

compared to measured 

swelling across the plate mid 

(‘mfp’).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Besides the profile for the FD in the ‘mfp’ for the front plate 8503 there is also shown face by face the meas-

ured swelling profile in Fig. 7. Some results can be derived when comparing the measured fission density 

(FD) values to the swelling data: 

• The fuel inhomogeneities are given in consistent shape at both measurements (FD and swelling), see 

particularly the central lump. Nevertheless the swelling data show somewhat higher deviations from 

a smooth curve.  

• From other data analysis (figure 3) one can derive a rather linear swelling up to a fission density in 

the lower irradiation regime of about 1.5 10
21

 f/cm
3
 [1]. The swelling becomes clearly of higher or-

der than linear with increasing FD. At the right edge the swelling is three times the value of the cen-

tre, but the fission densities are increased only by a factor of 1.7 in comparison.  



  

• Over the last 5-6 mm fuel at the right side the swelling seems to indicate a tendency for break-away 

swelling that is hindered by something. The only possible explanation therefore is a pliers effect by 

the aluminium frame of the plate. 

• Thus the swelling is not highest at the very edges; the maximum swelling value is given 2.5 or 3mm 

inside of the fuel edge. The maximum swelling would rise even clearly higher at the very edges 

without obtaining a clear squeezing impact from the plates frame.  

4 Evaluation of minimum fuel burn up area for swelling evaluation 

At the edges of the fuel there are the highest burn up values, this is a general aspect. On the other side it be-

comes evident that the plate cannot swell at the edge because of the squeezing by the aluminium frame. This 

is explained by a 1-dimensional stress analysis for the fuel plate and particularly for the meat covered by the 

cladding. 

We define the bending line for the plate as the local deviation of the cladding perpendicular to the plates 

surface from its position without external forces. Thus the bending line corresponds to the measured swell-

ing.  

The bending line for the fuel plates cladding can be described with the following boundary conditions. 

- The swelling is an irradiation driven process and the plate will see mainly pure meat swelling. The 

plate can’t hinder this swelling by framing forces except for the edges.  

- The bending line has to be described by applying an adequate inner pressure profile 

- Any compression ε=∆d/d of the meat layer shall be described in a linear dependency with material’s 

pressure 

- The bending line starts with zero swelling at the edge, because of the plate’s frame that works as pli-

ers there. There must result a huge inner pressure in the meat, what reduces the swelling over a dis-

tance of several mm.  

And particularly in this case for IRIS-TUM plate 8503: 

- The meat material and the plate tend to increase up to 100 µm at the right edge and 35µm in the cen-

tre for ‘mfp’ of IRIS-TUM plate 8503.  

The task is now to find a solution for these boundary conditions. The cladding is of aluminium alloy 

(AlFeNi), the width is 0.38 mm. The elasticity module and the bending moment can be found as fix values 

[7]. With a MCAD program the mathematical formula were transformed and it was searched for a solution. 

The best result is shown in figure 8.  

First it was given a pressure free bending line of the shape like the FD across the plate with 100 µm swelling 

at the right edge. Imposing then a modified bending line as shown, all the boundary conditions of the plate 

can be met accordingly to the also given pressure profile across the width of the fuel meat. The result is a 

confirmation for the imposed bending line.  

 

Although this stress analysis for the fuel plate is 1-dimensional, meaning it does include shear stress but is 

based on a pressure or traction force evaluation, the following conclusions can be clearly derived: 

• A very high pressure and gradient results at the edge. This must be the cause for material relocations, 

bubble size reductions or even grain distortion suggested for the edge at high irradiation [4]. 

• The maximum swelling can be clearly stated to occur 3mm inside of the meat’s edge, although the 

FD value is locally already reduced by 10% there. This value from stress evaluation is absolute con-

sistent with the measured swelling data shown in figure 7.  

And finally with respect of qualification arguments: 

• Swelling estimations at the corner of the meat filling have to take into account the mechanical con-

straints given by the frame. When assessing on maximum possible swelling induced by burn up ex-
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pectations at the meat edge it doesn’t make sense to take a zone width smaller than let’s say 5 or 

6mm width in core calculations for the or local fission density evaluations. 

 

 

 

Fig. 8:   

Bending line of the 0.38 

mm thick cladding for  

a) the pressure free case 

(no pliers effect) 

b) the imposed bending 

line, that has to 

correspond to the  

c) bending line with 

respecting  

d) the imposed inner 

pressure profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

SUMMARY 

With respect to maximum swelling induced by burn up or local fission density expectations it was derived a 

minimum fuel area as argument for swelling statements. It was shown, that it doesn’t make sense to calculate 

finer than with a 5mm mesh, particularly of interest at the edge with usually the highest burn up values in 

fuel plates. A maximum swelling expectation is restricted to this minimum fuel zone size. Tensile evalua-

tions of the stress gave clear hints about the framing forces at the edges. The high local pressure values 

caused inside the fuel thereby must have an impact on fission gas pore formation in the fuel at high burn up. 
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ABSTRACT 
 

U-Mo fuel deformation during irradiation in U-Mo/Al dispersion plates is 
investigated by using the irradiation data from the RERTR-3 through -9 tests. The 
observation of fuel particle sintering during irradiation is also presented and its 
influence for fuel performance is discussed. Structural analysis was also 
performed to examine the relationship between the stress distribution in the plate 
and the location of matrix-pore formation in the plate.  

 
1. Introduction 
 
From the recent RERTR tests, atomized U-Mo fuel particles showed fuel-particle-elongation in a 
direction dependent upon location in the plate; specifically, in the transverse direction at the 
meat-end rail region, and in the thickness direction at locations away from the rail [1,2]. This 
suggests that the fuel deformation is closely related to the stress distribution in the plate. For 
better understanding of this phenomenon, a more detailed analysis considering all relevant 
irradiation parameters is necessary.  
 
Fuel particles in high fission-density regions also show initial stage of sintering, i.e., neck 
formation between particles during irradiation. The observation is studied with modeling and the 
influence on performance needs be examined. 
 
Bending moment analysis is performed to obtain the stress distribution in the plate. The result is 
discussed with regard to pore formation location in the transverse direction of dispersion plates. 
 
2. Irradiation test data 
 
The data for the plates used in the analysis are given in Table 1. Plates of RERTR-3, -4, -5, and 
-6 are composed of KAERI powders; those of RERTR-7, -8 and -9 comprise INL powders. 
Fission densities, given per unit fuel particle volume, are meat-average values for the RERTR-3, 
-4 and -5 plates, which were flipped over in transverse direction to reduce burnup peaking, and 
those of RERTR-6, -7, -8, and -9, not flipped over, are at 4.2 mm away from the transverse meat 
end of the high-power side. Fission rates are life-averaged values at the location where the 
fission densities are given.  
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The plates irradiated in the RERTR-4 through RERTR-9, termed miniplates, have meat 
dimensions of 81.3x18.5x0.64 mm while those in the RERTR-3, termed nanoplates, have 
smaller dimensions of 22x4.7x0.75 mm. The miniplates have a rectangular shape meat while the 
nanoplates have an oval shape meat. All plates have the same cladding thickness in plate 
thickness direction, which is 0.38 mm. 
 
The fuel meat center temperatures were calculated at beginning of life (BOL) at the fuel meat 
transverse center for the RERTR-3 plates, at 4.2 mm away from one of the transverse meat 
ends for the plates in the RERTR-4 and -5, and at 4.2 mm away from the transverse meat end of 
the high-power side. Pores typically first form in the matrix at this location. Fuel and IL volume 
fractions were measured at locations slightly closer to the meat end from the location described 
above, viz., at 1.5 mm away from the transverse meat end. The maximum plate thickness is 
measured. The distance between the maximum plate thickness location and the near side meat 
end is measured.  
 
3.  Results and discussion 
 
3.1  Fuel particle deformation 
 
The plates of the RERTR-3, -4, -5, and -6 show no clear evidence of fuel particle deformation. 
Fuel particle deformation is observed in several plates in the RERTR-7, -8 and -9. Figure 1 
shows a comparison between these two groups. V8006B has 8 gU/cm3 density and a high IL 
volume fraction, while R3R050 has 6 gU/cm3 density and small IL volume fraction. V8006B 
shows no fuel particle deformation in the applied stress direction while R3R050 shows fuel 
particle elongation in this direction. 
 
Fuel particle deformation is believed to be a phenomenon induced by low-temperature irradiation 

creep, for which the governing equation is expressed by fAσε && =  [2], where A is a constant, σ is 

the stress and f&  is the fission rate. The fission rate is available from physics calculations, but 
the stress is a derived variable. The fabrication and irradiation parameters that affect the stress 
are related to meat volume increase, which stems from fuel particle swelling, meat U-density and 
IL growth.  
 

 
(a) V8006B from RERTR-4      (b) R3R050 from RERTR-7 

FD=5.7x1021 f/cm3, FR=2.6x1014 f/cm3-s    FD=5.9x1021 f/cm3, FR=7.6x1014 f/cm3-s 
Fig. 1 Fuel cross sections near their meat end irradiated in RERTR-4 and RERTR-7. 
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Fission rate 
The fission rate is the main factor that affects creep deformation of fuel particles. As can be seen 
in Table 1, the fission rates in the RERTR-4, -5, and -6 plates are much smaller than those of the 
RERTR-7, -8 and -9 plates. Only some of the RERTR-3 plates come close to the RERTR-7, -8 
and -9 plates, but their fission densities are lower.  
 
Fission density 
The increase in the fuel-meat-volume is the cause for stress buildup in the meat. Fuel swelling 
increases the meat volume, and is typically correlated as a function of fission density only, due to 
low irradiation temperatures [1]. Fission density is the factor that must be included to assess the 
extent of stress in the meat. 
 
Meat U-density 
Comparing data between 6 gU/cm3 and 8 gU/cm3 plates from the RERTR-4 and -5 shows no 
clear evidence of difference. Moreover, since lower U-density plates from the RERTR-7 show 
deformation while higher U-density plates from the RERTR-4 do not, U-density is not considered 
a dominant factor. However, U-density has an effect since it is related to IL growth and fuel 
particle contiguity in the meat. 
 
IL volume fraction 
The meat volume change caused by IL growth is the combination of the volume increase by the 
reaction products, the volume decrease by the fuel and aluminum volume consumed in the 
reaction, and the decreased fuel swelling due to uranium contained in the IL, (U-Mo)Alx. (U-
Mo)Alx has probably low swelling kinetics like low-swelling UAlx. [3]. Even though IL growth per 
se does not significantly increase the meat volume, its amorphous nature has an important role. 
Because of its low viscosity, an amorphous IL not only gives way to pore formation, but it also 
permits the fuel particles to adjust and move more readily to accommodate fuel swelling. Hence, 
more fuel particle deformation occurs.  
 
The pure Al matrix plates from the RERTR-4 and -5 and some from RERTR-6 and -7 have larger 
IL volume fractions than the Si-added plates (see the fifth-to-last column of Table 1). The plates, 
containing larger IL volume fractions, generally have a greater distance between the maximum 
plate thickness location and the meat end (see the fourth-to-last column of Table 1 and Fig. 2). 
This implies that when IL volume fraction is large, the connected ILs facilitate mass flow away 
from the compressive meat end region. This appears counter intuitive because the RERTR-4 
plates do not show fuel particle deformation. The possible reason is that the RERTR-4 plates are 
too low in the fission rates. 

 
(a) V8006B from RERTR-4   (b) R3R050 from RERTR-7 

Fig. 2 Comparison of maximum plate thickness locations. 
 

Fuel particle size 
The particle sizes in the RERTR-7 plates are larger than those in the RERTR-4 plates, but the 
RERTR-9 plates are smaller size than those in the RERTR-4 plates. Since only some of the 
RERTR-7 and -9 measurements show particle deformation, fuel particle size does not appear to 
be the major factor for particle deformation.  
 



Temperature effect 
Typically the fuel temperature and fission rate of a test plate are not separable. The fuel 
temperatures of the RERTR-4 plates are generally similar to those of the RERTR-7 and -9 
plates. All of the RERTR test plates have temperatures much lower than the regime where the 
thermal creep mechanism is considerable. Therefore, the effect of difference in temperature is 
negligible. 
 
3.2  Fuel particle sintering 
 
Some of the fuel particles with a high fission density and a fission rate show neck formation 
during irradiation as observed in Fig. 3 (also see Table 1). Neck formation is the initial stage of 
particle sintering. When a contact occurs between two particles due to fuel swelling, a 
compressive stress on the contact plane builds up and a tensile stress forms at the neck region. 
The major mass transport mechanisms that operate are diffusion from the contact area to the 
neck surface and diffusion from the particle surface to the neck area due to surface tension, all 
of which are energized by fission. The model shown in Fig. 3 is a modification of the thermal 
sintering model proposed by Kuczynski [4]. In the present model, the constants K and A are 
functions of the fission rate and temperature while, in the Kuczynski model, they are functions of 
temperature only.  
 

 

( )tfK
a

x
p2

&=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

σ=ε )f(A &&

x

x

a

Diffusion path

Neck 
surface

Particle 
surface

Fig. 3 Fuel meat cross section at high-power meat end region of R0R010 from RERTR-7 
showing fuel particle sintering behavior. The arrows in the image indicate examples of neck 
formation. Schematic of neck formation and kinetic model are also given. 

 
Particle sintering during irradiation increases the overall meat viscosity. A network of crystalline 
fuel particles, having higher viscosity than the amorphous ILs and aluminum matrix, enhances 
the meat viscosity. In addition, since particle sintering is a process decreasing the surface area 
to volume ratio, it reduces overall IL volume fraction. 
 
Plates from the RERTR-4 and -5, having larger IL volume fractions, do not tend to show this 
phenomenon since the fuel particle contiguity decreases with fuel consumption by IL growth. 
 
3.3  Matrix-pore formation location 
 
The pores form at the transverse center in the nanoplate while for miniplates they appear 
between the transverse center and the meat end. The pore formation locations were measured 
from the meat end and are indicated by an arrow in Fig. 4. The distances from the near-side 
meat end are 2.0 – 2.2 mm for miniplates and 1.7 mm for the nanoplate, which means that the 
pore-free zone length is fairly consistent even though power distribution, fission density, and 
local particle loading are different.  



 

 
Fig. 4 Cross sections of plates at meat end region (high-power meat end region for 
RERTR-7). The right-hand-side end of each image is the meat transverse center. The 
red arrow indicates the location of a pore formed closest to the meat end. 

 
Analysis of bending moment and stress was performed to investigate whether a correlation 
exists between the pore formation locations in the plate and the bending stress. Fig. 5 is a 
collection of bending stress distributions for nanoplates and miniplates whose power distributions 
and, therefore, fission density distributions are different. The RERTR-3 plates, having four times 
shorter width and more uniform fission density than other test plates, show the lowest bending 
stresses while the RERTR-7 plates most severe conditions (highest fission density, highest 
power peakings at the meat end among the compared) show the largest bending stresses.  
 
The bending stresses are negative in the meat end region and become positive in the meat 
transverse center region. This crossover suggests that pores can form more readily at the plate 
center region.  
 
As shown in Fig. 4, however, the pores form near the meat end for miniplates where the fission 
density is higher than at the meat center. This can be interpreted such that fission gas release 
from fuel particles to the matrix, which is a function of fission density, is also an important 
variable to satisfy the condition for pore formation. 
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Fig. 5 Comparison of bending stresses between tests with different power distributions. 

 



The difference in pore formation behavior between R04 and S03 from the RERTR-3 shown in 
Fig. 6 is worth noting. Even though these two plates have similar irradiation conditions, only R04 
shows pore formation. The possible reason may be that S03 was metallographed at a location 
off of the center of the oval-shaped meat; hence, a shorter meat transverse length as shown in 
Fig.6. Since the total meat length is shorter, the pore-free-zone length on both sides of the meat 
covers the entire meat, preventing pore formation in the plate at relatively low fission density. 
 

 
Fig. 6 Comparison of transverse cross sections of nanoplates from RERTR-3. 

 
4. Conclusions 
 
U-Mo fuel particle deformation was investigated using the irradiation data obtained from the 
RERTR-3 through -9 tests. The extent and frequency of deformation increase with the fission 
rate and fission density, whereas they have no discernable correlation with the meat U-density, 
particle size and fuel temperature. Interaction layer growth appears to contribute to fuel particle 
deformation. 
 
Fuel particles with high fission densities and high fission rates show the initial stage of particle 
sintering. Sintering is important because it decreases fuel surface-to-volume ratio to decrease IL 
volume fraction in the meat. Plates from the RERTR-4 and -5, having large IL volume fractions, 
tend to show less of this phenomenon since the fuel particle contiguity decreases due to fuel 
consumption during IL growth. 
 
Bending stresses are negative at the meat end region and crosses to positive at meat transverse 
center region, confirming that the condition for pore formation in the matrix is more favorable at 
the plate center region. However, the observation that the pore formation location is commonly 
close to the meat end region, where the fission density is higher than at the center region, 
suggests that fission gas release from fuel particle to the matrix is another important variable for 
pore formation.  
 
5. References 
 
[1]  Y.S. Kim, G.L. Hofman, J. Rest, Y.S. Choo, A.B. Adamson, RERTR Meeting, 2009. 
[2] G.L. Hofman, Y.S. Kim, A.B. Robinson, RRFM Meeting, 2009.  
[3] G.L. Hofman, Nucl. Technol., 77 (1987) 110. 
[4] G.C. Kuczynski, B. Neuville, H.P. Toner, J. Appl. Poym. Sci., 14 (1970) 2069. 



SELENIUM FUEL : SURFACE ENGINEERING OF U(MO) PARTICLES 
TO OPTIMISE FUEL PERFORMANCE  

 
 

S. VAN DEN BERGHE, A. LEENAERS 
Nuclear Materials Science Institute, SCK•CEN 

Boeretang 200, B-2400 Mol – Belgium 
 

C. DETAVERNIER 
Solid State Sciences, University of Ghent 

Krijgslaan 281, 9000 Ghent – Belgium 
 
 
 

ABSTRACT 
 

Recent developments on the stabilisation of U(Mo) in-pile behaviour in plate-type 
fuel have focussed almost exclusively on the addition of Si to the Al matrix of the 
fuel.  This has now culminated in a qualification effort in the form of the European 
LEONIDAS initiative for which irradiations will start in 2010.  In this framework, 
many discussions have been held on the Si content of the matrix needed for 
stabilisation of the interaction phase and the requirement for the formation of Si-
rich layers around the particles during the fabrication steps.  However, it is clear 
that the Si needs to be incorporated in the interaction phase for it to be effective, 
for which the currently proposed methods depend on a diffusion mechanism, which 
is difficult to control. This has lead to the concept of a Si coated particle as a more 
efficient way of incorporating the Si in the fuel by putting it immediately where it will 
be required : at the fuel-matrix interface.   
 
As part of the SELENIUM (Surface Engineered Low ENrIched Uranium-
Molybdenum fuel) project, SCK•CEN has built a sputter coater for PVD magnetron 
sputter coating of particles in collaboration with the University of Ghent.  The 
coater is equipped with three 3 inch magnetron sputter heads, allowing deposition 
of 3 different elements or a single element at high deposition speed.  The particles 
are slowly rotated in a drum to produce homogeneous layer thicknesses.   

 
 
1. Introduction 
 
1.1 The U(Mo)-Al interaction 
 
Since the failures of the U(Mo)-Al dispersion fuel in 2004 [1, 2, 3, 4], much effort has been 
devoted to the search for the root cause of these failures and, more importantly, a remedy.  It 
is now generally accepted that the properties of the interaction layer formed between the 
U(Mo) fuel kernels and the Al matrix, which has been proven to be amorphous [5, 6, 7], are 
an important factor in the failures.   
On itself, the amorphous nature of the interaction phase would be insufficient as a reason for 
its role in the fuel plate failure, since it is known and demonstrated that also successful fuels, 
such as U3Si2 and UAlx themselves turn amorphous under irradiation and their interaction 
products with the matrix are also amorphous [8, 9, 10, 11].  Indeed, the composition of the 
interaction product of U(Mo) and Al is close to the UAlx composition itself and one may 
therefore be inclined to turn to the presence of the Mo to account for the poor behaviour.       
In essence, the U-Mo-Al amorphous phase can be described as a metallic glass [12].  From 
the studies of metallic glasses, it is known that the free volume of a metallic glass is 
influenced by composition changes [13, 14].  Since the free volume in an amorphous 
material directly influences physico-chemical properties such as diffusivity, viscosity, etc., it 



could be postulated that a difference in free volume between the U-Mo-Al interaction phase 
and the amorphous U-Al fuel particles may exist, related to the presence of Mo. 
However, much like the UAlx fuel does not show fission gas bubble formation up to relatively 
high burnup under normal operating conditions [15], bubbles are not observed inside the 
interaction phase in the case of U(Mo) either.  To be precise, the voids considered 
responsible for the fuel plate pillowing are formed between the interaction layer and the 
matrix and can be considered to result from a transport of gas from the U(Mo) kernel through 
the interaction layer.  Bearing in mind the formation of the fission gas nanobubble lattice 
observed in the U(Mo) kernels [5] and the impossibility for this kind of lattice to exist in the 
glassy phase, such a transport of nanobubbles and agglomeration of them into the observed 
voids can be regarded as a valid explanation. 
If we consider the most important currently used or planned metallic fuels for plate-type 
research reactor fuel (UAlx, U3Si2 and U(Mo)), the main difference between U(Mo) and the 
others is the crystallinity of the fuel particles.  As the others all turn amorphous under low 
temperature irradiation [10], with varying degrees of free volume, and as all interaction layers 
are found to be amorphous (or form amorphously in pile [11]), the crystalline nature of the 
U(Mo) under irradiation may very well be part of the cause of the problematic behaviour.  It is 
clear that with an amorphous fuel such as UAlx, the formation of a very similar amorphous 
interaction layer as in the case of U(Mo)-Al does not produce the same effect of void 
formation on the kernel-matrix interfaces, even with much more fission gas present (HEU 
fuel).  The combination of a fuel that remains crystalline, in which the fission gases form an 
ordered nanobubble lattice, with an amorphous interaction product, in which these 
nanobubbles cannot be maintained in a lattice, may lie at heart of the matter. 
 
1.2 Si addition to the matrix as a solution 
 
For some years now, the addition of Si to the Al matrix is studied, because of the, by now 
well established, beneficial effect of Si on the interaction layer formation rate and its 
properties [16, 17, 18, 19].   It has been known since the beginning of the use of Al clad 
metallic uranium fuel that the use of Si reduces the U-Al interaction [20].  Also diffusion 
couple experiments have lead to similar conclusions [21, 22].   In diffusion type of behaviour, 
it is the affinity of U for Si (larger heat of formation for silicides than for aluminides [23]) that 
allows Si to stop the interaction between U and Si.  In the in-pile situation, Si covalent bonds 
may reduce the amount of free volume in the amorphous U-Al(-Mo) interaction phase [24] 
and as such improve the properties of the metallic glass. 
The question currently is how much Si is required to stabilise the fuel plate behaviour in 
various reactor operating conditions.  Although there is no definite consensus on the required 
quantity, it can be safely concluded from existing results that more than 2w% Si in the Al 
matrix is needed [25, 26, 27] and probably closer to 4-6 w% will be required [19].  Current 
estimates are based on the quantity of Si required to avoid formation of UAl4 type 
compounds, which have a higher free volume and which, according to the ternary diagram, 
do not form whenever the Si concentration in an U-Al-Si phase is above 5 at%, for the 
moment neglecting the influence of Mo on this [24]. The main test of the effect of the higher 
Si concentrations will be performed by the LEONIDAS group in the E-FUTURE irradiation, 
which is planned to provide the first full-size fuel plate irradiations of U(Mo)-Al(Si) dispersion 
fuel with matrix Si concentrations of 4 w% and 6 w% [28]. 
However, when Si is added to the Al matrix, it is present in the form of precipitates.  For the 
Si to be transported to the kernel-matrix interface, the driving force of the U-Si chemical 
affinity and the mobility generated by the fission product displacement cascades are called 
upon.  Effectively, several PIEs show the disappearance of Si precipitates around fuel 
kernels in the recoil zone [24, 27] and in out-of-pile tests, in which the mobility is generated 
by temperature, precipitate free zones are found in diffusion couples [22].  Nevertheless, 
remaining Si precipitates inside the recoil zone around the kernels after irradiation are 
observed [29] and an important inhomogeneity of the Si distribution inside the interaction 
phase is seen [30].  Examinations have furthermore shown that the locations where the Si is 
the most effective are those where a Si precipitate is in direct contact with the U(Mo) fuel 



kernel at the start of the irradiation [25].  Almost no interaction layer is formed there and the 
Si precipitate is consumed by interaction with the kernel.   
It is possible to thermally transport part of the Si in the matrix to the fuel kernel surfaces 
during the manufacturing, producing pre-formed Si-rich layers around the fuel particles [27, 
29].  However, this requires temperatures of 450-500°C, which are compatible with 
manufacturing procedures for Al-Mg-Si alloy (6061) clad fuel plates, but not with Al-Mg alloy 
(AlFeNi or AG3NE) clad fuel plates, which are softer.  Post-production annealing may 
provide a solution [28], but it has been shown that the properties and compositions of these 
pre-formed layers depend on the temperatures used to generate them and the amount of Si 
initially present [31].  Applying these procedures in a manufacturing process will require a 
high degree of reproducibility and should not lead to excessive amounts of rejected plates, 
both of which are not straightforward goals for the manufacturer in the case of heat 
treatments.   
Furthermore, the use of Si in nuclear fuel is not desirable from a fuel reprocessing viewpoint.  
Although technical solutions probably exist or can be developed, they require additional 
investments and processing costs for a small amount of research reactor fuel that is 
reprocessed.  As such, an alternative for Si would be interesting [32], but it would preferably 
have to allow incorporation in the fuel in a similar way as the currently developed Si to avoid 
repeating many of the development efforts.  If avoiding Si is not possible, at least a 
minimisation of the added amount is advisable to improve acceptability by the reprocessing 
plant. 
 
1.3 Fuel kernel coating as an advanced solution 
 
A solution to these issues can be provided by directly incorporating the Si where it can play 
its role : at the kernel-matrix interface, i.e. as a coating layer on the fuel particles.  This 
avoids the need for transporting it there, either thermally during fabrication or in-pile by 
fission product displacement tracks.  It allows minimisation of the Si quantity, since all of it 
will be effective and the minimum amount required can therefore be added.  The use of 
coated particles also allows a manufacturer to keep all aspects of the existing fabrication 
route, since the particles are tailored rather than the plate.  Finally, if Si can be deposited on 
the fuel kernel surface, it should be possible by the same technique to deposit other 
materials as well, allowing rapid changes from one inhibitor to another one without changes 
in the fuel plate manufacturing process. 
Additional benefits exist, since functionalisation of the U(Mo) kernel surface does not have to 
be restricted to an interaction phase inhibitor.  Because of the high loading required in LEU 
U(Mo) fuels, virtually 50% of the meat volume is occupied by fuel and 50% by Al.  Therefore, 
the requirement of some reactors to add neutron poisons to the fuel becomes more difficult 
to meet as these products are most often added in the form of powders which have to be 
homogeneously dispersed.  Because only very small amounts of neutron poison powders are 
introduced, their homogeneous dispersion is particularly difficult.  Partly for this reason, 
although other arguments exist, developments of neutron poisons in the fuel assembly 
structural materials (eg. Cd wires in the stiffeners [33]) have been made, with their benefits 
and drawbacks.  Using the same coating technique as in the deposition of the interaction 
phase inhibitor, one can also deposit one or multiple neutron poison coatings directly on the 
fuel kernel surfaces, ensuring a complete homogeneous dispersion throughout the meat and 
even following possible small local inhomogeneities in the fuel distribution.  Furthermore, the 
amount of neutron poison can easily be tailored for each application, reactor or even within a 
fuel assembly or within an element if desired. 
Beside a deposition of neutron poisons, the fuel particles with their different coating layers 
can also be 'sealed' by a thin Al layer, effectively providing them with a pure Al surface.  This 
would improve the compatibility with the matrix and protects the coated fuel kernels (from 
getting contaminated (eg oxidation)) during handling.  Furthermore, it reduces radiological 
problems somewhat, because it also reduces the contamination risk by uranium. 
 



 

Fig 1.  Schematic representation of a possible SELENIUM fuel particle.  The layers are not to 
scale, since the thickest layer (inhibitor) would be only 1% of the particle diameter.  

 
Combining the above possibilities offered by particle coating (see Figure 1), a surface 
engineering methodology can allow tailoring of U(Mo) particles based on the needs of 
individual research reactors, while the standard production route for the fuel plates can be 
maintained. 
 
2. Coating technology for U(Mo) particles 
 
2.1 Chemical versus Physical vapour deposition on particles 
 
The application of a coating on a surface can be accomplished by a large variety of 
techniques, each optimised for specific applications. Some methods use solid state [34] or 
liquid (molten metal or salt) reactions to apply the coatings, but most coatings are applied 
from the vapour or gaseous state.  The vapour deposition techniques are commonly 
subdivided in 2 classes : Physical (PVD) and Chemical (CVD) Vapour Deposition.  In the 
latter, a sample surface is exposed to a so-called precursor, which most often is an 
organometallic compound.  In the case of Si deposition, most often silane (SiH4) is used. The 
precursor is decomposed when adsorbed on the sample surface through heat or exposure to 
a different agent, such as water vapour.  CVD coating of U(Mo) particles was tried before by 
Pasqualini [35].  Among the PVD techniques, the best known deposition method is sputtering 
in which a target is bombarded with Ar ions in a high vacuum, causing the target atoms to get 
sputtered off, after which they deposit onto the sample surface. 
Because of the drawbacks of CVD Si deposition, mainly the explosive nature of silane, the 
requirement for heating (typically 550-650°C, leading to oxidation and possibly 
decomposition of gamma U(Mo)) and the difficulty for deposition of a number of materials 
because of lack of precursor gases or their high cost, a choice was made for DC magnetron 
sputter deposition.  This means that deposition is realised by putting a sputter target at a 
high voltage (typically 500V), equipped with permanent magnets for increasing the influx of 
sputtering argon ions.  This method offers low cost, high flexibility for target material 
exchange, codeposition and multi-layer deposition capability and avoids heating of the 
material/substrate. 
 
The additional difficulty in coating powders compared to flat surfaces is the need to 
continuously agitate the powder so that the particles receive a homogeneous coating with 
even thickness.  This can be accomplished by the use of a rotating drum in the vacuum 
chamber.  The technique is known as barrel sputter deposition [36] and is shown 
schematically in Figure 2.  Photographs of the actual setup are shown in Figure 3. 
 



 
 

Fig 2.  Schematic representation of a barrel sputter deposition setup (figure after [36]) 
 
 
2.2 STEPS & DRUMS 
 
As part of the SELENIUM (Surface Engineered Low ENrIched Uranium-Molybdenum fuel) 
project, a barrel sputter deposition setup was constructed in a collaboration between the 
University of Ghent and the SCK•CEN, consisting of a cylindrical vacuum chamber.  The 
chamber is evacuated down to a pressure of the order of 10-6 mbar. One side of the chamber 
is equipped for sputter deposition (also uranium) on flat surfaces, while the other side can be 
used for coating of powders.  Therefore, it was called "STEPS & DRUMS" for Sputtering Tool 
for Engineering Powder Surfaces and Deposition Reactor for Uranium based Model 
Systems. 
 

  

Fig 3.  Photos of the setup constructed in the frame of the SELENIUM project 



On the powder side, a drum is mounted inside the vacuum chamber on two rotational 
support axes, one of which is powered by a motor outside of the vacuum.  This allows 
rotation of the drum with speeds up to 4 rotations per minute.  Inside the drum, powder can 
be placed which is continuously agitated by the rotational action.  On the large flange of the 
vacuum vessel, up to 3 water cooled magnetron sputter heads can be mounted inside the 
rotational drum (see Figure 4).  The targets have a 3 inch diameter and can be any type of 
metallic material.  This allows simultaneous use of several sputter guns with the same target 
material for increased deposition speed and/or the use of different targets for codeposition or 
multi-layer deposition without breaking the vacuum. 
 

 

Fig 4.  Design of the rotary drum in the STEPS & DRUMS sputter coater, including position 
of the three magnetron sources inside the drum. 

 
2.3 Coating requirements 
 
Based on the current knowledge of the effects of Si as added to the Al matrix and the 
assumptions that have been made on the amount of Si required to stabilise the interaction 
phase, calculations can be made on the required deposited layer thickness.  The graph in 
Figure 5 shows the evolution of the amount of Si incorporated in the fuel with respect to the 
matrix with the layer thickness for different kernel sizes.  The calculations are based on 
atomised U(Mo) powder, since the spherical shape of the particles allows for straightforward 
calculations, but there is no a priori reason why ground powder would not be suitable for 
coating, although uniformity of the coating is somewhat more difficult on irregularly shaped 
powder particles.  Of course, uniformity is only an issue for the inhibitor coating and only up 
to a certain degree as the fission track enhanced diffusion will still allow homogenisation in 
pile.  Furthermore, even if part of the surfaces of a small number particles would not have 
received or lost their coating for some reason, it is unlikely that this would have an important 
effect on the overall behaviour of the fuel plate, as long as their number remains small. 
Calculations were made up to thicknesses of 1µm, because thicker layers may tend to spall 
off. The calculation results demonstrate that, as can be expected, for the same layer 
thicknesses, the total Si concentration in the matrix is higher for smaller kernels.  For a 
typical atomised U(Mo) powder, kernel sizes are around 60-80 µm.  As can be seen from the 
graph, acceptable layer thicknesses on these kernel sizes can generate Si concentrations up 
to roughly 7-9 w% Si with respect to the matrix.  For a kernel size of 70 µm diameter, a 
loading of 8gU/cc and an IL thickness of 5 µm, a coating thickness in the range 400-600 nm 
will provide ample Si to keep the Si concentration in the IL above 5 at%.  One should bear in 
mind that, in the case of coated particles, all Si is available on the kernel-matrix interface.  
The recently derived empirical law for Si-effective growth of the interaction layer [18], on 
which the value of the minimum Si concentration in the matrix is based, can rely only on 



observations of fuel plates with Si added to the matrix.  The effect of Si in the form of a 
coating can be expected to be more important or at least different, which may require 
modifications to the parameters of the relation.   
Finally, the direct interaction of pure Si with U(Mo) can be expected to lead to a difference in 
mechanism protecting the U(Mo) kernel against interaction with the Al.  An indication for this 
is provided by the observation of Si precipitates that were found on the kernel-matrix 
interface in the IRIS-3 experiment.  At those locations, virtually no interaction layer growth at 
all was observed [25]. 
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Fig 5.  Evolution of the equivalent Si matrix concentration with coating thickness (8gU/cc). 
 
Similar as with the Si layers,  the required layer thicknesses for neutron poison coatings can 
be calculated.  Of course, the amount of neutron poison will depend on the requests of the 
reactor, but typical values can be given.  As an example, for gadolinium, values are typically 
around 25 g Gd/kg 235U.  Based on a kernel size of 70 µm, this leads to a required coating 
thickness of 100-200 nm, well within the controllable range of the sputter deposition 
technique. 
 
2.4 First coating results 
 
As a first result, coatings were applied in a basic magnetron geometry onto pieces of Si 
wafer that were distributed in the drum.  This experiment was aimed at a first determination 
of the sputter rate to obtain a starting point for the optimisation of the sputter parameters and 
geometry. 
A deposition was performed for 30 minutes using 2 Si magnetrons at 250W each.  No 
optimisation of the magnetron position was done.  The Si wafer fragments were 
subsequently measured by X-ray reflectometry (XRR), in which the thickness and density of 
a deposited layer is determined [37].  The result is displayed in Figure 6 and was fitted using 
an algorithm based on layer thickness, roughness and density.  The layer is shown to be 275 
nm thick and has a density of 2.0 g/cm³, which is a normal value for an as-deposited Si layer.  
These results will allow further optimisation of the coating geometry and sputter parameters. 
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Fig 6.  XRR measurement result and fit of the measurement to determine layer thickness, 
roughness and density.   
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ABSTRACT

Results of scanning electron microscopy (SEM) characterization of irradiated U-7Mo dispersion
fuel plates with differing amounts of matrix Si have been reported.  However, to date, no results
of SEM analysis of irradiated U-Mo monolithic fuel plates have been reported.  This paper
describes the first SEM characterization results for an irradiated monolithic U-10Mo fuel plate.
Two samples from this fuel plate were characterized.  One sample was produced from the low-
flux side of the fuel plate, and another was produced at the high-flux side of the fuel plate.  This
characterization focused on the microstructural features present at the U-10Mo foil/AA6061
cladding interface, particularly the interaction zone that had developed during fabrication and
any continued development during irradiation.  In addition, the microstructure of the foil itself
was investigated, along with the morphology of the observed fission gas bubbles.  It was
observed that a Si-rich interaction layer was present at the U-10Mo foil/cladding interface that
exhibited relatively good irradiation behavior, and within the U-10Mo foil the microstructural
features differed in some respects from what is typically seen in the U-7Mo powders of an
irradiated dispersion fuel.

1. Introduction

To assess the irradiation performance of U-10Mo monolithic fuel plates, reactor experiments
have been conducted using the Advanced Test Reactor (ATR).  To determine the
microstructural development that occurred in these fuel plates during irradiation, optical
metallography (OM) is performed in the Hot Fuel Examination Facility (HFEF), located at the
Idaho National Laboratory in Idaho Falls, Idaho.  To complement the optical metallography
characterization, it is of interest to characterize the microstructure of selected fuel plates using
scanning electron microscopy with energy dispersive and wavelength dispersive spectroscopy
(SEM/EDS/WDS).  This type of analysis allows for the resolution of smaller microstructural
features and for the qualitative determination of composition in different regions of the fuel plate.
This paper describes the first SEM characterization results produced for an irradiated monolithic
fuel plate.  The analyzed fuel plate was labeled L1F100 from the RERTR-6 experiment and was
fabricated using the friction bonding (FB) process.  The FB monolithic plates that were tested as
part of the RERTR-6 experiment were irradiated at moderate powers (surface heat flux ~140-
175 W/cm2), at high temperatures (centerline temperature at BOL ~116-180˚C) and at moderate
burnups (~50% LEU) [1].

2. Experimental
2.1 Fuel Plate Fabrication and Characterization

The FB process used to fabricate RERTR-6 monolithic fuel plates is a solid-state process where
a rotating tool is rastered across both sides of a fuel plate to produce good bonding at the U-



10Mo foil/AA6061 cladding interface [2]. After completion of the FB process, two additional
fabrication steps were applied to the RERTR-6 fuel plates that are not typically used to fabricate
current generation fuel plates.  The first step was called the “flattening step” and the second
step was named the “homogenization anneal.”  Both of these steps involved exposure of the
fuel plates to high temperatures.  The “flattening step” was employed due to warpage of the fuel
plates as a result of FB, which was too severe to allow for final processing (thinning, surface
finishing, shearing etc.).  During this step, the plates were loaded into a heated platen hydraulic
press heated to 385 ºC and pressed at ~200 psi for 3-4 minutes.  After this step, the plates were
determined to be flat enough for the subsequent processing steps.  The “homogenization
anneal” step was employed to try and eliminate heterogeneous microstructures in the fuel plates
that could be present after FB and potentially cause enhanced corrosion of the fuel plates.  The
homogenization anneal was performed at 500˚C for 30 minutes in the heated plan press under
light force (typically 500 lb) to ensure good contact between the platens and the plate surface.
For fuel plates tested after RERTR-6, neither the flattening step nor the homogenization
annealing step has been employed since FB can now be routinely employed to produce flat
plates, and the FB process has been found to not produce the same inhomogeneities that have
been observed for another process that exposes materials to a rotating tool, viz. friction stir
welding.

For conducting microstructural characterization of as-fabricated FB fuel plates, transverse cross
sections were used. OM analysis was employed to characterize the U-10Mo foil and AA6061
cladding, and SEM/EDS/WDS was employed to interrogate the U-10Mo foil/AA6061 cladding
interface.

2.2 Irradiated Fuel Plate Characterization

In HFEF, OM was performed on a transverse cross section taken from the mid-plane of the fuel
plate.  SEM analysis was performed on two one-mm-diameter cylindrical samples that were
generated from the fuel plate in HFEF using a punching process. These samples were
transferred to the Electron Microscopy Laboratory (EML) where they were mounted, polished,
and examined using SEM/EDS/WDS. Focus was given to the interface between the fuel foil and
cladding and the microstructural features within the U-10Mo alloy.

3. Results and Discussion
3.1  Archive Fuel Plate Characterization

Optical images of the U-10Mo foil microstructures that were present after FB and after the
homogenization anneal are presented in Fig. 1.  The U-10Mo foils after FB were highly textured,
but the homogenization anneal produced an equiaxed microstructure in the U-10Mo foil.

(a)  (b) 
Fig. 1. Optical Images of a U-10Mo foil microstructure after (a) friction bonding and (b) the exposure to
500˚C for 30 minutes during the homogenization anneal.  The grains in (b) are around 10 µm in size.



The SEM/EDS/WDS analysis results showed that interaction between the U-10Mo foils and
AA6061 cladding had occurred during the fuel fabrication steps.  Fig. 2 shows the two types of
interaction zones that were observed at the foil/cladding interface for archive fuel plate L1F110.
One layer (Layer 1) was very thin and the other layer (Layer 2) was thicker.  Composition
analysis indicated that Layer 1 was enriched in Si and Layer 2 contained varying amounts of a
Si-rich phase (bright contrast) and Si-deficient phase (dark contrast).  Si-rich precipitates were
observed in the U-10Mo foil due to the presence of Si impurity in the orginal U-10Mo alloy.
More detailed desriptions of the characterization that was performed on RERTR-6 archive FB
fuel plates with U-10Mo foils can be found in Refs. 3 and 4.

Fig. 2.  An SEM backscattered electron image of a cross section of fuel plate L1F110, where a thin (Layer
1) and thick (Layer 2) interaction layer could be observed at the interface between the U-10Mo (bright)
and AA6061 cladding (black).  In Layer 2 the brighter contrast phase is enriched in Si and the darker
phase contains negligible Si.

3.2 Irradiated Fuel Plate Characterization
3.2.1 Optical Metallography

The optical micrographs in Figs 3a and 3b identify two different interaction layer morphologies
observed at the U-10Mo/AA6061 interface for fuel plate L1F100.  One layer is relatively thick
(Fig. 3a) and seems to be comprised of two different types of phases, and the other other is
relativley thin and uniform (Fig. 3b).  Both of these layers are very similar in morphology to
those observed in the as-fabricated fuel plate L1F110 (Fig. 2).  This indicates that these layers,
which were present in the fuel plates after fabrication, did not change much in thickness or
morphology during irradiation.

(a) 

(b)
Fig. 3. Optical micrographs (a,b) showing thick and thin interaction layers observed at the foil/cladding
interface of fuel plate L1F100.



3.2.2 Scanning Electron Microscopy

Fig. 4 shows SEM images of the fuel plate samples that were contained in the punchings
produced at the low and high-flux sides of fuel plate L1F100.  They indicate that only very small
pieces of the fuel plate were present in the punchings and that the overall punching process,
which has proven effective for generating samples from irradiated RERTR-6 dispersion fuel
plates, is not ideal for sampling irradiated monolithic fuel plates.  Apparently, the U-10Mo foil,
which is brittle after irradiation, breaks into many pieces as the punch penetrates through the
fuel plate and only a few small pieces of U-10Mo remain in the sample.  Alternative techniques
(e.g., core drilling) are being investigated for producing samples from irradiated monolithic fuel
plates in HFEF. It was only in the high-flux sample (Fig. 4a) that a piece of the fuel plate could
be found where the U-10Mo fuel/AA6061 cladding interface was still intact, and in the low-flux
sample (Fig. 4b) only a piece of the U-10Mo fuel could be identified. Figure 5 shows SEM
images of the interaction zone at different locations along the U-10Mo/AA6061 cladding
interface in the sample taken at the high-flux side of L1F100.

(a)   (b)
Fig. 4.  SEM images of the samples from the (a) high-flux and (b) low-flux sides of the fuel plate.

(a)  (b)
Fig. 5. SEM images of a (a) thin and (b) thicker interaction layer in the high-flux sample.

Figure 6 shows X-ray maps for U, Mo, Al, Si, and Xe that were produced where a relatively thick
interaction layer had developed at the U-10Mo/AA6061 cladding interface in the sample from
the high-flux side of the fuel plate.  It can be observed that two types of phases were present
where one phase was Si-rich and the other Si-deficient.  The fission gas Xe was observed in
both the U-10Mo fuel and the AA6061 cladding, and the Si-rich precipitates that were present in
the U-10Mo in the as-fabricated fuel (Fig. 2) are also present in the U-10Mo in the irradiated fuel
plate.  In Figure 7, a Si X-ray map is presented for a location where a relatively thin interaction
layer was observed. Overall, the layer contained appreciable Si. Linescan analysis that was



performed in the U-10Mo fuel indicated that there was some variation in the Mo content, where
the Mo varied between about 9 and 12 wt%.

In some areas of the samples, fracture surfaces were observed in the U-10Mo alloy that
revealed the fission gas bubbles that were present in the microstructure (see Fig. 8).  Generally,
fission gas bubbles could not be seen in the intragranular regions, but they could be resolved on
the grain boundaries.  In some regions of the microstructure, isolated areas with relatively large
fission gas bubbles could be observed.  Due to their morphologies, they were called
“honeycomb” structures.  So far, this type of structure has not been observed when performing
SEM characterization on irradiated RERTR-6 dispersion fuels that were exposed to similar
irradiation conditions as L1F100. In RERTR-6 dispersion fuels, any fission gas agglomeration
features were about 1 to 2 µm in size, not the up to 6 µm size as for fuel plate L1F100.  The
presence of the honeycomb structures in monolithic fuel plates and not in dispersion fuel plates
appears to be linked to the different U-10Mo alloy microstructure that is present in a FB
monolithic fuel plate (with the flattening and homogenizaiton anneal steps) compared to what is
observed in the U-7Mo alloy in rolled dispersion fuel plates.

(a) (b)

(c)  (d)

(e)  (f)
Fig. 6. Backscattered electron image (a) and WDS X-ray maps for (b) U, (c) Mo, (d) Al, (e) Si, and (f) Xe
taken at the foil/cladding interface of the L1F100 high-flux sample.

(a)  (b)
Fig. 7. Backscattered electron image (a) and Si WDS X-ray map at the foil/cladding interface.



(a)  (b)

(c)  (d)
Fig. 8. SEM images (a-d) of fractured regions present in the high-flux sample.  In (c) and (d), a unique
microstructural feature was observed that resembled a “honeycomb.”

4. Conclusions

Based on the SEM characterization of samples taken from the irradiated fuel plate L1F100, it
has been determined that: (1) Utilization of a punching process for generating SEM
characterization samples from irradiated monolithic fuel plates process is not an effective way to
generate ideal samples.  Another technique will need to be developed for obtaining a sample
comprised of a full transverse cross section of a fuel plate that can be used for SEM analysis.
(2) Both the thin and thick interaction layers that developed at the U-10Mo/AA6061 cladding
interface during the RERTR-6 monolithic fuel plate manufacturing process changed very little in
composition or morphology during irradiation. (3) The fission gas bubbles that developed in the
U-10Mo microstructure during irradiation of the FB monolithic fuel plate could not be resolved
with SEM in the intragranular regions.  However, fission gas bubbles could be resolved at the
grain boundaries.  In some isolated, non-grain boundary regions of the microstructure, relatively
large fission gas bubbles could be observed.  These gas bubbles formed features that
resembled a honeycomb structure.
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ABSTRACT 
 

An experimental program has been designed by CEA to qualify the behaviour of 
the JHR fuel under conditions representative of the reactor operating ones.  
This program uses the SCK.CEN facilities, irradiating JHR lead test elements in 
the BR2 reactor, inside its central channel which has been particularly arranged for 
this objective (Evita loop). 
As a first step in the program, a two cycle irradiation (4 weeks by cycle) started 
mid-July 2009 and ended mid-November (EVITA-1). After a cooling phase, this first 
JHR lead test element will be submitted to post-irradiation examination. The 
second JHR test element began its irradiation in the first quarter of 2010; its 
unloading is planned before the end of 2010, after 5 cycles in the BR2 reactor. The 
results of these two experiments are expected as input information for the Safety 
Authority Report. 
This paper presents the qualification program with the objectives assigned to each 
phase (irradiation, examination). A first interpretation of the irradiation data for the 
first element is presented, so as the information available on the progress of the 
following phases of the programme. 

 
 
1. Introduction 
Due to the performance level expected for the JHR, a high density of fissile material is 
required for the reactor core, and the reference fuel for the JHR is UMo fuel with uranium 
density of 8g/cm3 and 20% 235U enriched. As this fuel is not yet available as an industrial 
product qualified for JHR operation, the CEA is qualifying a back-up fuel solution for the first 
power operations of the JHR [1]; this back-up fuel solution is U3Si2 particles dispersed into an 
aluminium matrix.  The JHR fuel element consists of an element with 8 concentric crowns of 
fuel plates crimped inside 3 aluminium stiffeners (Fig 1). 
 
The qualification program of JHR fuel includes three main aspects [1]: 

- Design validation  
- Manufacturing qualification  
- Irradiation qualification 

Design validation and manufacturing qualification were presented elsewhere [2], [3]. 
The irradiation behaviour of U3Si2 fuel benefits from a large amount of international feedback, 
but it needs specific demonstration for the range of the JHR operating conditions. The main 



 
 

aspect is the qualification of the in-pile behaviour of the elements. With this aim, an 
experimental programme has been designed to demonstrate the satisfactory operation of an 
actual full-size element in JHR representative conditions. As these conditions can be 
reached (with some adaptation) in the central channel of the BR2 reactor (SCK-CEN) and 
taking into account some similarities in the design of the fuel elements of the two reactors, 
BR2 appeared to be the more accurate reactor to perform this programme. 
 

 
Fig 1: Fuel element end  

 
 
2. Structure and objectives of the programme  
2.1 Objectives of the programme 
The programme will allows demonstrating the satisfactory operation of a full-size test 
assembly under JHR normal operating conditions. Thus, the objectives are: 

- to check the mechanical integrity of the plates (integrity of the cladding), 
- to check the geometric integrity of the fuel assembly (fuel plates and whole 

structure), on others words to insure that only slight variation of the coolant 
channels between the fuel plates, 

- to demonstrate the correct behaviour of the silicide fuel under the experimental 
conditions. 

 
Twelve industrial-scale prototypes have been ordered on the basis of JHR fuel specifications 
for industrial manufacturing [3]. Considering the handling procedures in BR2, both end parts 
of five among them were changed into the BR2 design (Fig 2). These five fuel (EVITA S8N/1 
to SN8/5) elements have been shipped to SCK-CEN in April 2009 to be tested in the EVITA 
loop of the BR2 reactor. This loop has been specially designed and dedicated to the 
programme; it is located in the central channel (H1 channel) of BR2 [4].  
 

 
 

Fig 2: Prototype with BR2 element ends 

Fuel plates 



 
 

The diameter available in the H1 channel allows hosting one JHR fuel prototypes; thus the 
five elements are tested successively. The three first tests are planned to reach JHR nominal 
operating conditions gradually, with a first step at intermediate conditions for the first one 
called EVITA-1.The two remaining elements will be dedicated to objectives of replication, so 
as consolidation of the results or answer to some complementary questions; their definition 
will be precisely specified regarding the results of the first tests. 
 
The JHR normal operating conditions to be reached are summarized in Table 1. This is the 
basis for the set of test, but will be adjusted for each test taking into account the results of 
the previous ones or for a given objective in a specific test. 
 
 

Table 1: Test objectives for fuel operating conditions 
 

Power in the element  
MW 

Burn-up fraction 
%235U  

Coolant flowrate at the 
inlet of the element 

m3/h 
4,6 MW maximum  

and 4,4 MW during 10% of 
the irradiation 

60% at the end of the 
irradiation 

(4 to 5 cycles in BR2) 

210 m3/h 
 

 
 
The element is equipped in its central hole by an instrumented plug (Table 2); this 
instrumentation so as some others detectors located in the loop lines and in the BR2 core 
allows following up the evolution of the relevant parameters during irradiation. The data given 
by these detectors are also used for post-irradiation analyses. 
 
  

Parameter Number of detectors Location Objective 
Temperature 

 
6 thermocouples 

 
6 thermocouples 

Inlet of the element 
 

Outlet of the element 
 

∆T :Thermal  
balance 

∆T :Thermal 
balance (3); 

safety threshold (3) 
Flowrate 

 
3 flowmeters 

 
EVITA pump 
discharge line 

 

Thermal balance 
 

Differential 
pressure 

1 ∆P meter 
 

Inlet /outlet of the 
element 

∆P on the ends of 
the element 

Neutronic 
Flux 

 

4 Neutron flux 
 Rh-emitters 

Inlet (1), outlet(1) and 
middle part  (2)of the 

fuel 

Flux profile 
 

Gamma 
heating 

 

2 gamma 
thermometers 

First third (1) and last 
third (1) of the fuel 

length 

Thermal balance 

 
Table 2: Main instrumentation available for test follow-up and analysis 

 
Thus, the power of the JHR element in the H1 channel is determined on line by the thermal 
balance of the cooling water passing through the element using EVITA loop, in order to 
check that the power remains in the required domain. 
 
The PH of the coolant water being a relevant parameter for regarding the corrosion of the 
cladding, its evolution is checked daily.  
 
 



 
 

2.2  Main phases of the programme and objectives 
Prior to the irradiation, the element experiences a campaign of dimensional measurements to 
get its initial geometric state (see 3.3). It is then loaded in the in-pile part of the EVITA loop, 
inside the H1 channel, for a BR2 cycle (Fig 3) under the required conditions.  
 
At the end of the cycle, the element is unloaded from the H1 channel; during this operation, it 
is possible to check the global integrity of the element by means of a visual inspection. The 
element is then placed in a tank for a wet sipping test; if the results of the radiochemical 
analysis show no release of fission products, the mechanical integrity of the cladding is 
demonstrated and the element can pursue its irradiation campaign. 
 

Fig 3: The JHR element in the BR2 core/EVITA loop 
 

  
 

 
 
A final sipping test is performed after unloading at the end of the last cycle before keeping 
the element in a storage tank for a long cooling phase (between 3 and 6 months). This 
cooling phase is essential to perform post-examination in proper conditions (no significant 
deformation of the structures due to residual temperature).  
 
After this cooling phase, the elements will move to the BR2 cells for visual examinations and 
dimensional measurements. They will give a geometric final state of the element, for an 
evaluation of the evolution during irradiation, by comparison with the initial state measured by 
the same system (3.3).  
 
A second campaign of examinations will be led in the Laboratoire de Haute et Moyenne 
Activités (LHMA) of SCK.CEN-Mol on the fuel plates of the outer ring of the element, after 
dismantling. The thickness of the plates and the oxidation layer on the cladding will be 
measured in order to gather data on fuel plate behaviour (swelling, corrosion of the AlfeNi 
cladding). Finally, metallographic inspections are planned on samples selected in 
appropriate zones of the plates (maximal flux ,…); they will give information on the behaviour 
of the uranium silicide  particles. 
 
 
3. Preparatory operations prior to the first irradiation campaign  
Before the final loading of the first JHR element for irradiation, two important measurement 
campaigns were performed: 

- An hydraulic measurement programme for the EVITA loop, 
- A neutron measurement programme of the EVITA loop including the JHR fuel 

element. 
By another way, the five elements were measured using a specific system (see 3.3) in order 
to obtain their geometric initial state.   

H1 central channel 
of BR2 reactor 

In-pile part of the 
EVITA loop 



 
 

3.1 Preliminary hydraulic tests and neutron measurement campaign with 
EVITA loop 

The mounting of the EVITA loop was totally achieved at the end of June 2009. Preliminary 
tests have been carried out during the inter-cycle period between cycles 03/09 and 04/09 of 
the BR2 reactor (mid-June to mid July) [5] in order: 

- to check the good operation of the EVITA loop in conditions identical to the fuel 
element irradiation ones, 

- to determine the influence of the presence of the EVITA loop and the JHR element 
in the BR2 reactor 

 
Two series of hydraulic tests have been performed on EVITA loop, with the pump of EVITA 
loop working alone, and with both EVITA loop and BR2 primary pumps. Their main results 
are the following:          
  

 
Fig 4: H1 channel with Al-H2O plug 

 

- the suction is well balanced 
between the two BR2 channels 
L180 and L240 (Fig 4), 
supplying water to the suction 
line of the EVITA pump, 

- if necessary, the EVITA pump 
working alone (in upper part of 
its range) is able to deliver the 
requested nominal value,       

- a flow-rate range of 180-
230m3/h has been successfully 
covered with the two pumps 
working together; this insures 
a satisfactory range for the 
irradiation programme. 

 
To perform the irradiation programme, the BR2 reactor has to operate in unusual conditions 
with a fresh JHR fuel element in its centre, at a required power level, while still being able to 
keep the reactor at a convenient power level for the other users.  
 

                            

In order to reach this objective, the choice of 
the material surrounding the JHR element is 
a mixture aluminium-water (Fig 5) as neutron 
optimization when the fuel is fresh and most 
reactive (typically for the two to three first 
cycles). This specific component is called 
“Al-H2O plug”. With the fuel depletion during 
irradiation, the aluminium water mixture has 
to be replaced. 

Fig 5: The Al-H2O plug in the H1 channel 
 
The nuclear measurement programme was a zero power reactor core properties 
measurement programme preceding the first full power reactor cycle with this configuration. 
Its purpose was to evaluate the impact of the presence of the EVITA loop loaded with a JHR 
element on the reactivity balance of the reactor, for safety reasons and for the exploitation of 
the reactor. The campaign was led through a step-by-step approach, evolving from a 
standard BR2 configuration to the irradiation configuration with the Al-H2O plug and a fresh 

Suction channels 
L180 , L240 



 
 

JHR element. The measured values for the different configurations correspond with the 
values predicted by the code MCNPX. They show that the reactivity effect due to the 
presence of the EVITA loop and the JHR element is very large; this result confirms the 
necessity of an Al-H2O plug for the irradiation of fresh JHR elements. 
 
 
3.2 Dimensional measurements of the elements 
Dimensional aspects of the five elements have been controlled during the manufacturing 
phase to check that they fit the specification. Then, a dimensional characterization of the 
JHR elements after transport to SCK-CEN have been planned in order to acquire the 
geometric initial state of the elements as reference before irradiation. It will be compared to 
their end of life state to obtain the evolution of the element under flux. 
 
This internal and external geometric characterization is performed with a specific system, 
specially designed for this irradiation programme by SCK-CEN (Fig 6.a). It is composed of: 

- a measurement bench with positioning systems keeping the fuel element straight 
up and an accurate stepping movement systems equipped with detectors for 
internal and external measurement, 

- a data acquisition and treatment system. 
 

 
        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.a:  JHR 
element on the bench 
 
 
 

The system allows measurements all along the 
vertical axis. The fuel element can rotate on its 
vertical axis to be positioned with the initial 
position of measurement face to face with the 
detector.  
The measurements are performed: 

- on the internal and external part of the 
stiffeners, 

-  on 9 lines for each plates of the outer 
ring 

 

 
 

Fig 6.b: Example of post-processing of the data 
 
 

Dimensional measurements have been performed on the five JHR elements during the same 
campaign, before loading of the first one for irradiation. The choice of the elements dedicated 
to the three first test of the programme has been done on the basis of the preliminary results 
of this campaign (Fig 6.b). The bench will be transferred in the hot cells of BR2 to be 



 
 

available for measurements on irradiated fuel at the end of the cooling phase of the first 
element. 

 
4. Irradiation of the first JHR element (S8N/2 fuel element; EVITA-1 test) 
As it had been decided to reach the JHR normal operating conditions gradually, this test 
(EVITA-1) was considered to be the very first stage of the programme. Thus, the required 
conditions were at an intermediate level regarding the final objectives (Table 1) for density 
flux density and burn-up at the end of life. On the other hand, the coolant flow-rate through 
the element was specified to remains at the nominal value (Table 1) in order to insure a 
cooling representative of the actual configuration. 
 
Neutron pre-calculation with MCNP code have been performed before the loading to check 
that the objectives can be reached. They took into account the actual neutron configuration 
of the core and showed in particular that 2 cycles (28 days) are needed to reach the burn-up 
objective. 
 
4.1 First cycle 
The S8N/2 element was loaded definitely in the H1 channel equipped with the Al-H2O plug to 
be irradiated in the cycle 04/09 of BR2 (July 21 to August 19, 2009). During this cycle, the 
reactor power remains constant; there was neither reactor scrams nor power transients and 
the reactor stop was a standard one. 
 
The unloading of the element was performed on August 20, 2009, without noticeable event. 
During this operation, it was possible to check the global integrity of the element and to 
observe the appearance of the outer fuel plates by visual inspection. The hottest zones of the 
plates were clearly defined by the different shades of the AlFeNi cladding due to different 
levels of corrosion (Fig 8.a) 
 
The conditions of this first cycle given by the preliminary analysis of the recorded data are 
summarized in table 3 
 

Table 3: Test conditions (first cycle) 
 

Power in the element  
(thermal balance) 

 
MW 

Burn-up fraction 
 (calculated) 

 
%235U  

Coolant flowrate  
(at the inlet of the 

element) 
m3/h 

∆∆∆∆p element 
 
 

bar 
4 MW maximum  (peak 

at BOC) 
3.8MW during the main 

part of the cycle; 
3,5MW at EOC 

20,4% at the end of 
the irradiation 

(28 days in BR2) 

210 m3/h 
 

Constant at 
3.9 bar 

 
It can be noticed that no evolution of the differential pressure was observed during the cycle, 
indicating that no significant global geometric modification occurred. 
 
After unloading, the fuel element was removed in a vessel for a sipping test ; the results of 
the spectroscopic analysis on water samples taking in the water of the tank showed no 
release of fission product, insuring that the element could experience a second cycle. 
 
4.2 Second cycle 
 
The objective for the second cycle was mainly a burn-up objective. But it was also requested 
that the power at the beginning of the cycle was equal at least to the power of the end of the 
previous cycle. The element was loaded again in the H1 channel with Al-H2O plug for the 



 
 

cycle 05/09 of BR2 (October 21 to November 21, 2009). The history of this cycle is detailed 
in fig 7. 
 
 
One can notice that: 

- Two scrams of BR2 occur during the cycle. The first one could not be reset 
promptly enough to prevent Xe- poisonning and a delay of two days was necessary 
to restart. The second one could be reset in time to allow an immediate restart of 
BR2. 

- Except this events, the power level of the reactor remains constant in the first two 
third of the cycle, then two increases of power have been applied for a extra gain of 
burn-up. 
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Fig 7: Power history of the second irradiation cycle of the irradiation EVITA-1 
 
The requested conditions are compared to the preliminary analysis of the recorded data in 
Table 4. They show that the whole set of parameters is in the specified domain. As for the 
first cycle, no evolution of the differential pressure was observed. 
 

Table 4: Test conditions (second cycle) 
 

 Power in the 
element  

(thermal balance) 
MW 

Burn-up fraction 
 (at the end of the 

irradiation) 
%235U   

Coolant flowrate  
(at the inlet of 
the element) 

m3/h 

∆∆∆∆p element 
 
 

bar 
 

Required 
 

> 3,5MW 
 

40% 
 

210 m3/h 
 

 
/ 

 
Experimental 

result 

 
3,89  MW  

 
37,5% (calculated) 

(2x 28 days in 
BR2) 

 
210 m3/h 

 

 
Constant 
 at 3.9 bar 

 
The comparison of the visual observation performed during the unloading for the first and 
second cycle showed an evolution of the hottest zones areas (fig 8a & b), but no important 
changes in the aspect of the fuel element. The sipping test result indicates no fission product 
release. After this test, the element has been remove in a storage tank for a cooling phase, 
waiting for post examinations. 



 
 

 
 
 
 
 

Fig 8: Unloading of the element at the end of first (a) and second (b) cycles 
 

      
   (a)       

Fig 8: Unloading of the element at the end of first (a) and second (b) cycles 
 
 
5. Following test and Post-irradiation Examinations 
 
Taking into account the results of the irradiation EVITA-1, the requirement for the second 
irradiation have been defined to apply conditions representative of the JHR normal operation. 
They have been presented in Table 1 and would be reached this year by a 4 to 5 cycles 
irradiation campaign (EVITA-2) with the JHR element S8N/4 in BR2.   
 
The post-examinations will be carried out between mid-Mai and July 2010, depending on the 
availability of the hot cells of BR2. The first results are expected for mi-2010; they will 
concern the geometric final state of the element, using the system presented in 3.3.   
 
 
6. Conclusion 
 
The CEA has launched an experimental program in the BR2 reactor to insure the 
qualification of the back-up fuel for the JHR reactor (U3Si2 fuel in Al matrix) in JHR normal 
operation. 
At the time being, the first fuel element has been irradiated during two BR2 cycles (28 days) 
under intermediate conditions regarding the power and the burn-up levels. The preliminary 
results and visual observations performed on this element led to conclude to the correct 
behaviour of the fuel element for this set of conditions.  
These results allow pursuing the programme with the irradiation of a second element under 
more severe conditions. The irradiation is planned to last until November or December 2010. 



 
 

On an another hand, the first non destructive post-examination of the first fuel element are 
expected for mid-2010 
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ABSTRACT 

 
In the framework of the IRIS-TUM irradiation program, several full size, flat dispersion 
fuel plates containing ground U(Mo) fuel kernels in an aluminum matrix, with and 
without addition of silicon (2 w%), have been irradiated in the OSIRIS reactor [1]. 
Microstructural analyses (optical and scanning electron microscopy [2]) on samples 
from these plates, showed that the irradiation of ground fuel dispersed in an Al-
2.1wt%Si matrix to a local maximum burn-up of 88 % 235U LEU equivalent  
(5.9×1021 f/cm3 U(Mo)), has resulted in a considerable, but yet not break-away 
swelling of the fuel plate. Comparison to the fuel plate with no Si added up to a burn-
up of 66.5 % 235U LEU equivalent  (4.4×1021 f/cm3 U(Mo)), again shows the 
(moderate) positive effect of adding Si, in this case mainly to delay the growth of the 
U(Mo)-Al-Si interaction layer. Electron probe micro-analyses, provide additional 
information on the role of Si and the fission gas behavior in ground fuel. 

 

1 Introduction 
Fuel plates U8MV8002, U8MV7003, U8MV8503 and U8MV8501 are four out of the six full-
size, AlFeNi cladded fuel plates containing ground U(Mo) powder, that have been irradiated 
in the OSIRIS reactor in the framework of a collaboration between the CEA, AREVA-
CERCA and the TUM [1]. 
The plates have a fuel loading of ~8.4 g Utot/cm³ and a uranium enrichment of approximately 
49.5 % 235U (table 1). The meat consists of ground U8.1wt%Mo particles dispersed in either a 
pure (A5) aluminum matrix (plates U8MV8002, U8MV7003) or an Al2.1wt%Si matrix 
(plates U8MV8503, U8MV8501). The cladding of the fuel plates is AlFeNi alloy (1 % Fe, 1 
% Ni and 1 % Mg). Fuel plates U8MV8002 and U8MV8503 were kept in the reactor during 5 
irradiation cycles and then unloaded for gamma spectrometry and PIE.  The final burnup was 
determined, after corrections based on the gamma spectrometry results, to be within a 3% 
error margin. At their EOL, these plates have reached a maximum burn-up of respectively 
56.3 % 235U LEU equivalent  (3.8×1021 f/cm3 U(Mo)) and 57.8 % 235U LEU equivalent  
(3.9×1021 f/cm3 U(Mo)) [1]. 
At their EOL, plates U8MV7003 and U8MV8501 have a maximum burn-up of respectively 
66.5 % 235U LEU equivalent  (4.4×1021 f/cm3 U(Mo)) and 88.3 % 235U LEU equivalent  
(5.9×1021 f/cm3 U(Mo)) [1].   
Please note that throughout this article, the LEU equivalent will be used as burn-up value, 
although the enrichment of the plates was almost 50%. 
 



 

 

The microstructural analysis (OM,SEM and EPMA) of fuel plate U8MV8002 and 
U8MV8503 is reported in [2], while OM and SEM for fuel plates U8MV7003 and 
U8MV8501 is presented in [3]. 
 
  

Fabrication data 
Plate number U8MV8002 U8MV8503 U8MV7003 U8MV8501 
Cladding  AlFeNi AlFeNi AlFeNi AlFeNi 
Fuel  Ground UMo Ground UMo Ground UMo Ground UMo 
Loading g/cm3 8.4 8.3 7.3 8.3 
Enrichment %235U 49.2 49.5 49.2 49.5 
Wt% Mo in UMo 8.1 8.1 8.2 8.1 
Matrix Al (A5) Al+2.1wt% Si Al (A5) Al+2.1wt% Si 
Meat Porosity (a.f.) (%) 7.9 8.9 6.4 9 

Irradiation history 
Full power days 90.6 90.6 100 153 
Heat flux (W/cm2) 254 258 259 251 
Burn-up :     
     Plate average (% 235U) 14.6 14.1 16.7 23.7 
     Plate maximum  (% 235U) 22.5 23.1 26.6 35.3 
LEU equivalent     
     Plate maximum  (% 235U) 56.3 57.8 66.5 88.3 
Fission density     
     Plate average (f/cm3 U(Mo)) 2.4×1021 2.4×1021 2.8×1021 4.0×1021 
     Plate max (f/cm3 U(Mo)) 3.8×1021 3.9×1021 4.4×1021 5.9×1021 
Maximum swelling (µm) 104 93 178 323 
Table 1 Fabrication data and irradiation history of the four IRIS-TUM plates irradiated in the OSIRIS 
reactor. 
 
So far it was concluded that the irradiation of ground UMo fuel dispersed in an Al-2.1wt%Si 
matrix to a local maximum burn-up of 88.3 % 235U LEU equivalent  (5.9×1021 f/cm3 U(Mo)), 
has resulted in a considerable swelling of the fuel plate, but no failure has occurred.   
A moderate but positive effect of adding Si to the matrix, limiting the U(Mo)-Al-Si 
interaction layer growth, was measured. Regarding the fission gas behavior, the formation of 
large, but round and stable fission gas bubbles at the interface of the interaction layer and the 
fuel kernel are observed in ground fuel irradiated even at moderate burn-up. This is 
considered different from atomised fuel of the IRIS-3 program, which was irradiated under 
comparable conditions. In the IRIS-3 plates, at lower burn-up (fuel plates without Si addition) 
or moderate burn-up (fuel plates with 2.1w% Si), the fission gas accumulates at the interface 
of IL and matrix in typical crescent shaped voids.  
To finalize the PIE on ground fuel irradiated to high burnup, electron microprobe analysis was 
performed on samples from fuel plates U8MV7003 and U8MV8501. 
 

2 Electron probe Micro-analysis 

2.1 Fuel plate U8MV7003 (Al-matrix) 

 
Fig. 1 Collage of micrographs giving an overview and indicating the EPMA measuring positions on plate 
U8MV7003.  



 

 

 
X-ray mappings and line scans were obtained at the position on the fuel sample indicated in 
figure 1.  
The Al maps in fig. 2 and 3 show that most of the matrix has been consumed and thick 
interaction layers are observed. From the quantitative line scan, it can be derived that the 
composition of the IL is roughly UAl4.3 at the location having a burnup of 46 % 235U 
(3.1×1021 f/cm3 U(Mo) ) and close to UAl3.5 at a burnup of 62 % 235U (4.1×1021 f/cm3 
U(Mo)). 

Fig. 2 Secondary electron, Al Kα, Mo Lα and U Mα X-ray maps and the results of a quantitative line scan 
(line indicated in the SE image), measured at a location with a burnup of 46 % 235U. 
 
Zones containing molybdenum precipitates can be seen in the Mo X-ray maps of fig. 2 and 3. 
It was already previously observed [2] that the oxide layer on the metallic fuel kernel and the 
oxide stringers inside the fuel kernels, are depleted in molybdenum but detailed analysis has 
shown that Mo can be found in the oxides as (metallic) precipitates. As Mo is not readily 
soluble in UO2-x, one can indeed expect that during the oxidation of the fuel (grinding process 
or rolling process), molybdenum will precipitate. With the presence of Al and U in the meat, 
the oxygen potential will stay low enough to keep Mo in a metallic form. 

 



 

 

Fig. 3 Secondary electron, Al Kα, Mo Lα and U Mα X-ray maps and the results of a quantitative line scan 
(line indicated in the SE image), measured at a location with a burnup of 62 % 235U. 
 
 
The quantitative results for the Xe and Nd (fig. 1) show that these fission products can be 
found in comparable amounts in the IL, halo (at the interface IL and matrix) and inside the 
fuel kernel.  The Xe signal clearly indicates that, at 46 % 235U burnup, Xe has not precipitated 
into larger fission gas bubbles, since the signal of Xe and Nd follow each other perfectly. At a 
burnup of 62% 235U (fig.3), the measured concentration of Xe inside the fuel particles is lower 
than the concentration of Nd. At his burnup, precipitation of Xe into larger bubbles has 
occurred. The content of these bubbles gets released during polishing of the sample. As such, 
an apparently lower concentration is measured.  

Fig. 4 Backscatter electron images (top row) and corresponding Xe Lα X-ray mappings (bottom row) at 
different burnups. 
 
The evolution of the fission gas bubbles with increasing burnup is shown in figure 4. At a 
burn-up of 46 %235U (3.1×1021 f/cm3 U(Mo) ), in both the BEI and the Xe map,  a lot of very 
small fission gas bubbles are seen inside the fuel kernels. In previous PIE results, it was 
shown that they are mostly located on the grain boundaries. With increasing burnup, the small 
xenon bubbles inside the fuel kernels will grow and are not located solely on the grain 
boundaries but also in the grains. 
Larger fission gas bubbles are observed in the uranium oxide (UOx) stringers, which are 
located either in-between two fuel kernels, at the outer surface of the fuel kernel i.e. at the 
interface with the interaction layer or as stringers inside a fuel kernel. Also these bubbles, 
especially those at the interface between the fuel kernel and the interaction layer, grow with 
increasing burnup.  
 
 
 



 

 

2.2 Fuel plate U8MV8501 (Al-Si matrix) 

 
Fig. 5 Collage of micrographs giving an overview and indicating the EPMA measuring positions on plate 
U8MV8501 
 
The X-ray maps and line scans in fig.6b, 6c, 7a and 7b are obtained at the location in the fuel 
plate as indicated in fig. 5. The mappings and quantitative line scans in figures 6a and 7c are 
from a previous PIE campaign  and have been included for reasons of comparison. The latter 
results are obtained at a location in the fuel plate having a burnup of approximately 35 %235U 
(~2.5×1021 f/cm3 U(Mo)). 
 
The Al X-ray maps in fig.6 show the increasing consumption of the matrix with the burnup. 
At a high burnup of 85 %235U (fig. 8), almost no matrix is left.  From the quantitative line 
scans the (average) composition of the IL can be derived : (U,Mo)Al3.3 at 35 %235U 
(~2.5×1021 f/cm3 U(Mo)),  (U,Mo)Al4.2 at 67 %235U (4.5×1021 f/cm3 U(Mo)) and (U,Mo)Al3.3 
at 85 %235U (5.7×1021 f/cm3 U(Mo)).  
 
Concerning the fission gas behavior, similar observations are made as in fuel plate 
U8MV7003. At lower burn-up (35 %235U, fig.6), the quantitative line scan shows that the Xe 
and Nd profiles are similar. This again indicates that xenon has not yet precipitated into larger 
bubbles inside the fuel kernel.  With increasing burnup, precipitation inside the fuel kernels 
occurs, resulting in the measurement of an apparently lower Xe concentration.  
These observations can also be made in the Xe X-ray maps (fig.7 ): at lower burnup of 35 % 
235U (~2.5×1021 f/cm3 U(Mo)) the fission gas bubbles are numerous, small and homogenously 
dispersed in the fuel kernel. Higher magnification images have shown that the small bubbles 
are primarily located at the U(Mo) grain boundaries. In the UOx stringers and at locations 
where the interaction layers of two fuel kernels touch, some larger FG bubbles are seen.  
At a higher burn-up of 67 %235U (4.5×1021 f/cm3 U(Mo)) the bubbles inside the fuel kernel 
coarsen and start to form also inside the grains. In the UOx layers, especially those at the 
interface between the fuel kernel and the interaction layer, larger bubbles are seen. Most of 
these are too large to still show up in the mappings, but they can be clearly observed in the 
microscopy. 
At 35 and 67 % 235U burnup, the typical fission product halo at the interface IL-matrix can 
still be seen (increased intensity adjacent to the fuel kernel) in the line scans (fig.6). At high 
burnup, this is no longer that clearly observed as there no longer are interfaces with the 
matrix. However, here an increased concentration of fission products is measured inside the 
interaction layer.  



 

 

 
Fig. 6 Secondary electron, Al Kα, Mo Lα and U Mα X-ray maps and the results of a quantitative line scan 
(line indicated in the SE image), measured at a location with a burnup of 35 % 235U (a), 67 % 235U (b) and 
85% 235U (c). 

a 

c 
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The quantitative results for Si show that this elements is randomly distributed in the 
interaction phase (line scans in fig.6), only an average of 0.3 wt% Si is found in the  
interaction layers.  Occasionally, an increased Si intensity close to fuel kernel surface (line 
scan 35% 235U) is measured, but also elevated concentrations are witnessed at the interface 
IL-matrix or in-between two touching IL's. These observations are confirmed by the Si X-ray 
maps in figure 7.  The maps also show that some Si remains present as particles, even to 
higher burnup where all of the matrix is consumed by the growing IL. At several locations 
(fig.7 red circles), a string of Si particles squeezed in-between two touching IL is observed.  
Those Si particles that get incorporated in the IL do not seem to be fully dissolved in the 
interaction phase (fig. 9). 
At this point, there is no clear relationship with the interaction layer thickness that can be 
established for this fuel type. 

Fig. 7 Backscatter electron images (top row) and corresponding Xe Lα X-ray mappings (middle) and Si 
Kα map (bottom row), at different burnups. 



 

 

3 Discussion 
In [2] it was assumed that, in ground fuel similar to atomised U(Mo), the xenon gas will 
precipitate in nanobubbles. It is, however, considered, and recently confirmed by TEM [4] 
and now also with EPMA, that the nanobubble lattice starts to break down at medium burnup 
in ground fuel. It is believed that, due to the higher defect concentration (mostly grain 
boundaries and dislocations) in the ground particles, the nanobubbles readily move to these 
defects as these generate local stress fields and as such disturb the nanobubble lattice. With 
increasing burn-up, first the bubbles on or near the grain boundaries will coalesce and grow. 
At higher burn up, a stable and randomly but homogenously dispersed micro-bubble structure 
develops by coarsening of the nanobubbles in the grains. 
The EPMA results also confirm the important role of the UOx layers which are present in 
ground fuel. Regardless of the Si content in the matrix, it is seen for both plates that, around a 
fission density of ~3×1021 f/cm3 U(Mo), large bubbles start to grow in or at the UOx layers 
and, more in particular, at the interface between the fuel kernel and the IL. These bubbles 
reach a diameter of several micrometers at high burn-up, but remain at their original position. 
The bubbles formed at the interface fuel kernel – IL are located just inside the IL. With 
increasing burn-up and still available Al matrix, the interaction between matrix and fuel 
continues and the growing IL will envelope the bubbles (fig.4, 7 and 8). 

Fig. 8 Secondary electron image (left) and corresponding Xe Lα X-ray map (right) at 85% burnup, 
obtained at the interface meat and cladding. 
 
 
In [3] it was shown that, only by measuring the thickness of the interaction layer in all 
samples from both the current and previous PIE campaigns (U8MV8002, U8MV8503, 
U8MV7003, U8MV8501), a distinct difference between the plates with and without addition 
of Si can be found.  
This difference is also reflected in the composition of the interaction layer. As can be seen in 
table 2, the composition of the IL is not strictly related to the burnup but rather correlates with 
the thickness of the interaction layer. As the interaction layer grows, its Al concentration will 
increase. For fuel plate U8MV8501 (Al-Si matrix), a compositional change from (U,Mo)Al3.3 
(at thickness IL : ~5 µm) to (U,Mo)Al4.2 (at thickness IL : ~7.5 µm) can be  measured. 
However, when the meat runs out of Al-Si matrix, the IL will get diluted by the U(Mo) as the 
growth of the IL will continue and a decrease in the Al concentration towards (U,Mo)Al3.3 
(thickness IL : ~16.5 µm) ensues. A similar relation between layer thickness and composition 



 

 

can be seen in fuel plate U8MV7003 (Al matrix). Thanks to the effect of the Si in the matrix, 
the burnup at which a certain layer thickness is reached, and hence a certain composition of 
the IL, is lower in fuel plate U8MV7003 than in fuel plate U8MV8501.  
 

Fuel plate U8MV7003 Fuel plate U8MV8501 (with Si) 
Burnup IL 

thickness
(µm) 

IL 
composition

Burnup IL 
thickness 

(µm) 

IL 
composition

   35 %235U 
2.5×1021 f/cm3 U(Mo) 

~5 (U,Mo)Al3.3

46 % 235U 
3.1×1021 f/cm3 U(Mo) 

~8 (U,Mo)Al4.3 67 %235U 
4.5×1021 f/cm3 U(Mo) 

~7.5 (U,Mo)Al4.2

62 % 235U 
4.1×1021 f/cm3 U(Mo) 

~13 (U,Mo)Al3.5 85 %235U 
5.7×1021 f/cm3 U(Mo) 

~16.5 (U,Mo)Al3.3

Table 2 Interaction layer thickness and composition at different burnups in fuel plates U8MV7003 and 
U8MV8501. Remark: the silicon concentration is negligible compared to the Al concentration and is 
therefore not included in the composition.  
  
The Si distribution maps shown in this paper show, at all locations and burnups, an 
inhomogeneous distribution of silicon in the IL layer. This indicates that the consumption of 
the Si by the interaction phase through the fission recoil energy does not assure a 
homogeneous distribution of the Si in the IL.  Most probably, the local concentrations still 
partly depend on the initial local amount of Si particles in the matrix.  The EPMA maps also 
show that some Si particles remain visible after the irradiation, i.e. they do not get dissolved 
completely in the interaction layer. The growing IL in combination with the fission tracks 
smear out these smaller particles, producing the Si streaks that can be seen in the Si X-ray 
maps (Fig. 7, 9). 
In the IRIS3 experiment [5] with atomised U(Mo) dispersed in an Al-2.1wt% matrix, it was 
witnessed that almost no interaction has grown at locations where Si particles touch the fuel 
kernel prior to the irradiation,. This is not observed in ground fuel and no locations without 
interaction layer are found. The observations discussed above support the idea that, for getting 
the maximum effect from silicon as inhibitor, it should be applied directly in the location it is 
needed, namely on the fuel kernel surface [6]. 
 
 
 
 
 
 



 

 

 
 
Fig. 9 High magnifications secondary electron, Al Kα, Si Kα, Mo Lα, U Mα and Xe Lα X-ray maps, 
measured at a location with a burnup of 85 % 235U. 
 

4 Conclusion 
The EPMA investigations confirm the previous conclusion that the irradiation of ground fuel 
dispersed in an Al-2.1wt%Si matrix to a local maximum burn-up of 88.3 % 235U LEU 
equivalent  (5.9×1021 f/cm3 U(Mo)), has resulted in a considerable, yet not break-away 
swelling of the fuel plate. The evolution of the fission gas behavior in this fuel type from 
homogeneously dispersed (nanobubbles) to the eventual formation of large, but apparently 
stable fission gas bubbles at the interface of the interaction layer and the fuel kernel is 
illustrated. It is also shown that the observed moderate, but positive effect of Si as inhibitor is 
thanks to the dispersion of this element in the interaction layer, although the concentration is 
very inhomogeneous and appears to be too low to fully inhibit interaction layer growth at any 
point.   
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An assessment of safety margins for stable swelling of U-Mo alloy fuel  
J. Rest, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439, USA 
 
Abstract 
 
A new model for the behavior of U-Mo fuel in the high temperature gamma phase is used in 
conjunction with an existing model for gas-bubble behavior in the irradiation-stabilized gamma 
regime in order to assess the temperature dependence of fission gas swelling. The swelling at 
high temperature is primarily intragranular, whereas at low temperature intergranular swelling 
becomes appreciable. A multi-atom gas-bubble nucleation mechanism in uranium alloy nuclear 
fuel operating in the high-temperature equilibrium gamma phase is proposed based on 
interpretation of measured bubble-size distribution data.  The multi-atom nucleation mechanism 
is also operative at low temperatures, but primarily affects bubble nucleation on the grain 
boundaries.  The capability to calculate swelling behavior in U-Mo fuel across the entire 
temperature spectrum enables an assessment of safety margins for stable swelling of U-Mo alloy 
fuel. 

 
1.  Introduction 

 Most attempts at describing intragranular gas-bubble nucleation in nuclear fuels have 
relied on a heterogeneous (or homogeneous) di-atom mechanism.  In the rate-theory approach 
the nucleation rate is proportional to the square of the gas atom concentration, where the 
proportionality constant is the so-called nucleation factor nf .  An implicit assumption is that once 
a di-atom nucleus forms it grows instantaneously to a multi-atom bubble.  Values of nf ranging 
from 10-7 to 10-2 have been proposed which makes it little more than an adjustable parameter [2].  
A substantial contribution to the spread of reported values for nf is that most models describe the 
time evolution of mean values of the bubble concentration and radius which are compared to the 
respective mean values of the measured quantities (comparing model predictions with average 
quantities is by far the dominant validation technique reported in the literature).  It has recently 
been shown that a substantial increase in validation leverage is secured with the use of bubble-
size distributions compared with the use of mean values [3].  The results of a series of 
calculations made with paired values of critical parameters, chosen such that the calculation of 
average quantities remains unchanged, demonstrated that the calculated distribution undergoes 
significant changes in shape as well as position and height of the peak.  As such, a capacity to 
calculate bubble size distributions along with the availability of measured distributions goes a 
long way in validating not only values of key materials properties and model parameters, but also 
proposed fuel behavioral mechanisms. 
 As an approach to circumventing the deficiencies thus described, in what follows a multi-
atom bubble nucleation mechanism is proposed and implemented into a mechanistic calculation 
of the intragranular fission-gas bubble size distribution.  The results of the calculations are 
compared to a measured bubble-size distribution in U-10Mo irradiated at relatively high 
temperature to 4% U atom burnup.  The multi-atom nucleation model is compared to the di-atom 
model within the context of the data and implications of each mechanism for the observable 
quantities are discussed. 
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2.  A multi-atom nucleation mechanism 
 Fission gas Xe and Kr are generated in a nuclear fuel at the rate of about 0.25 – 0.30 
atoms per fission as a result of decay of the primary fission products.  About 7 times more Xe is 
produced than Kr.  These gas atoms are very insoluble in the fuel in that they do not react 
chemically with any other species.  Thus, left as an interstitial, due to their relatively large size, 
they produce a strain in the material.  In order to lower the energy of the system and to minimize 
the strain, the gas atoms tend to relocate in areas of decreased density, such as in vacancies 
and/or vacancy clusters.  For example, in UO2 gas atoms have been calculated to sit in neutral 
tri-vacancy sites consisting of two oxygen and one uranium ions [4].  Given enough energy via 
thermal fluctuations, and/or via irradiation, the gas atoms can hop randomly from one site to 
another and thus diffuse through the material.  The gas atom/vacancy complexes can combine 
forming clusters of gas atoms and vacancies.  If enough gas atoms come together the object is 
transformed into a gas bubble which, under equilibrium conditions, sits in a strain free 
environment.  This process of forming gas bubbles is termed gas bubble nucleation. 
 According to phase transition theory, at relatively large super-saturations a system 
transforms not by atom-to-atom growth, but simultaneously as a whole.  In other words, the 
system is unstable against transformations into a low free energy state, and the new phase will 
have a certain radius defined by the super-saturation.  Solubility of rare gas atoms in uranium 
alloys or ceramics is so low that it has not been measured.  In perfect crystals, the order of 
magnitude of the solubility has been estimated to be 10-10 [5].  This figure may be increased up 
to ≈10-5 in the vicinity of dislocations.  Thus, in regions of nuclear fuels that are near irradiation 
produced defects and/or various microstructural irregularities, the solubility of the gas can be 
substantially higher than in the bulk material.  The gas concentration in these regions will 
increase until the solubility limit is reached, whereupon the gas will precipitate into bubbles.   
Subsequently, nucleation is limited due to the gas concentration in solution falling below the 
solubility limit.  The trapping of the gas by the nucleated bubble distribution damps the increase 
in gas concentration.  Eventually, the gas in solution may reach the solubility limit at which time 
the nucleation event repeats.  Thus, assuming that all the gas precipitates into bubbles, the 
concentration of gas in the bubble at nucleation is given by  

 ( ) ( )
v

3'
4 / 3 ' '

crit
g

b

b c
m r

r c rπ
= ,         (1) 

where crit
gc is the concentration of gas at the solubility limit, vb is the volume per atom (Van der 

Waals constant), and ( )'bc r is the concentration of bubble nuclei at the unrelaxed radius 'r , i.e. 
the initial stage of bubble nucleation is a volume conserving process.  Subsequently, in order to 
lower the free energy of the system, the over-pressurized nuclei relax by absorbing vacancies 
until the bubbles reach equilibrium.  At equilibrium, the bubble radius is r  and, in the absence of 
significant external stress, the pressure in the bubble is given by 

 2
eP

r
γ

= ,          (2) 

where γ is the surface energy per unit area.  Differentiating Eq. (1) with respect to the 
equilibrium radius r and rearranging terms yields, 

 
( )

( )
( )

( )' '1 1 3 '
' ' '

b

b

dc r dm r dr
c r dr m r dr r dr

= − − .      (3) 
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 Let us assume that during the relaxation phase there is no interaction between the 
nucleated bubbles, i.e. 
 '  ;  m(r')  m(r) = m(r'), c (r')  c (r) = c (r')b b br r→ → → .    (4) 
The nucleation problem thus consists of determining the two terms on the right-hand-side (RHS) 
of Eq. (3).  The first term on the RHS of Eq. (3) can be determined from the equation of state 
(EOS), the capillarity relation, and the conditions expressed in Eq. (4).  Using the Van der Waals 
equation of state,  
 ( )vP V mb mkT− = ,         (5) 
where V is the bubble volume, and recognizing that at nucleation the bubble size is small so that 
γ dominates over the external stress (i.e., Eq. (2)), one obtains 

 
( )

( )
( )v

'1 3 1
' 3 2

dm r rkT
m r dr r rkT bγ

⎡ ⎤
= −⎢ ⎥

+⎢ ⎥⎣ ⎦
.      (6) 

 The remaining term on the RHS of Eq. (3) can be determined by invoking energy 
minimization as the driving force for bubble equilibration.  The change in the Gibbs free energy 
due to bubble expansion is given by 

 3 2
v

4 4
3

G r G rπ π γΔ = Δ + ,        (7) 

where vGΔ is the free energy driving bubble equilibration, which, in analogy with the treatment 
of the nucleation of liquid droplets in a vapor [6], can be expressed as 

 
  
ΔGv =

kT
Ω

ln Pe / P( ),         (8) 

whereΩ is the atomic volume.  The critical bubble radius at equilibrium is given by the condition 

 ∂ΔG
∂r

= 0 →   r = rcrit =
−2γ
ΔGv

.        (9) 

Inserting the expressions for eP and P from Eq. (2) and (5), respectively, into Eq. (9), 
differentiating with respect to the bubble radius r , and applying a little algebra results in 

 4πr '2
dr '
dr

= −
1
X

Ω
r
+

kT
2γ

⎛
⎝⎜

⎞
⎠⎟

,        (10) 

where 

 X =
kTr

2γ 4
3
πr '3− mbv

⎛
⎝⎜

⎞
⎠⎟

.        (11) 

Making use of Eq. (1) in Eq. (10) results in 

 
3
r '

dr '
dr

= −
m2cb

bvcg

e2γΩ /rkT rkT
2γ m
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dr

+
kT
2γ

−
Ω
r

⎛
⎝⎜

⎞
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+
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m
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⎡

⎣
⎢

⎤

⎦
⎥ .    (12) 

Finally, substituting Eq. (4), Eq. (6) and Eq. (12) into Eq. (3) yields 

 
1
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= −

1
m
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+
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e2γΩ /rkT rkT
2γ m

dm
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+
mkT
2γ

−
mΩ

r
⎛
⎝⎜

⎞
⎠⎟
+ bv
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⎡

⎣
⎢

⎤

⎦
⎥ .  (13) 

The as-nucleated bubble size distribution is then obtained by the simultaneous solution to Eq. (6) 
and Eq. (13). 
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 Subsequent to the nucleation event, the as-nucleated bubble-size distribution evolves 
under the driving forces of gas diffusion to bubbles, gas-atom re-solution from bubbles, and 
bubble coalescence due to bubble-bubble interaction via bubble motion and geometrical contact.  
As stated above, additional nucleation events are delayed due to the gas in solution remaining 
below the solubility limit as the gas generated by continuing fission events is trapped within the 
existing bubble-size distribution. This last point is facilitated by the relatively high gas-atom 
diffusivities at the temperatures of interest (i.e. those under which the equilibrium γ - phase of 
the alloy exists). Eventually, the gas in solution may again reach the solubility limit at which 
time the nucleation event repeats. 
  
3.  Analysis of U-10Mo high-temperature irradiation data 
 
 The model [7] consists of a set of coupled nonlinear differential equations for the 
intragranular concentration of fission-product atoms and gas bubbles of the form 

 – –   (i=1, ..., N)i
i i i i i i

dC a C C b C c
dt

= + ,      (15) 

where iC  is the number of bubbles in the i-th size class per unit volume; and the coefficients ia , 

ib and ic  obey functional relationships of the form 

 ( )i i ia a C= ,  1 1 1( ,  ..., , ,  ..., )i i i i Nb b C C C C− += , 1 1 1( ,  ..., , ,  ..., )i i i i Nc c C C C C− += . 

The coefficients ai  and bi  (e.g. the 1st and 2nd terms on the RHS of Eq. (15)) are represented, 
respectively, by 
 ai = 16πRiDi ; ( )( )i i j i j j

j i
b R R D D C

≠

= + +∑       (16) 

ia  represents the rate at which bubbles are lost from (grow out of) the i-th size class because of 
coalescence with bubbles in that class; ib  represents the rate at which bubbles are lost from the i-
th size class because of coalescence with bubbles in other size classes and re-solution; and ic  
represents the rate at which bubbles are being added to the i-th size class because of fission gas 
generation, bubble nucleation, bubble growth resulting from bubble coalescence, and bubble 
shrinkage due to gas atom re-solution.   
 The bubbles are assumed to diffuse randomly through the solid alloy by a volume 
diffusion mechanism.  The bubble diffusion coefficient Di  of a bubble having radius Ri is  

 Di =
3a0

3Dvol

4πRi
3 ,          (17) 

where a0 is the lattice constant and Dvol is the volume self-diffusion coefficient of the most 
mobile species in the alloy.   
 As the bubbles grow and interact, the average spacing between bubbles shrink.   In 
addition, as seen from Eq. (14), for the volume diffusion mechanism, bubble mobility falls off as 
the inverse of the radius cubed such that, for all practical purposes, relatively large bubbles are 
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immobile.  As the larger bubbles grow due to accumulation of the continual production of gas 
due to fission, the bubbles intercept other bubbles and coalesce.  This process is here termed 
geometrical coalescence.  For spherical bubbles that are all the same size and that are uniformly 
distributed, contact is reached when 
 2Rb (2Cb / 3)1/3 = 1 .         (18) 
In analogy with percolation theory, the probability of an i-bubble contacting a j-bubble is given 
by 
 Pij

gc = 0.5(1− Erf (1− RijCij
1/3 ) 0.5 /σ⎡⎣ ⎤⎦) ,      (19) 

where 

 Rij = Ri + Rj ; Cij
1/3 =

2
3

Ci + Cj( )⎡
⎣⎢

⎤
⎦⎥

1/3

,       (20) 

and σ is the width of the distribution that characterizes divergences from spherical bubbles and 
the uniform distribution assumption.  In principle, σ is a measurable parameter.  
 The ai andbi coefficients in Eq. (16) now have an additional term given by 
 a

i

gc = 4πDvol RiPii ; b
i

gc = 4πDvol RiC jPij
j≠ i
∑ .      (21) 

 The as-nucleated bubbled distribution obtained from the solution Eq. (6) and Eq. (13) is 
input into Eq. (15). 

Figure 1 shows the calculated bubble-size distribution for an irradiation of U-8Mo at 
850K to 4% U atom burnup for three values of the rare-gas solubility.  The calculations shown in 
Fig. 1 were made using a volume diffusion coefficient given by 

Dvol = 5 x 10-6e-33000/kT cm2s-1        (22) 
In what follows it is assumed that DXe = Dvol .  The value for Dvol  given in Eq. (22) is a factor of 
500 less than the out of pile measured U self-diffusion coefficient in U-10Mo [8].  On the other 
hand, it is not clear what diffusion mechanism dominates gas behavior in these alloys.  For 
example, the Mo self-diffusion coefficient in U-10Mo is about an order of magnitude less than 
the U self-diffusion coefficient [9].  In addition, it is not at all clear how these diffusion couple 
measurements extrapolate to lower temperatures (lowest diffusion couple temperature was 
1073K), and to an irradiation environment.   

The irradiation data shown in Fig. 1 was converted to a volume density from the 
measured areal density [10] using the Saltykov method [11]. The error bars associated with the 
solid circle data points are unknown, but they are most certainly substantial for the smaller 
bubble sizes where undercounting errors are typical.  In addition, the fuel experienced an end of 
life constraint of ≈  10 mp (the effect of hydrostatic constraint on bubble size is included in the 
calculations).   Given these uncertainties, the bubble-size distribution is relatively flat for bubbles 
having radii from ≈5 to 12 μm.  As shown in Fig. 1, a solubility of ≈2.5 x10-8 provides a 
plausible interpretation of the data. 
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Figure 1 Calculated bubble-size distributions for an irradiation in U-8Mo at 850K to 4% 
U atom burnup for three values of the rare-gas solubility compared with irradiation data. 
 
 The model presented here, taken together with the analysis of fuel swelling in the 
irradiation stabilized gamma phase [12] enable the calculation of gas-driven fuel swelling 
safety margins.  Figure 2 shows the calculated % unrestrained fuel swelling as a function 
of burnup for U-8Mo fuel irradiated at various temperatures.  The calculated swelling is a 
strong function of the irradiation temperature as well as the fuel burnup. 
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Figure 2 Calculated unrestrained fuel swelling as a function of burnup and temperature. 
 

 If we arbitrarily assume that the maximum allowable fuel swelling is 50%, then 
fuel safety margins can be calculated using the results of Fig. 2.  Figure 3 shows the 
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calculated boundary between stable and unstable swelling as a function of fission density 
and fuel temperature.  The solid line in Fig. 3 is the 50% unrestrained swelling threshold 
obtained from Fig. 2.  Also shown in Figure 3 is the fission density and fuel temperature 
for RERTR-9.  As shown in Fig. 3, the calculated safety margin for RERTR-9 is ~ 150 K. 
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Figure 3 Calculated threshold between stable and unstable gas-driven fuel swelling. Also 

shown in is the fission density and fuel temperature for RERTR-9. 
 
6.  Conclusions 
 Analysis of bubble nucleation and coarsening in light of measured bubble-size 
distributions in U-8Mo fuel irradiated in the equilibrium gamma phase indicates that a multi-
atom nucleation mechanism is operative, and that the bubbles move by a volume diffusion 
mechanism. The results of this analysis enable the calculation of safety margins for unrestrained 
fuel swelling.  These safety margins contain an uncertainty primarily tied to uncertainties in the 
values of the volume and Xe diffusion coefficients. 
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ABSTRACT 
 

Recent testing at the Idaho National Laboratory has included four AFIP (ATR Full 
Size plate In center flux trap Position) experiments.  These experiments included 
both dispersion plates and monolithic plates fabricated by both hot isostatic 
pressing and friction bonding utilizing both thermally sprayed inter-layers and 
zirconium barriers.  These plates were tested between 100 and 350 w/cm2 at low 
temperatures and high burn-ups.  The post irradiation exams performed have 
indicated good performance under the conditions tested and a summary of the 
findings and irradiation history are included herein.    

 
 
1. INTRODUCTION 
1.1 Background 
Fuel development for the US Reduced Enrichment for Research and Test Reactor (RERTR) 
program has recently tested several variations of ‘full sized’ plates in the Advanced Test 
Reactor (ATR).  Both U-Mo dispersion type designs and solid, monolithic U-Mo fuel phase 
with diffusion barriers between the fuel and the aluminum cladding have been tested.   
 
This recent testing has focused on taking this U-Mo fuel technology developed and 
successfully demonstrated at a small scale (mini-plates) and scaling up to full sized plates 
that are seen in prototypic test reactors such as ATR, MITR-II, and MURR.  The first results 
from full sized testing including both non-destructive and destructive examinations are 
included here. 
 
1.2 Experiment Composition 
Each of the three AFIP experiments described herein included two fuelled plates stacked one above 
the other and welded into an aluminium frame.  Each plate was 57cm in length and 6cm in width.  The 
parameters tested in each of the experiments are listed in Table 1.  All of the plates were clad in 
aluminium-6061.   

Table 1 Tested Parameters of the AFIP Experiments 

  AFIP‐1  AFIP‐2  AFIP‐3 

Fuel Type  U‐7Mo Dispersion  U‐10Mo Monolithic  U‐10Mo Monolithic 
Fabrication Method  Roll Bonded  Friction Bonded  Hot Isostatic Press 

Matrix materials 
Plate 1: Al‐2Si  

Plate 2:  Al‐4043 
N/A  N/A 

Diffusion Barriers  N/A 
Plate 1: Si  
Plate 2: Zr 

Plate 1: Si  
Plate 2: Zr 

 



 
1.3 Irradiation Testing History 
The three AFIP experiments were irradiated in the centre flux trap of the Advanced Test 
Reactor.   The irradiation schedule for the AFIP tests is shown in Table 2 along with the 
effective full power days of each irradiation cycle.   

Table 2 AFIP Irradiation Schedule 

ATR 
Cycle 

AFIP 
Position A 

AFIP 
Position B EFPD 

141A AFIP-2 Al Dummy 32.4 
142A AFIP-2 Al Dummy 48.0 
142B AFIP-2 AFIP-1 52.0 
143A Al Dummy AFIP-1 48.9 
143B AFIP-3 AFIP-1 57.3 
144A AFIP-3 Al Dummy 43.7 

 
The preliminary heat flux and fission density values that were calculated for the AFIP 
experiments are shown in Figure 1 and Figure 2 respectively.  Nodes 1-10 are located axially 
along the top plate of the experiment while nodes 11-20 are located axially in the lower plate 
of the experiment.    
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Figure 1 Heat fluxes for beginning and end of life of AFIP experiments 
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Figure 2  Fission Densities of AFIP Tests 

 
2. POST IRRADIATION EXAMINATION RESULTS 
2.1 Non-Destructive Examinations 
Thickness measurements taken on all six AFIP plates indicate uniform and acceptable 
swelling behavior.  These values also indicate that there was no delamination between the 
fuel foils and the cladding in the monolithic fuel system.  Pre and post irradiation plate 
thickness values and fuel meat thicknesses are used to calculate average fuel using 
equation 1.  This calculation assumes all swelling of the plate is due to fuel swelling which is 
accurate with aluminum cladding assuming there is not fuel/clad delaminations.   

 

ThicknessFuel

oneIrradiatiationPostIrradi

T
TT

SwellingFuel Pr−
=  (1) 

 
Swelling values are calculated in 3.2mm increments over the fuel zone, corresponding with 
the collected thickness values.  The plate average fuel swelling for each plate as well as 
peak fuel swelling values and average fission density are shown in Table 3.    
 

Table 3  Swelling values from the AFIP experiment 

Plate ID 
Plate Ave 

Fuel Swelling

Peak 
Fuel 

Swelling 

Plave Ave 
Fission 
Density 

1TT  16.9%  31.5%  3.20E+21 
1B5  16.3%  27.2%  3.35E+21 
2TT*  36.5%  67.1%  5.04E+21 
2BZ  31.8%  52.9%  5.31E+21 
3TT  20.9%  36.2%  4.29E+21 
3BZ  17.3%  28.2%  3.84E+21 

* Only the high burnup half of plate could be measured due to damage during handling 



Eddy current testing is performed to measure oxide formation or corrosion on the surface of 
the plates during irradiation.  Measurement values were all less than 10 µm in thickness and 
indicate very little oxide growth or corrosion during irradiation.  This indicates the pre-
irradiation autoclaving process is adequate for the powers tested in this experiment.   
 
2.2 Destructive Examinations 
Destructive examinations were conducted on all six plates.  Two full cross-sections from 
each plate were sectioned, one from the high power end and one from the low power end.  
Each sample was mounted and polished in preparation for metallographic examination.  
Each section was examined for bond integrity, inter-diffusion between the fuel and 
cladding/matrix, fission gas behavior, and verification of fuel swelling calculations.   A typical 
cross section is shown in Figure 3. 

 
Figure 3 Cross sectional image of an AFIP-3 plate (3BZ) 

2.2.1 AFIP-1 
AFIP-1 consisted of two dispersion fuel plates, one with Al-2%Si matrix (1TT) and one with 
Al-4043 matrix (1B5).  A prototypic image from both of the plates is shown in Figure 4. Areas 
of fuel, matrix, interaction layer, and porosity can be seen throughout the image.  Both 
compositions had considerable fuel/matrix interactions but the porosity was limited in both 
cases.   

 
Figure 4 Images from 1TT (left) and 1B5 (right)  

2.2.2 AFIP-2 
AFIP-2 consisted of two friction bonded, monolithic fuel plates.  One had a thermally sprayed 
silicon diffusion barrier and the other had a zirconium diffusion barrier.  Both plates appear to 
have performed very well with no delaminations occurring during either irradiation or 
subsequent sectioning.  The silicon thermal spray layer can be seen as large precipitate rich 
regions on the fuel/clad interface and the zirconium barrier is clearly seen between the fuel 
and cladding.  



 
Figure 5  Images from 2TT (left) and 2BZ (right) 

2.2.3 AFIP-3 
AFIP-3 consisted of two monolithic plates fabricated by hot isostatic pressing (HIP). One had 
a thermally sprayed silicon diffusion barrier and the other had a zirconium diffusion barrier.  
Both plates appear to have performed very well with no delaminations occurring during either 
irradiation or subsequent sectioning.  The two plates in this experiment appeared to have 
behaved very similarly to the plates in AFIP-2 indicating that there appears to be no 
significant performance difference between the two fabrication methods for the conditions 
tested.   

 
Figure 6  Images from 3BZ (left) and 3TT (right) 

 
3. Summary 
All of the plates that were irradiated in the first three AFIP experiments appear to have 
behaved acceptably.  Swelling values are low for the fission densities that were achieved.  
The fuel/clad boding in the monolithic system was maintained in all cases.  No excessive 
reactions or porosity was seen along the boundary in the areas examined. Interactions 
between the fuel and matrix material in the dispersion plates was thick and some porosity 
was beginning to form, however, the overall swelling of those plates was satisfactory.   
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ABSTRACT 
 

Transmission electron microscopy (TEM) has been used to characterize an irradiated 
fuel plate with Al-2Si matrix from the Reduced Enrichment Research and Test Reactor 
RERTR-7 experiment that was irradiated under moderate reactor conditions. The 
results of this work showed the presence of a bubble superlattice within the U-7Mo 
grains that accommodated fission gases (e.g., Xe). The presence of this structure 
helps the U-7Mo exhibit a stable swelling behaviour during irradiation. Furthermore, 
TEM analysis showed that the Si-rich interaction layers that develop around the fuel 
particles at the U-7Mo/matrix interface during fuel plate fabrication and irradiation 
become amorphous during irradiation. An important question that remains to be 
answered about the irradiation behaviour of U-Mo dispersion fuels is how do more 
aggressive irradiation conditions affect the behaviour of fission gases within the U-7Mo 
fuel particles and in the amorphous interaction layers on the microstructural scale that 
can be characterized using TEM? 
 
This paper will discuss the results of TEM analysis that was performed on a sample 
taken from an irradiated RERTR-7 fuel plate with Al-2Si matrix. This plate was 
exposed to more aggressive irradiation conditions than the RERTR-6 plate. The 
microstructural features present within the U-7Mo and the amorphous interaction 
layers will be discussed. The results of this analysis will be compared to what was 
observed in the earlier RERTR-6 fuel plate characterization. 

 
1.  Introduction 
 
Some fuel materials contained in research reactor dispersion fuels have been demonstrated to 
go amorphous at relatively low fission densities. Both U3Si and U3Si2 fuels have been tested 
using ion or neutron irradiation techniques and both materials were shown to go amorphous at 
relatively low exposures [1,2]. Amorphization of interaction layers in U-Mo dispersion fuels has 
also been assessed [3]. It has been suggested that at low temperatures the phases that 
comprise the interaction layers in U-Mo/Al and U-Mo/Al-Si alloy matrix dispersion fuels can go 
amorphous during irradiation, and this has been confirmed with TEM analysis [4 ,5 ]. The 
parameters that have been identified for influencing whether or not a phase will be amorphous 
are composition, fission rate, and temperature. Due to the fact that at low temperatures most 
materials will go amorphous if they are exposed to enough irradiation damage, it is of interest to 
determine if there is a point where U-Mo alloys will go amorphous as well. If amorphization does 
occur, then the fuel behavior of the U-Mo alloy could change at that point. For example, the 
fission gas bubble superlattice that has been present in the U7Mo alloy (at least up to a fission 
density of around 4.5 x 1021 f/cm3 and a fission rate of around 3.8 x 1014 f/cm3 s) would 
disappear, thereby impacting the mobility of the fission gases such that they would be organized 
differently in the U-7Mo alloy. In fact, in fuels irradiated at higher fission rates a different 
behavior of the fission gases has been noted when characterizing irradiated U-Mo dispersion 
fuel plates using optical metallography [ 6 , 7 ]. During this characterization, relatively large 
bubbles have been observed at the U-7Mo/interaction layer interface. In irradiated U-7Mo 



dispersion fuels with pure Al, relatively large fission gas bubbles have also been observed, but 
they were mainly at the interaction layer/Al matrix interface [8]. If in fact the U-7Mo goes 
amorphous at the higher fission rates, then the fission gases could have been released from the 
fission gas bubble superlattice, at which time they could migrate to the U-7Mo/interaction layer 
interface and agglomerate into relatively large bubbles. This would suggest that the Si-rich 
interaction layer was acting as a barrier to further migration of the fission gas bubbles, allowing 
the fission gases to possibly migrate through any areas in the interaction layers that were not 
enriched in Si. 
 
To test the concept that relatively high fission rates could cause U-7Mo alloy to go amorphous, 
a sample from the low-flux side of an irradiated RERTR-7 fuel plate with Al-2Si matrix has been 
characterized using TEM. Choosing a sample at this location on the fuel plate allowed for the 
characterization of a sample with the same matrix composition and a very similar fission density 
compared to an RERTR-6 sample with Al-2Si matrix that has been characterized using TEM [5], 
but with the major difference being the fission rate. This would allow for comparison of the 
RERTR-7 characterization results to those for the RERTR-6 sample to determine the effect of 
an increased fission rate. For the RERTR-6 plate, the U-7Mo was observed to be crystalline and 
to contain a fission gas bubble superlattice, and the interaction layer was observed to be Si-rich 
and to be amorphous. For the RERTR-7 sample, focus was given to crystallinity of the U-7Mo, 
the identification of the fission gas superlattice, and the attributes of the interaction layer, 
particularly with regard to the Si content and morphology of any contained fission gas bubbles. 
 
 
2.  Experimental 
 
The RERTR-7 dispersion fuel plate (U-7Mo/Al-2Si), labeled R2R040, was irradiated in the 
Advanced Test Reactor (ATR) at Idaho National Laboratory (INL). A small cylindrical punching 
of 1.0 mm diameter and roughly 1.4 mm in length was produced from the low flux side of the 
fuel plate at the Hot Fuel Examination Facility (HFEF) at INL. The estimated local fission density 
and time-averaged fission rate are 3.3 × 1027 f m−3 and 4.3 × 1020 f m−3 s−1, respectively. The 
fuel plate centerline temperature is calculated to be ~90°C. Radioactivity of the fuel punching 
measured at the contact is ~80 R/β and ~300 mR/γ. A standard TEM sample was prepared by 
mounting the fuel punching inside a 3.0 mm diameter molybdenum ring using epoxy in a 
glovebox at the Electron Microscopy Laboratory (EML), followed by mechanical polishing, 
electrical jet-polishing, and precision ion polishing. Microstructural characterization was 
conducted using a 200 KV Jeol2010 TEM with a LaB6 filament. 
 
 
3. Results and Discussion 
 
The major difference between the irradiation experiments of RERTR-6 and RERTR-7 fuel plates 
is that the time-averaged fission rate is higher for the latter. However, the previous TEM 
characterization of an irradiated RERTR-6 fuel plate was performed on a punching sample 
taken from the high flux side. The work presented in this paper was performed on a fuel 
punching from the low flux side of RERTR-7 fuel plate. As a result, the RERTR-7 fuel punching 
has ~27% lower fission density, ~13% higher time-averaged fission rate, and ~17°C lower local 
fuel centerline temperature (~90°C vs. ~107°C). 
 
Three dimensionally ordered superlattice of fine fission gas bubbles in the crystalline region of 
U-7Mo fuel particles at low and high resolution are shown in Figure 1. These bright field TEM 
images were taken at zone <011> of bcc U-7Mo. The presence of a ring pattern in the selected 
area diffraction (SAD) is due to oxides formed on the sample surface. The average bubble 



diameter and its standard deviation is 3.1 ± 0.4 nm with measurements over 1066 bubbles. 
Bubble superlattice is responsible for the satellite spots in a magnified SAD at zone <011> 
shown in Figure 2. From the previous TEM work on RERTR-6 irradiated fuel, it was found that 
the bubble superlattice has a fcc structure coherent with the bcc U-7Mo host metal. The 
orientation relationship among bubble superlattice image, U-7Mo SAD of zone <011> and the 
satellite spots shown in Fugure 2 is consistent with the previous work [5]. Therefore, the fcc 
lattice constant for the observed bubble superlattice can be measured from both bubble images 
or satellite spots. The lattice constants of bubble superlattice measured from bubble images and 
SAD satellite spots are 12.07 ± 0.06 nm and 12.06 ± 0.15 nm, respectively. 
 
 

 
 
Figure 1. Superlattice of fission gas bubbles shown in low (left) and high (right) resolution bright 
field images. The inset showing the orientation of bcc U-7Mo fuel at zone <011> where bubble 
superlattice images were taken. The ring pattern is due to oxidation on sample surface. 
 
 

 
 
Figure 2. Orientation relationship between bcc U-7Mo alloy and fcc bubble superlattice in the 
U-7Mo fuel. Note the presence of satellite spots at each major differection spot of U-7Mo at 
zone <011> due to bubble superlattice. 
 
 
The smaller size (3.1 vs. 3.5 nm) and larger superlattice constant (12.1 vs. 11.5 nm) in the 
RERTR-7 sample compared to the RERTR-6 sample may be the results of lower fission density 
and cooler centerline temperature. The estimated superlattice bubble concentration is 



2.3 × 1024 m-3. It is lower than 2.6 × 1024 m-3 for RERTR-6. Based on the fission density, if all of 
the fission gas atoms were to be stored in superlattice bubbles, the bubble size is estimated to 
be approximately 3.5 nm, which is larger than the measured 3.1 nm. It indicates the fission gas 
atoms of stable xenon and krypton stored in superlattice bubbles only accounts for 69% of the 
total stable Xe and Kr gas atoms produced from fissions. This is lower than the 85% (3.7 nm vs. 
3.5 nm) found in RERTR-6 fule punching. It suggests that more fission gas atoms are stored in 
other forms, such as large fission bubbles, for RERTR-7 fuel particles. 
 
It appears there are more large bubbles in the U-7Mo fuel particles. Figure 3 shows a montage 
of low magnification (× 2.5K) TEM images cross a relatively large area (> 40 μm) of a fuel 
particle. Various microstructural features can be indentified, including:  Al-2Si matrix, fuel-
matrix-interaction (F.M.I.) layer, amorphous and crystalline region of the U-7Mo fuel particle, 
and large bubbles in the fuel particle, etc. The F.M.I. layers remain thin with a thickness typically 
around 1~2 μm. All the F.M.I. are found to be amorphous. There are amorphous region of fuel 
particle near fuel/F.M.I. interface and it can extend into the fuel up to several μm. The energy 
dispersive x-ray spectroscopy (EDS) measurement indicates a relatively high Si content (> 10 
at%) in the amorphous fuel region compared to a lower Si content in the crystalline fuel region 
(< 2 at% or none). The interfaces of amorphous/crystalline region are illustrated with marks in 
Figure 3. An abrupt change on SAD and Si content are found at all amorphous/crystalline 
interfaces in fuel particles. The amorphous region of the fuel particles was not identified from 
the previous work of RERTR-6 fuel sample even with a higher fission density. This is possibly a 
result of combined effect of higher fission rate and lower fuel plate centerline temperature on 
microstructural development. 
 
 

 
 
Figure 3. A montage of TEM images showing the Al-2Si matrix, F.M.I. layer, amorphous and 
crystalline regions of the fuel particle, and large fission gas bubbles in the fuel particle. 
 
A more detailed view of the crystalline region of the fuel particle near the center of the montage 
in Figure 3 is shown in Figure 4. In addition to superlattice bubbles which can only be seen at 
high resolution in the crystal region, large bubbles are clearly visible in the transparent areas. 
Although a quantitative comparison is not available, it is noted that there are more large bubbles 
found in RERTR-7 than in RERTR-6. The distribution of these bubbles is not uniform as shown 
in Figure 3. These bubbles are found in both amorphous and crystalline region of the fuel 
particles. 
 
 



 
 
Figure 4. TEM image showing details of the crystalline region of U-7Mo fuel particle near the 
center of Figure 3. Note that large bubbles found in both amorphous and dcrystalline region of 
the U-7Mo fuel. 
 
The SAD patterns of crystalline and amorphous regions of the fuel particles and F.M.I. are 
shown in Figure 5. The ring for amorphous region of the fuel is slightly smaller than that of F.M.I, 
suggesting a larger nearest-neighbor distance in fuel. There is no noticeable difference in 
amorphous ring pattern in F.M.I. between RERTR-6 and RERTR-7 fuels. The previous work on 
RERTR-6 fuel particles did not reveal amorphous regions in the transparent area. The role of 
high Si content on the formation of amorphous region near the surface of U-7Mo particles is not 
clear. It is known that Si can react with U to form U-Si compound U3Si, U3Si2, and U-Si. These 
phases are unstable and can become amorphous under irradiation. The EDS measurements for 
amorphous regions of fuel particles give (U,Mo)/(Si,Al) ratio to be approximately three. It is 
speculated that U3Si type phase may form in the RERTR-7 fuel particles near particle surface 
area that becomes amorphous under irradiation. It is known that, while U3Si2 and USi perform in 
an acceptable fashion, U3Si performs poorly under irradiation by development of large fission 
gas bubbles and bubble interlink [9]. 
 
 

 
 
Figure 5. SAD patterns of crystalline region at zone <011> (left); the amorphous region (center) 
of the U-7Mo fuel particle; and the fuel-matrix-interaction layer (right). 
 
 
Figure 6 reveals bubbles in the F.M.I. and the fuel particle. The light area in the lower left corner 
is an Al-2Si matrix. The areas with marks in F.M.I. and fuel are where the EDS measurement 
were performed. The results from EDS measurement are listed in Table 1. Note that aluminum 
content across the F.M.I. remains constant while Si decreases and Mo and U increase as EDS 
probe moving towards the fuel particle. There is a sudden increase in Si content from 1.8 at% to 



8.7 at% across the interface of F.M.I. and fuel. The Si content remains high in the amorphous 
region of the fuel (typically > 10 at.%) and then drops to nearly zero when EDS probe is in the  
crystalline region in the fuel particle. The average atomic ratio of (U,Mo)/(Si,Al) in amorphous 
fuel is ~3.1. The average size for large bubbles in the fuel particles (161 bubble counts) and 
F.M.I. layers (430 bubble counts) are measured to be 159 ± 87 nm and 54 ± 45 nm, respectively. 
The large standard deviations are due to a wide range of bubble sizes with nonuniform 
distribution. 
 
 

 
 
Figure 6. EDS profile shwoing the location of Al-2Si (low left), F.M.I. (grey); amorphous region 
(D-F) of the fuel and crystalline region (G-I and the right side) of the fuel. 
 
 
Table 1. EDS measurement (at%) at various locations shown in Figure 6. 

Spot Al Si Mo U Note 
A 78.01 5.06 4.36 12.57 F.M.I. near Al-2Si side 
B 78.71 3.45 4.87 12.97 F.M.I. 
C 77.60 1.85 5.23 15.32 F.M.I. near fuel side 
D 15.98 8.73 17.74 57.54 Fuel, amorphous 
E 11.75 10.20 16.79 61.26 Fuel, amorphous 
F 11.29 15.31 16.25 57.15 Fuel, amorphous 
G 9.16 2.37* 20.98 67.49 Fuel, crystal 

* It indicates a relatively large uncertainty due to low signal/noise ratio for Si. 
 
4.  Conclusions 
 
TEM characterization of a punching sample from the low flux side of an irradiated 
RERTR-7 dispersion fuel plate shows the fcc superlattice of fine fission gas bubbles in 
the crystalline regions of the fuel particles. The average size of superlattice bubbles and 
the fcc superlattice constant are 3.1 nm and ~12.1 nm, repectively. It is estimated that 
these bubbles account for approximately 69% of the total stable Xe and Kr gaseous 
atoms produced from fission. Amorphous regions in fuel particles are identified that are 
associated with a relatively high Si content next to the F.M.I. The formation of 
amorphous region in fuel next to F.M.I. is likely a result of higher fission rate and lower 
fuel centerline temperature. Large bubbles are found in both amorphous and crystalline 



regions of the fuel particles as well as in F.M.I. The average bubble size in fuel particles 
and F.M.I. are measured to be approximately 159 nm and 54 nm, respectively. 
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ABSTRACT 
 
The South African MTR Fuel Manufacturing Facility was established in the 1970’s to supply 
SAFARI-1 with Fuel Elements and Control Rods. South African capability was developed in 
parallel with the uranium enrichment program to meet the needs of the Reactor. Further to 
the July 2005 decision by the South African Governmnent to convert both SAFARI-1 and the 
Fuel Plant to LEU, the SAFARI-1 phase has been successfully completed and Necsa has 
commenced with the conversion of the MTR Fuel Manufacturing Facility. In order to 
establish, validate and qualify the facility, Necsa has entered into a co-operation and 
technology transfer agreement with AREVA CERCA, the French manufacturer of Research 
Reactor fuel elements. 
 
Past experiences, conversion challenges and the status of the MTR Fuel Facility Project are 
discussed. On-going co-operation with AREVA CERCA to implement the local manufacture 
of LEU fuel is explained and elaborated on. 
 
 
1. Introduction 
 
SAFARI-1 (1st South African Fundamental Atomic Research Installation) a tank-in-pool type 
light water reactor based on the 30MW Oak Ridge Reactor design was constructed in the 
early 1960’s to meet the needs of resident research and development scientists and 
selective isotope production needs. The 6.67MW reactor went critical on 18 March 1965 and 
was subsequently modified to enable operation at 20MW. The reactor was initially fuelled 
with Highly Enriched Uranium (HEU) manufactured in the USA [1] [2]. 
 
SAFARI-1 was regularly operated at 20MW until 1977, at which stage international 
restrictions on the supply of fuel elements were enforced by political boycott actions. The 
reactor schedule was adjusted to an operational level of 5MW to support intermittent R&D 
programs. These developments accelerated the establishment of a Fuel Fabrication Facility 
for the local supply of Fuel and Control Rods.  
 
The chronological graph (Figure 1) depicts the utilisation of SAFARI-1 since 1965. The left-
hand Y-axis indicates the actual MWh operation and the right-hand Y-axis the cumulative 
MWh of operation since start-up.  



 
 

 
Fig 1: SAFARI -1 Power History 

 
The period from the mid 1990’s to date reflects the direct impact of the 99Mo production 
program on the utilisation of the reactor and the required fuel supply.  
 
 
2. Historical Development – South African Fuel Manufacture 
 
Figure 1 depicts how the political climate, the priority of the South African strategic programs 
and the impact of boycotts related to the supply of nuclear fuel to South Africa significantly 
affected SAFARI-1 utilisation for the period 1977 to 1993. 
 
During this period however (mid 1970’s) the decision was made to establish local MTR fuel 
manufacturing capabilities at Pelindaba (Necsa’s site which is ± 30 km from Pretoria’s city 
centre). A Fuel Element Production Facility (Elprod) was constructed and commissioned in 
order to manufacture UAlx HEU fuel elements and control rods. The technology was 
developed and established locally, based on ORR fuel design criteria using South African 
enriched material – initially 45% and later 90% 235U. The first assemblies (19 flat plates) had 
a loading of 200g 235U, which was subsequently increased to 300g 235U. The first local fuel 
(45%, 225g) was loaded into SAFARI-1 in 1980/1981 and the first local 90% (200g) HEU 
elements in 1994. 300g 235U elements were loaded for the first time in the first quarter of 
1999 and the reactor was operated from 1999 to mid 2009 with 300g 235U assemblies 
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Fig 2: SAFARI -1 FUEL ELEMENT (19 Fuel Plates) 
 
3. Conversion of SAFARI-1 to LEU 
 
In July 2005 the South African Department of Minerals and Energy  authorised SAFARI-1 to 
convert to LEU Fuel over a period of 3 to 4 years (i.e. a phased conversion of the core) 
followed by the conversion of the MTR Fuel Plant to produce fuel manufactured from LEU. 
 
The SAFARI-1 conversion was successfully completed without interruption of operations 
from September 2008 to June 2009 according to the schedule in Figure 3.    
 

                                 
 

Fig 3: Conversion Duration of SAFARI-1 
 

Conversion commenced with two full LTA’s supplied by AREVA CERCA. These were 
successfully irradiated from 2006 to 2008 followed by several other LEU assemblies at 
various times due to regulatory restrictions. Regulatory approval to convert the complete core 
was granted in 2008 and conversion was completed in June 2009. The fuel utilised during 
the full core conversion period was comprised of AREVA CERCA Fuel Plates, assembled 
into Fuel Elements and Control Rods at the Necsa Fuel Fabrication Facility. The conversion 
had no set-backs and the fuel performed as expected with no defects. This was determined 
through a water gap monitoring process which was performed on the LEU fuel elements with 
each stoppage of the reactor (roughly monthly). This fuel is now fully qualified by SAFARI-1 
and is manufactured on a routine basis.  
 
The Elprod Facility continues to manufacture all components, assemble LEU fuel and control 
rods and manufactures target plates required by SAFARI-1/NTP Radioisotopes (Pty) Ltd for 
the local and international supply of 99Mo.   
 
 
 



4. LEU Conversion Program 
 
Necsa  adopted a 3 phased approach to LEU conversion: 
 

1) Convert SAFARI-1 to LEU Fuel 
2) Convert from HEU to LEU targets for 99Mo production 
3) Convert the Fuel Plant to LEU Fuel and Target production 

 
A particular challenge for the fuel plant was the simultaneous manufacture of HEU and LEU 
Fuel for a 12 to 18 month period during the SAFARI-1 conversion process, which required 
careful alignment of SAFARI-1’s needs with the fuel fabrication operations. Safety aspects 
such as the management of identical fuel plates of two enrichment grades received particular 
attention. No disruption of the SAFARI-1 utilisation (more than 300 FPD’s pa) could be 
tolerated due to the 99Mo production commitments.   
 
The conversion of SAFARI-1 is complete, the conversion from HEU to LEU targets is in a 
development phase and the conversion of the Fuel Plant project formally commenced in 
January 2009. 
 
 
5. Fuel Plant Conversion Strategy 
 
The reliable supply of fuel and target plates at industrial scale levels forms a vital front–end 
activity in the 99Mo supply chain, and the conversion to a dispersion technology LEU facility 
must be undertaken as a well defined, planned and managed project. Issues that need 
considerable attention include a clearly defined user requirement specification, careful 
consideration of project aspects to ensure compliance with regulatory requirements, 
international guidelines, safety, engineering, quality, licensing, security and a host of other 
aspects. Attention to safety and quality related aspects and acceptable hazard management 
philosophies remains paramount. The outcome of this process must result in a plant design 
that is safe, licensable with the ability to operate at the desired industrial throughput.     
 
Experimental U3Si2 (4.8g/cc) work has been underway at Necsa since 2002 albeit on a 
development scale with DU and with assistance from Argonne National Laboratory and 
AREVA CERCA. This experimental phase provided Necsa with valuable results leading to 
the realisation that although the silicide technology was well documented and developed, the 
industrial scale production provided certain challenges which require specific technology 
know-how, experience and expertise to address.    
 
During 2007 the decision was made to establish the Necsa LEU fuel plant in conjunction with 
a technology partner in order to ensure a state-of-the-art facility in order to minimise risks, 
reduce project time and ensure an industrial scale fuel and target plate production process 
which would meet internationally accepted best practice. A high probability of qualifying the 
process and products at the required throughput was a prerequisite.    
 
The possibility of establishing a second isotope production reactor at Necsa within 8-9 years 
was considered during 2009. It is now a requirement of the new fuel plant to provide fuel and 
targets for this planned reactor in addition to SAFARI-1.  
 
 
A technology partner was identified and a Technology License Agreement for the provision of 
technology, know-how and supply of specialised quality control equipment has been 
negotiated with AREVA CERCA and is in the final stages of the approval process. 
 



The Technology License Agreement makes provision for the establishment of a fuel plant at 
Necsa over a five year period which commenced in 2009. A 5 stage process has been 
defined i.e.:   
 
Stage 1: Assessment of existing facilities and equipment, Basic Design  
Stage 2: Detail Design, engineering support 
Stage 3: Procurement and Construction (specialised equipment), training 
Stage 4: Cold Commissioning assistance 
Stage 5: Hot Commissioning assistance, product validation 
     
 
AREVA CERCA  are primarily responsible for the supply of know-how and technology, inputs 
to design, supply of specialised QC equipment, training and  assistance with cold and hot 
commissioning including validation of product quality. 
 
Necsa is responsible for licensing, design, procurement of equipment, establishment of the 
infrastructure and utilities, installation of equipment, functional testing, commissioning and 
manufacturing qualification of the product.   
 
6. AREVA CERCA, a competent and reliable partner for Technology Transfer 
 
AREVA CERCA has been successfully manufacturing and supplying research and material 
test reactor fuel assemblies for nearly fifty years and can be considered as the reference in 
its field. Thanks to its large supply of fuel elements and fuel targets, its experience in reactor 
conversion and its continuous effort in research and development programs, AREVA CERCA 
is a competent and reliable partner with regards to the technology transfer requested by 
NECSA.  
 

• Large supply of dispersed LEU fuel elements and targets 
 
AREVA CERCA supply covers a wide  range of products, in terms of geometries (flat or 
rolled plates, tubular or ring-shaped elements) as well as enrichments (HEU, MEU, LEU), 
and fully satisfies the technical and scientific needs of customers demanding quality and 
safety.  
 
Since 1960, AREVA CERCA has manufactured over 330 000 fuel plates, about 22 000 fuel 
elements of 70 designs, delivered to 40 research reactors in 20 countries. Among this 
production, 3 500 are U3Si2 fuel assemblies, distributed to worldwide customers. 

 
Thanks to this broad supply, AREVA CERCA has gained a high quality experience feedback 
and has fully mastered the manufacturing process as well as the specialized inspection steps 
such as Ultrasonic Testing and homogeneity scanning.. This is employed to the benefit of 
reactor operators by providing them with high performance fuels.  
 
In addition to the fuel manufacture, AREVA CERCA has been working for 3 years on the 
development of UAl2 fuel targets. The first industrial batches were  produced and delivered in 
2009. 

• AREVA CERCA experience in Research Reactor Conversion 
 
AREVA CERCA has been involved for more than fifteen years in international cooperation for 
U3Si2 fuel assembly supply and reactor conversion. It has collaborated several times for 
reactor conversion process, for MTR and TRIGA reactors in countries such as Japan, 
Germany, the Netherlands, Poland, Portugal, Turkey, the USA and France. 
 
For each conversion, supply of fuel elements has been successfully achieved, while meeting 
technical specifications, QA requirements and challenging schedules.  



 
• R&D programs 

 
Besides the routine industrial production of fuel elements and targets, AREVA-CERCA is 
involved in several R&D programs, such as monolithic LEU targets and dispersive or 
monolithic UMo fuel development [3]. These programs are run in collaboration with 
international partners and enable AREVA CERCA to increase its competences and 
knowledge of manufacturing processes. 
 
Based on this overall experience, AREVA CERCA has the ability to carry out all the steps of 
the technology transfer, ability which can be extended to AREVA engineering if necessary. 
 
7. Conclusion 
 
South Africa has committed itself to the conversion of the SAFARI-1 research reactor and the 
associated fuel and control rod manufacturing from HEU to LEU. SAFARI-1 conversion is 
complete and the conversion of the fuel plant project about 10% complete. The projected 
completion date for the fuel plant is 2014/15. 
 
The technology and know-how cooperation is strengthening the long-lasting relationship 
between Necsa and AREVA CERCA to the mutual benefit of both companies and is a 
recognized tangible contribution by Necsa, AREVA CERCA and South Africa to the Global 
Threat Reduction Initiative. This project is also part of a wider collaboration related to nuclear 
renaissance and jointly supported by South-Africa and France.  
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ABSTRACT 
 

The fabricability issues with increased uranium loading due to use low enrichment 
of uranium (LEU), i.e. less than 20 % of U235, increase the problems which occur 
during compact manufacturing, roll bonding of the fuel plates, potential difficulty in 
forming during rolling process, mechanical integrity of the core during fabrication, 
potential difficulty in meat homogeneity, and the ability to fabricate plates with 
thicker core as a means of increasing total uranium loading. To produce MTR- type 
fuel plates with high uranium loading (HUL) and keep the required quality of these 
plates, many of qualification process must be done in the commissioning step of 
fuel fabrication plant. After that any changing of the fabrication parameters, for 
example changing of any of the raw materials, devises, operators, and etc., a re-
qualification process should be done in order to keep the quality of produced 
plates. Objective of the present work is the general description of the activities to 
be accomplished for re-qualification of manufacturing MTR- type nuclear fuel 
plates. For each process to be re-qualified, a detailed of re-qualification process 
were established.  

 
1  Introduction 
The use of LEU in the fabrication of the MTR- type fuel elements for operation of research 
rectors necessitate the increase of uranium loading in the fuel core plates. This mean 
increase in the core thickness. This could lead to problems concerning the plates clad, 
especially at the plate ends when dog-boning and fish tail can take place and problems in the 
plates core homogeneity, potential difficulty in forming during rolling process, and mechanical 
integrity of the core during fabrication [1-6].The expected in-reactor performance as the oxide 
content is increased and the aluminum is decreased depends primarily on the mechanical 
integrity of the core, the thermal conductivity, and the increased potential for Al-U3O8 thermite 
reactions in core meltdown accidents. The qualification of low enriched uranium ( LEU ) fuels 
requires many tests to achieve the required  specification of  Fuel plates. Fulfill these  
specification demonstrate the ability of the fuel to withstand research reactor operating limits 
(i.e. high power densities) up to economically viable burn-up values. The U3O8 MTR-type fuel 
has been found to perform well under irradiation tests, even with uranium densities up to 
4.20 gU/cm3[ 3, 4, 5-9].  
 
Each type of MTR fuel element is produced in accordance with a manufacturing specification 
and a set of manufacturing drawings agreed between the fabricator and the reactor operator 
or his representative. The specification sets down the scope and general conditions, the 
requirements of the manufacturing method, together with the inspection requirements and 
acceptance criteria. In addition to the specification, an inspection schedule is normally 
produced which includes all of the supporting documentation such as the inspection and 
record sheet and certification[3,4,6,10]. 
 
The MTR-type fuel plates production in which  the starting materials are uranium oxide 
(U3O8) powder, pure aluminum powder , and nuclear grade  6061 aluminum alloy in sheets 
the different dimensions as a raw materials, are processed through a series of the 
manufacturing, inspection, and quality control plan to produce the final specified MTR-type 
fuel elements[7] 

 
The re-qualification process must be done From time to time due to stop of production for 
long period of time, any changing the raw materials used in MTR fuel plates fabrication, 
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using a new device, and using a new operator in the production steps. For example, the new 
raw material of course was fulfilled the geranial specification. However, there is difference of 
the properties between the old and new raw material. Even this little difference is satisfy the 
specified values but at the same time could be affected the quality of the produced fuel 
plates. The re-qualification step is done to ensure that the produced fuel plates are fulfilled 
the required quality which are agreed  between the fabricator and the reactor operator or his 
representative as well as to minimize the rejection of fuel plates during fabrication process 
and this is the main aim of this work.  
 
2  Start up of re-qualification processes. 
Prior to starting a re-qualification, the equipment, devices and tooling are verified to be in 
proper operational condition. Also, the standard or normal or average values of the operating 
parameters are used. During the re-qualification process , the applicable Working 
Instructions, Quality Control Instructions, quality control characteristics of the products and 
qualification data during the commissioning step as well as the re-qualification data must be 
available. These data are very important to decrease the cost and the period of the re-
qualification processes. After re-qualification processes, the high quality of the fuel plates 
could be obtained.   
 
3  Fabrication steps of the fuel plates 
The fabrication of this type of fuel plates is carried out by using picture-frame technique, 
Fig.1. This method is used to produce the preplate (sandwich). The sandwich plate consists 
of a core plate (the picture) made from a mixture of  uranium compound (U3O8) and 
aluminum powder, which is surrounded by a frame and two cover plates, made from 6061 
aluminum alloy (the cladding). The three-layer assembly is welded and rolled in several 
passes at about 500 oC. During hot rolling passes, roll bonding takes place between all the 
sandwich components. Then, the final plate thickness is obtained by a cold rolling pass. 
Obtaining the fuel plate by core location, plate shearing, machining, cleaning. Then the 
inspection and quality control for the produced fuel plates are  taken place for settlement the 
re-qualification process[2]. The number of fuel plates produced for re-qualification step 
depends on the situation and changing of parameters. For re-qualification steps 15 to 25 
plates could be produced.   
 
4  The inspection procedures 
 

4.1 Nondestructive testing 
 

4.1.1 Radiographic examination 
Radiography was used to examine the plates for core and edge border dimensions (core 
location), high-density of fuel particles, fuel particles in the edge and borders, and fuel core 
homogeneity. It was found that radiographs are suitable for above. Two radiographs of 
different intensities are done: One suitable for examining core location and fuel particles in 
the edge and borders and the other suitable for core homogeneity. 
 
4.1.2 The blister test 
The most effective quality check on bonding is the blister test. The chosen blister 
temperature depends on the selected cladding material and should be only slightly different 
from the hot rolling temperature. The temperature range is normally between 410°C and 
500°C[7].  
 
In the blister test, the fuel plates were held at 500 oC for one hour. followed by a cooling in 
furnace from 500oC to 200oC at the cooling rate of 30 oC per hour. The plates are taken out 
of the furnace after being cooled to room temperature. The blistering area for each specimen 
is the sum of the all areas of the single blisters. Typical examples of the blistering area 
formed during blister test  in the roll bonded plates is shown in Fig. 3. By this way the 
blistering area could be observed and measured. The areas of the blisters and their position 
control the quality of fuel plates. Blister in a fuel plate could lead to the rejection of this plate. 



3 
 

M1 

GS NS

M2

MINIMUN CLADDING THICKNESS= 0.25mm IN THIS ZONE Detail A

800 ± 12

0.7 ±0.03
(Meat)0.4 ±0.06

AL Clad 

 

Any fuel plate exhibiting blisters on the active surface, delimited by the fuel core, or at a 
distance less than 3 mm from the closest fuel core boarders, shall be rejected. On the other 
hand, the fuel plate exhibiting of blister more than 2 mm diameter outside the active surface 
and at a distance more than 3 mm from the closest core boarders shall be rejected. The 
blister test plays an important part in the fuel plate fabrication, not only in the blister 
phenomena, but also  it enhances the metallurgical bond between fuel core and cover, and 
also between the frame and cover[7,11]. 
  
4.1.3 Bending Test  
The bend tests are generally used in the weld qualification process for roll bonding . Bend 
testing is performed by clamping a section of the non-fueled region of the welded plate into a 
fixture and bending it over a radius. The plate is bent four times for a total of 360o. If any 
delimitation is noted the bond is considered unacceptable. As this test is destructive in 
nature, it is only performed on adjacent material removed in the sizing of the fuel plate[12]. As 
such, the test is performed only to test the cladding to cladding bond (the bimetal bond 
between the fuel core and the cladding is not robust enough to survive this test). 
 
4.2 The destructive testing 
the clad thickness at the ends is very important, where there is a certain thickness value 
which cannot be allowable to reduce this value. This case is known as dogboning 
phenomena. Therefore, the product should be examined to chick if there is dogboning or not. 
In this case the thickness should be checked to assure that is still in the required 
specification. This step was carried out by destructive tests. Normally this is carried out for 
one plate for every 100 plats. A fuel plate for this test is selected according to an inspection 
scheme and four specimens are cut out from the plate for metallographic examinations, 
Figure 1 Demonstrates such a sampling scheme. After preparation these specimens[9]. The 
cladding thickness can be affected by the parameters, such as mechanical properties of 
aluminum alloys used as cladding for fuel core, characteristics of the U3O8  powder used as 
fuel core, aluminum powder used as dispersed matrix, roll mill diameter and speed, and ect.,. 
Also, this test can be used for examine the metallurgical bond between aluminum cladding 
as well as between fuel core and aluminum cladding. 
  

 
 
 
 
 
 
 
 
 
 

Figure 1 Sampling scheme for metallographic examinations 
 
5  Studies cases for re-qualification processes 
 

5.1 Using new roll mills  
During fabrication of fuel plates the roll mills had surface problem. This problem results in 
bad quality of the produced fuel plates. So, the changing of the roll mills was required.  The 
new roll mills were the same diameter and material of the old ones. The old roll mills were 
uninstalled and the new ones were installed. This process lead to making the re-qualification 
processes for the fuel plates rolling process. The re-qualification processes for the fuel plates 
rolling process started with operation test of rolling machine to adjust the parallelism between 
the two roll mills and digital reading of the distance between them by using AA6061 as the 
same dimensions of the sandwich plate. Then, a simulation of the fuel plates rolling was 
made by using natural uranium oxide (U3O8), which is alike  real material, instated of 20 % 
uranium oxide (U3O8) and all above mentioned inspection tests must be done to re-
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adjustable of the rolling process. Also, to adjust the curvature of the fuel core which is the 
one of normal problems take place in the fabrication process of the fuel plates [10] as well as 
fuel core length, meat homogeneity, clad thickness of two sides of fuel plates and meat 
thickness at middle and two ends of fuel plate. After that the real materials were fabricated 
but first with few number of fuel plate. Again, all above mentioned inspection tests was done 
to insure that the required quality of the fuel plates was obtained. About twenty seven fuel 
plates were produced for this process. Then the normal fuel plates rolling process take place 
again.           
 
5.2 Changing of AA6061 cladding material 
From time to time, the raw materials used in manufacturing of the MTR-type fuel plates are 
changed with new ones. The changing of any of the raw materials could be affecting the 
quality of the fuel plates. So, in such cases the re-qualification processes are required. In the 
studied case, the required re-qualification processes of changing of AA6061 were described 
as follows; 
 
5.2.1 Chemical composition and mechanical properties of AA6061 cladding 
materials 
The comparison between the old and new AA6061 cladding materials concerning to 
chemical composition and mechanical properties are illustrated in Table 1 and 2. As shown 
in these Tables both AA6061 cladding materials were satisfy the specified values but there 
are small difference in both chemical composition and mechanical properties       
 

Table  1   Chemical composition of AA6061 
 

Element Mg 
% 

Si 
% 

Cu 
% 

Cr 
% 

Fe 
% 

Mn 
% 

Zn 
% 

Ti 
% 

Others 
% Al 

Specified Values 
0.8 
-  

1.2 

0.4 
- 

0.8 

0.15 
–  

0.4 

0.04
- 

0.35
≤ 

0.70
≤ 

0.15
≤ 

0.25
≤ 

0.15
≤ 

0.15 balance 

Cover 1.10 0.7 0.25 0.22 0.56 0.15 0.24 0.15 0.15 balance New AA6061 
Clad Frame 1.08 0.72 0.28 0.24 0.55 0.15 0.23 0.15 0.15 balance 

Cover 0.99 0.6 0.30 0.2 0.7 0.15 0.25 0.15 0.15 balance Old AA6061 
Clad Frame 1.05 0.65 0.27 0.25 0.7 0.15 0.25 0.15 0.15 balance 

 
Table 2  Mechanical properties of AA6061 

 

New AA6061 Clad Old AA6061 Clad  
Cover Frame Cover Frame 

Specified Values 

Yield strength (MPa) 73.3 70.4 65 62.4 < 110 
Ultimate strength (MPa) 134.08 133.44 110 109.8 < 150 
Tensile elongation  % 39.44 42.3 31.6 33 > 20 

 
The re-qualification processes for the fuel plates rolling process started first with three fuel 
plates from the new AA6061cladding materials and two fuel plates from the old 
AA6061cladding materials. A comparison of the quality of fuel plates produced from both 
AA6061cladding materials was done.  All above inspection   mentioned tests were done of 
the new AA6061 cladding materials to determine the real quality of produced fuel plates. 
Also, to determine the length of fuel core of the plates by using radiographic examination as 
well as the minimum cladding materials thickness and maximum fuel core thickness in the 
bogbone zone and average and minimum thickness of both fuel core and the cladding 
materials in other parts of the fuel plate by using the destructive test as mentioned above. 
Figure 2 shows the shape of fuel core in the ending zone of the fuel plates, specimen GS 
and Ns as well as the shape of the fuel core in the middle of the fuel plates for both AA6061 
cladding materials according to  Figure 1. 
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It was noticeable that the two endings of fuel plates are affected by the changing of  
AA6061cladding materials. As shown in figure 2 the new AA6061 cladding material gives 
good cladding thickness at the two endings comparison with the old AA6061 cladding 
material. However, previous studies[2, 3, 6,10] showed the influence of the dimensions and 
geometrical shape  of the fuel core, alloying elements added either to the core alone or the 
core and cladding, the method of the fuel plates assembly, and temperature of rolling on of 
fuel core in the ending zone of the fuel plates. 
 
 
 
 
 
 
 
 
 
 
 

New AA6061 Clad Old AA6061 Clad 
 

Figure 2 The shape of the fuel core (U3O8 + Al) and AA6061 Clad 
 

6  Summary  
The re-qualification processes are done to ensure that the produced fuel plates are fulfilled 
the required quality. The re-qualification processes of MTR-type fuel plates requires many 
fabrication processes and inspection tests, and costs a lot of money and efforts. But in the 
same time, these processes are given a high quality or keep the required quality, and 
minimized the number of  rejection of produced fuel plates.   
 
7  References 
[1]          J. Snelgrove, G.Hofman, M. Meyer, C.Trybus, And, T. Wiencek, “Development of Very - 

High - Density Low - Enriched - Uranium Fuels”, Nuclear Engineering and Design,Vol. 
178, (1997, PP.119-126 

[2]          G. Copeland and M. Martin, “Development of High - Uranium Loaded U3O8 - Al Fuel 
Plates”, Nuclear Technology Vol. 56 Mar 1982 

[3]         C. Trybus, T.Wiencek, M. Meyer, D.McGann, and C.Clark, “ Design and Fabrication of 
High Density Uranium Dispersion  Fuels”,  Proc. 20th  International Meetingon Reduced 
Enrichment For research And Test Reactors, 5-10 October 1997, Wyoming, USA. 

[4]          G.Hofman, G. Copeland, and J. Sanecki,” Microscopic Investigation Into The Irradiation 
Behavior of U3O8 –Al Dipersion Fuel”, Nuclear Technology Vol. 72 Mar 1986 

[5]          S. Hayes M.Meyer, G. Hofman and R. Strain “ Postirradiation Examination of High – 
Density Uranium Alloy Dispersion Fuels”, Proc.  The International Meeting on Reduced 
Enrichment For research And Test Reactors”, 18-23 October 1998, SaoPaulo,Brazil. 

[6]         J. Gibson “ The Manufacture of LEU Fuel Elments at Dounreay”,  
[7]         W.  Zidan and I. Elseaidy, General Description and Production Lines Of The Egyptian 

Fuel Manufacturing Pilot Plant, Proc.7th the Meetin of the International  Group on 
Research ractors, 26-29 October 1999, B. C.de Bariloche, Patagonia, Argentina. 

[8]       G. Marcondes, H. riella, and M. Durazzo, “ An Alternative Method to Produce U3O8 
Powder for MTR Fuel Elements”, Key Engineering Materials Vols. 189-191, (2001), PP. 
32-37. 

[10]       P. de Meester, A. Deregttere and M.Brabers, “ The formation of the core defects in rolling 
of sandwich plates”, The Institute of metals, 1970 

[11]        G. Tzou, A. Tieu, M. Huang, C. Lin, E. Wu, “Analytical approach to the cold- and- hot 
bond rolling of sandwich sheet with outer hard and inner soft layers”, J. of Mater. 
Processing Technology, Vol. 125-126, PP 664-669..  

[12]      T. Wiencek,I Prokofiev and D. McGann, “Development and compatibility of Magnesium- 
Matrix Fuel Plates Clad With 6061 Aluminum Alloy”, Proc.  The International Meetingon 
Reduced Enrichment For research And Test Reactors”, 18-23 October1998, 
SaoPaulo,Brazil. 

2mm

M1 

GS

NS 

2mm

M2

NS



CORE MANAGEMENT AND FULL CORE CONVERSION STATUS 
OF THE DALAT NUCLEAR RESEARCH REACTOR  

 
 

V.L. PHAM, N.D. NGUYEN, B.V. LUONG, V.V. LE 
T.N. HUYNH, K.C. NGUYEN 

Nuclear Research Institute 
01 Nguyen Tu Luc Street, Dalat City – Vietnam 

 
 
 

ABSTRACT 
 

The Dalat Nuclear Research Reactor (DNRR) is a pool type research reactor 
which was reconstructed in 1982 from the old 250 kW TRIGA-MARK II reactor. 
The reconstructed reactor reached its initial criticality in November 1983 and 
attained it nominal power of 500 kW in February 1984. The DNRR uses Russian 
fuel assemblies (FAs) type VVR-M2. The first fuel reloading was executed in April 
1994 after more than 10 years of operation with 89 HEU FAs. The 11 new HEU 
FAs were added in the core periphery, at previous beryllium element locations. 
After reloading the working configuration of reactor core consisted of 100 HEU 
FAs. Second reloading for Dalat Nuclear Research Reactor was realized in March 
2002. The 4 new HEU FAs were added in the core periphery, at previous beryllium 
element locations. After reloading the working configuration of reactor core 
consisted of 104 HEU FAs. The third fuel reloading by shuffling of HEU FAs was 
executed in June 2004. The shuffling of 16 HEU FAs with highest burn up in the 
centre of the core and 16 HEU FAs with low burn up in the core periphery was 
done. The working configuration of reactor core kept unchanged of 104 HEU FAs. 
The fourth fuel reloading was executed in November 2006. The 2 new HEU FAs 
were loaded in the core periphery, at previous locations of wet irradiation channel 
and dry irradiation channel. After reloading the working configuration of reactor 
core consisted of 106 HEU FAs. Contracts for reactor core conversion between 
USA, Russia, Vietnam and the International Atomic Energy Agency for Nuclear fuel 
manufacture and supply for DNRR and Return of Russian-origin non-irradiated 
highly enriched uranium fuel to the Russian Federation have been realized in 
2007. The 35 fresh HEU FAs were sent back to Russian Federation. The 36 new 
LEU FAs from Russian Federation have been received.  According to the results of 
design and safety analyses performed by the joint study between RERTR Program 
at Argonne National Laboratory and Vietnam Atomic Energy Commission the 
mixed core configurations of irradiated HEU and new LEU FAs has been created 
on 12 September, 2007 and on 20 July, 2009. After reloading the working 
configuration of reactor core consisted of 104 FAs. The works on full core 
conversion for the DNRR are being realized in cooperation with the organizations, 
DOE. The plan for realization of core configuration of only LEU FAs is planned in 
the end of 2010. This paper presents the core management and full core 
conversion status for the DNRR.  

 
 
1. Introduction 
 
The DNRR is a pool type research reactor which was reconstructed from the 250 kW TRIGA-
MARK II reactor. During reconstruction, some structures of the former reactor such as the 
reactor aluminium tank, the graphite reflector, the thermal column, the horizontal beam tubes 
and the radiation concrete shielding were retained. The reactor core, the control and 
instrumentation system, the primary and secondary cooling systems as well as other 
associated systems were newly designed and installed [1]. The core was loaded with VVR-
M2 fuel assemblies with 36% enrichment. The reconstructed reactor achieved first criticality 



in November 1983 with 69 fuel assemblies and attained its planed nominal power of 500 kW 
in February 1984. The vertical section of the reactor is shown in Figure 1.  
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Fig 1. Vertical section view of the reactor 

 
Contracts for reactor core conversion between USA, Russia, Vietnam and the International 
Atomic Energy Agency for Nuclear fuel manufacture and supply for DNRR and Return of 
Russian-origin non-irradiated highly enriched uranium fuel to the Russian Federation have 
been realized in 2007. The mixed core configurations of irradiated HEU and new LEU FAs 
has been created. The works on full core conversion for the DNRR are being realized in 
cooperation with the organizations, DOE and IAEA. The plan for realization of core 
configuration of only LEU FAs is planned in the end of 2010.  
 
2. Core management of the Dalat Nuclear Research Reactor 
 
The first fuel reloading was executed in April 1994 after more than 10 years of operation with 
89 HEU FAs. The 11 new HEU FAs were added in the core periphery, at previous beryllium 
element locations. After reloading the working configuration of reactor core consisted of 100 
HEU FAs. Second reloading for Dalat Nuclear Research Reactor was realized in March 
2002. The 4 new HEU FAs were added in the core periphery, at previous beryllium element 
locations. After reloading the working configuration of reactor core consisted of 104 HEU FAs 
[2]. The third fuel reloading by shuffling of HEU FAs was executed in June 2004. The 
shuffling of 16 HEU FAs with highest burn up in the centre of the core and 16 HEU FAs with 
low burn up in the core periphery was done. The working configuration of reactor core kept 
unchanged of 104 HEU FAs. The core configuration of DNRR with 104 HEU FAs is shown in 
Figure 2. In waiting for execution of fuel conversion and saving of fresh HEU FAs, the fourth 
fuel reloading was executed in November 2006. Only 2 new HEU FAs were loaded in the 
core periphery, at previous locations of wet irradiation channel and dry irradiation channel. 
After reloading the working configuration of reactor core consisted of 106 HEU FAs. 
Contracts for reactor core conversion between USA, Russia, Vietnam and the International 
Atomic Energy Agency for Nuclear fuel manufacture and supply for DNRR and Return of 
Russian-origin non-irradiated highly enriched uranium fuel to the Russian Federation have 
been realized in 2007. The 35 fresh HEU FAs were sent back to Russian Federation. The 36 
new LEU FAs from Russian Federation have been received. The characteristics of HEU and 
LEU FAs is shown in Table 1.  



 
Fig 2. Core configuration of DNRR with 104 HEU FAs 

 

Parameter VVR-M2 
HEU 

VVR-M2 
LEU 

Enrichment, % 36 19.75 

Average Mass of 235U in FA, g 40.20 49.70 

Fuel Meat Composition U-Al Alloy UO2+Al 

Uranium Density of Fuel Meat, g/cm3 1.40 2.50 

Cladding Material Al alloy Al alloy 

Fuel Element Thickness (Fuel Meat and 
Cladding), mm 

2.50 2.50 

Fuel Meat Thickness, mm      0.70 0.94 

Cladding Thickness, mm 0.90 0.78 

Tab 1:  The characteristics of HEU and LEU FAs 

Fuel assembly 
Control rod  
Regulating rod 

Irradiation channel
Beryllium block Neutron trap 
Graphite reflector Irradiation hole 



 According to the results of design and safety analyses performed by the joint study between 
RERTR Program at Argonne National Laboratory and Vietnam Atomic Energy Commission 
the mixed core configurations of irradiated HEU and new LEU FAs has been created [3]. The 
first mixed core configuration has been created on 12 September, 2007. The 8 HEU FAs with 
highest burnup were removed from the core periphery positions. The 8 HEU FAs from 
second ring counted from neutron trap were moved to previous FA positions. The 2 HEU FAs 
from  previous locations of wet irradiation channel and dry irradiation channel were moved to 
2 positions in second ring. The 6 new LEU FAs were added in 6 positions in second ring. The 
2 wet irradiation channels were added in 2 positions of previous locations of wet irradiation 
channel and dry irradiation channel. After reloading the working configuration of reactor core 
consisted of 104 FAs (98 HEU FAs and 6 new LEU FAs). We had first 8 spent HEU FAs. The 
second mixed core configuration has been created on 20 July, 2009. The 6 HEU FAs with 
highest burnup were removed from the core periphery positions. The 6 HEU FAs from 
second ring counted from neutron trap were moved to previous FA positions. The 6 new LEU 
FAs were added in 6 positions in second ring. After reloading the working configuration of 
reactor core consisted of 104 FAs. The working core configuration of DNRR with 12 LEU FAs 
and 92 HEU FAs is shown in Figure 3.  
 

 
 

Fig 3. Working core configuration of DNRR with 12 LEU FAs and 92 HEU FAs 
 
3. Full core conversion status of the Dalat Nuclear Research Reactor 
 
The works on full core conversion for the DNRR are being realized in cooperation with the 
organizations, DOE. The LEU core design commenced by establishing several possible 
cores and roughly analyzing to get some main safety and utilization characteristics such as 
shutdown margin, radial power peaking factors, and neutron performance at some irradiation 
positions. Without neutron trap, criticality will be achieved with 66 fresh LEU VVR-M2 FA, 13 
beryllium rods and 34 aluminium choke rods. Neutronics and steady-state thermal-hydraulic 
analyses for Dalat Nuclear Research Reactor show that with a little change in arrangement 
of Be rods, the main features of 92 LEU VVR-M2 FA cores are equivalent to those of HEU 
and current mixed fuel cores. Preliminary study result can be seen in reference [4]. Figure 4 
shows proposed working core configuration of DNRR with 92 LEU FAs.   
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Fig 4. Proposed working core configuration of DNRR with 92 LEU FAs 

 
Revised safety analysis report is preparing to submit to regulatory in other to get licence. 
Contract for nuclear fuel manufacture and supply for Dalat Nuclear Reactor among JSC 
TVEL, Russia and Vietnam Atomic Energy Institute, Vietnam and Battelle Energy Alliance, 
LLC, USA has been signed. The delivery of new LEU FAs under contract is planed in fourth 
quarter of 2010. The preparing works for shipment of HEU irradiated FAs to Russia are 
going. Restart-up and commissioning plan with full LEU core in realization of full core 
conversion is planned in the end of 2010. Return of Russian irradiated highly enriched 
uranium fuel to the Russian Federation is proposed in 2012. 
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ABSTRACT 
 

UMo7/AlSi7, UMo7/AlBi5 and UMo8Pt1/Al miniplates have been analysed before 
and after heavy ion irradiation. µ-XRD shows that the Si rich diffusion layer around 
UMo7/AlSi7 particles consists of USi2 and USi2-x phases. During heavy ion 
irradiation of UMo7/AlBi5 samples, a Bi rich layer forms at the interface IDL (inter 
diffusion layer)-Al matrix and Bi precipitates are dissolved. However, an influence 
of the Bi addition on the thickness of the IDL could not be determined. The 
composition and microstructure of the IDL which grew during heavy ion irradiation 
around ground UMo8Pt1 particles differs from comparable treated samples 
containing atomized UMo powder. Also here, any beneficial influence of grinding 
and alloying the UMo on the thickness of the IDL formed during irradiation has not 
been observed. Since very few data exists in the literature on such a comparison 
even on in-pile irradiated fuels, this result is of first interest. 

 
 
 
1. Introduction 
 

 
To define the most promising candidates for a future in-pile test of high density fuel for 
research reactors 20 different miniplates have been produced by AREVA-CERCA. They 
combine the most promising options to avoid the formation of the UMo/Al interdiffusion layer 
(IDL) during irradiation [1]. From each miniplate a set of samples has been obtained which 
afterwards has been characterized by TUM and CEA before and after heavy ion irradiation 
using XRD, µXRD and SEM/EDX. Irradiation with heavy ions has been shown to create 
effects comparable to those observed during in-pile tests [2]. Details on the irradiation 
procedure have been presented before [3]. A first communication has been focused on the 
behaviour of four UMo7/AlSi miniplates obtained with atomized powder and different Si 
concentrations (0, 2, 5, 7wt%) [4].  
In this paper, on top of a detailed analysis of the crystallographic composition of Si rich 
diffusion layer (SiRDL) in UMo7/AlSi samples, the interest of adding Bi to the Al matrix will be 
discussed. In the last part of this paper, the behaviour under irradiation of UMo8Pt1 (1wt% 
Pt) ground powders will be presented. 



 
2. Sample manufacturing 
 
All miniplates have been produced by AREVA-CERCA through conventional hot-rolling with 
a subsequent blister-testing step. The samples containing Bi and Si have been produced 
using atomized U7Mo powder obtained from KAERI, whereas the UMo8Pt1 samples have 
been prepared with ground powder. The latter has been produced by AREVA-CERCA using 
a process similar to the one used to produce the UMo powder for the IRIS-TUM full size 
plates [5]. The ingot production has been followed by a thermal treatment step to increase 
homogeneity and to retain the γ-phase of UMo. Afterwards, the ingots were ground under an 
inert atmosphere. Depleted uranium has been used for all samples.  
AlBi and AlSi powders have been prepared by blending very fine (-325mesh) and high purity 
powders [4]. Each miniplate has been subjected to the same hot-rolling and blister testing 
procedure making sure that all samples are comparable. 
 
 
3. Si rich diffusion layer around UMo particles  
 
In our previous communication [4], the elementary composition of the SiRDL surrounding the 
fresh UMo particles in miniplates UMo7/AlSi2, UMo7/AlSi5, UMo7/AlSi7 has been studied in 
detail. However the crystallographic composition of these SiRDLs remained to be analysed. 
In this section, the µ-XRD analyses of the SiRDLs in UMo7/AlSi7 miniplates are presented. 
 
 

a. Sample preparation 
 
UMo particles were extracted from the mini plates and glued on top of quartz capillaries. 
More details on this methodology are given elsewhere [6]. Note that for preserving the SiRDL 
during this operation, an Al layer around the particles has been kept.  
   
  

b. μ-XRD analysis of the SIRDL 
 
Six particles have been characterized by XRD in transmission mode using a micro-focused 
X-ray beam (3×3 µm²) at the micro-XAS beamline at SLS (Swiss Light Source, Villingen, 
Switzerland). X-ray beam energy was set to 19.7keV. Figure 1 shows an example of the data 
collected at the periphery of the particles. The size of the X-ray beam exceeded the 
thickness of the SiRDL which was lower than 2µm. Therefore the analysed volume was not 
strictly restricted to the SiRDL but some parts of the UMo core and of the Al were also 
probed. UO2 pollutions have also been observed.   
 
In each studied sample the presence of USiY phase(s) exhibiting broad X-ray peaks has 
been observed. These features indicate very probably that: 

• different USiY phases with strongly overlapping peaks can be found in the SiRDL, 
• these phases are characterized by small sizes of the crystallites (a few tens of 

nanometers) and/ or cell parameter gradients.  
On the one hand, no significant amount of U(Al,Si)3 or of any ternary phase UxMoyAlz has 
been identified in the diagram in Figure 1, and very little in the other diagrams collected on 
these particles. 
On the other hand, the presence of the USi2-x or U3Si5 (P6/mmm, a= b=3.89 Å c=4.017 Å) 
phase could be assessed. However this phase alone does not reproduce the measured XRD 
diagram. 
Among all the previously reported USi and UAlSi crystal structures, only one was found to 
improve significantly the fit of the measured data: stoichiometric USi2 [7]. Indeed strong 
distortion in the cell parameters or in the intensities (cf. Table 1), should have been assumed 
for using other USi or UAlSi compounds. Note that for example, an almost cubic USi2-x or 



U3Si5 phase (P6/mmm, a= b=3.95 Å c=3.97 Å) with smaller grain size would have lead to the 
same refinement quality than the addition of USi2 and USi2-x or U3Si5 (P6/mmm, a= b=3.89 Å 
c=4.013Å). However the presence of such a compound has never been reported up to now. 
 
Structure  Space group a (Å) b (Å) c (Å) Unit cell 

volume (Å) 
Reference 

USi2 P6/mmm 4.028 4.028 3.852 55.12 [7] 
USi2-x 

GdSi2-type (β) 
P6/mmm 3.839 

 
3.839 4.072 51.97 [8] 

USi2-x (USi1.88) 
ThSi2- type (α) 

I41/amd 3.99 
3.98 
3.922 

3.99 
3.98 
3.922 

13.15 
13.74 
14.152 

 [8] 
[9] 
[10] 

U3Si5 (USi1.66) 
GdSi2-type (β) 

hP3, 
P6/mmm 

3.89 
 

3.89 
 

4.017 
 

52.8 [8] 
 

U3Si2Al3 I4 7.6292 7.6292 10.85  [11] 
 
Table 1: Crystal structures of USi and USiAl phases. The characteristics of USi3 and U(Al,Si)3 
are not mentioned here but are indicated in the text. 
 
 

Figure 1: µ-XRD characterization of the SiRDL in an UMo7/AlSi7 particle. Optical microscopy of 
the sample (A-), collected µ-XRD image (B-) and analysis of the associated 1D pattern (C-). 
 
 
Note that Dwight mentions that the presence of such a phase (stoichiometric USi2) remains 
controversial [8] and that it must be stable only up to 450°C [7], in agreement however with 
the temperatures used in the manufacturing process. When heated at temperatures above 
450°C, USi2 should become a mixture between USi2-x and USi3. 
Further work on this phase and its temperature stability are planed to state definitely on that 
point. 
 

c. Discussion 
 
The composition of the SiRDL around UMo atomised particles taken from four different fuel 
plates are up to now reported in literature. These fuel plates are:  

• UMo7/AlSi2, UMo7/AlSi5 from RERTR9A experiment [15] 
• UMo7/AlSi2 plates from IRIS3 experiment [12], 
• UMo7/AlSi7 miniplates [this study]. 

However comparing these results is quite difficult since a limited number of samples has 
been investigated, and since the Si weight fraction in the Al alloy is not the only parameter to 
evolve: the fabrication temperature also does. It is higher than 480°C for RETR09A and 
lower for the other experiments.  
However it appears that: 



• Assuming that the geometry of the sample has not a first order influence (full sized 
versus mini plates), the Si concentration inside the Al matrix may modify the 
composition of the SiRDL: 

o With 2%wt Si the SiRDL appears to consist of U(Al,Si)3 and USi2-x/USi2 phases 
(IRIS-3) [12] 

o With 7wt% Si, the SiRDL evolves and is made of USi2-x/USi2 phases only. 
This influence of the Si content on the composition of SiRDL is consistent with 
previous studies performed on diffusion couples at a close temperature (450°C) [13]. 
However and contrary to what has been found on theses diffusion couples, a Si rich 
phase (USi2-x and/ or USi2) around UMo7 particles has been observed even at low Si 
concentration inside the Al matrix (2wt%). In diffusion couples, a Si rich phase close 
to UMo has only been found at higher Si weight fractions in the Al alloy (partly at 
5wt% and fully at 7wt%). The composition of the SiRDL in the UMo7/AlSi7 miniplate 
is closer to that found on a UMo7/AlSi7 diffusion couple obtained after annealing at 
340°C [14]. 

• The temperatures involved in the fuel plates manufacturing process may play a role 
of first importance not only on the composition but also on the size of the SiRDL by 
inducing or not the destabilization of the γ-UMo phase. Because of the relatively low 
temperatures involved in the fabrication of IRIS3 or UMo7/AlSi7, extensive 
destabilization of the γ-UMo phase in the fissile particle has not occurred. For this 
reason and since the reaction between destabilized UMo and AlSi has probably to be 
avoided to increase the fuel performances [15], only the case of SiRDLs resulting 
from the interaction between γ-UMo and AlSi matrix will be discussed in the following. 
In RERTR09A full plates (especially in UMo7/AlSi5 plates) whereas the fabrication 
temperatures were higher, some SiRDL resulting from the γ-UMo/AlSi interaction 
have been found with SEM and further analysed using TEM [15]. These thin zones 
have been shown to consist of USi1.88, U(Al,Si)3, U3Si2Al3 and U3Si5. Even if the 
tetragonal USi1.88 and the U3Si2Al3 phases have not been identified (absence or low 
amount) neither in UMo7/AlSi7 miniplates nor in IRIS3, this composition seems to be 
quite close to that found in IRIS3 fuel plates (USi2-x and U(Al,Si)3). The absence of 
USi2 in the SiRDL around the RERTR9A particles is probably due to its instability 
above 450°C [7]. However, since no clear data exists on the in-pile behaviour of 
these phases (USi1.88, U(Al,Si)3, U3Si2Al3, U3Si5 and USi2), it is difficult to define which 
should be promoted. 

 
Further work on that field is foreseen to characterize the composition of the interaction layers 
grown by heavy ion irradiation. 
 
 
4. Bi Addition to the matrix 
 
Williams concluded in 1950 that “Bi would seem to be especially recommended” as an 
addition to the Al matrix for reducing the U/Al interaction [16]. On top of excellent behaviour 
under thermal treatment, the author underlines its low neutron absorption cross section. In 
that study this element was thus preferred to Si for limiting the in-pile U/Al interaction. 
Even if this work dealt with the U/Al and not the UMo/Al interaction, a further analysis of 
adding Bi into the Al matrix seems to be of interest. The behaviour of UMo/AlBi5 miniplates 
has therefore been investigated using heavy ion irradiation. 
 
Fresh miniplate examinations using SEM/EDX show that Bi was not dissolved into the Al 
matrix. Indeed this element has only been found in small (<1µm) metal and oxide 
precipitates. Further investigations confirm the high Bi affinity for oxygen: the Bi powder 
already started to oxidize during the powder mixing step (before hot-rolling) performed at 
room temperature. 
 



Heavy ion irradiation strongly modified the matrix microstructure, dissolving the Bi based 
precipitates. This can be clearly seen in transversal cross sections prepared in the irradiated 
zone (cf. Figure 2-b), where the number of Bi precipitates is lower in the part affected by the 
heavy ions (close to the surface) than in the unirradiated part (deeper than 12 µm). However, 
as in the unirradiated zone, no evidence for Bi dissolved into the Al is found. 
As in UMo/Al and UMo/AlSi mini plates, an IDL grew around the UMo particles during heavy 
ion irradiation. The Al/(U+Mo) ratio has been determined to be about 4.3±0.6 and the IDL to 
consist mainly of UAl3 (laboratory XRD).  
An EDX mapping performed on the irradiated surface revealed a Bi rich layer at the interface 
between the IDL and the Al matrix (Figure 2-A). As confirmed by cross section examinations 
(cf. Figure 2-B), this layer seems to be present at each IDL/Al interface whatever the IDL 
thickness (i.e. not only at the sample surface). The thickness of this Bi-rich layer has been 
estimated to ~1µm. Note that Bi seems to be only located in this Bi-rich layer, the IDL itself 
being Bi free. 
Before concluding definitely on the possible interest of Bi for reducing the UMo/Al 
interdiffusion, further studies should be performed to better control the sample manufacturing 
process and to prevent/limit the Bi precipitate oxidation. 
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Figure 2: SEM characterization of the heavy ion irradiated UMo7/AlBi5 miniplate. Surface (A-) 
and cross-sections (B-) analyses. Red frames indicate areas available at a higher 
magnification. Red arrows show the Bi rich layer induced by heavy ion irradiation. 
 
 
 
5. UMoPt/Al miniplate 
 
Up to now, very few data have been reported on the behaviour under heavy ion irradiation of 
UMo/Al fuel plates fabricated using ground powder (except [3]). In this section, the features 
of UMoPt/Al miniplates before and heavy ion irradiation are discussed in details. 
 
A SEM/EDX inspection of the fresh UMo8Pt1/Al miniplate revealed a microstructure typical 
for fuel-plates made with ground powder: UMo particles of different size and irregular shape 
are dispersed inside the Al matrix. They are in general oxidized and frequently look folded 
due to the high mechanic forces applied during grinding. Furthermore, the particles often 
contain oxide stringers (cf. Figure 3). No Pt precipitate has been identified in the UMo 
particles in agreement to previous work on that alloy [17]. However due to the overlap 
between Mo Kα and Pt Lα lines, the presence of this element could not be fully assessed.  
 
 



A- B- 

  
Figure 3: SEM observations of a fresh surface of the UMoPt/Al sample. EDX maps (O K line) 
have been added to confirm the oxidation of the particles. 
 
 
 
XRD examinations before irradiation showed the partial destabilization of the γ-UMo phase: 

• a high α-U content (~5wt.% compared to less than 1wt.% in plates prepared with 
atomized powders). Note that a slight deformation of the α-U lattice parameters has 
been observed.  

• the lattice parameter of the γ-UMo phase is lower (3.40Ǻ) than that found in UMo8 
(3.42 Ǻ), confirming the Mo enrichment of this phase. 

It appears that the addition of1wt%Pt which should have increased the stability of the γ-UMo 
phase [17], could however not prevent a strong destabilization during the fabrication process. 
 
As shown in Figure 4-B, a thick UMo/Al interaction layer has grown at the UMo8 particle 
periphery. To our knowledge, this growth in miniplate prepared with ground powders has not 
been reported before. Even if its microstructure differs from that observed on atomized 
particles, a direct comparison between the thicknesses obtained in both miniplates can be 
proposed: they range from ~7µm to ~15µm around U8MoPt1 particles whereas they do not 
exceed 10µm in the UMo/Al reference sample (atomized powder) [4]. Unfortunately no clear 
data is available on that point on in-pile irradiated fuels: irradiation conditions are often too 
different to allow any comparison.  
The IDL elementary composition has been characterized using EDX on transversal cross 
sections. The measured Al/(U+Mo) ratio is high (>5.3) compared to that observed on UMo/Al 
reference samples (about 3.4±0.1). This difference can be explained by two reasons [4]: 

• It has been found that the Al/(U+Mo) ratio is temperature dependent. Higher 
temperatures lead to Al/(U+Mo)  values close to 3 whereas lower temperatures 
cause higher values. The irradiation temperature of the UMo8Pt1/Al sample was 
therefore probably lower than the temperature of the reference sample [4, 18]. 

• The second reason for this behaviour may be the difference in the composition of the 
two miniplates (UMo8Pt/Al and UMo7at/Al). 

Contrary to the previously analysed UMo7/AlSi samples with atomized powders [4], the IDL 
exhibits a lower oxygen content closer to the surface than deeper (between 1µm and 12µm 
under the surface). Indeed in Figure 4-B, the IDL appears to consist of different sublayers 
whose elementary composition only differs in oxygen content (not significantly in (Al/(U+Mo) 
ratio).  
This high oxygen content in the deepest part of the IDL is most probably a consequence of 
the O presence in the fresh ground UMo particles (see Figure 3-B). 
To sum-up, it has been evidenced that the specific microstructure of UMo ground powders 
has clearly influenced the elementary composition of the IDL (enrichment in oxygen and an 
increase in the Al/(U+Mo) that has to be confirmed) but also its thickness. 
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Figure 4: SEM images taken on the irradiated surface (A-) and on cross sections of the 
UMoPt/Al miniplate (B-) showing the growth of large UMo/Al interaction layer. 
 
6. Conclusion 
 
In this paper, we report the analysis of three different miniplates before and after a heavy ion 
irradiation.  
In the case of UMo7/AlSi7, characterizations have been focused on the crystallographic 
composition of the SiRDL. Two components have been found: additionally to the expected 
presence of USi2-x (or U3Si5), we identified the stoichiometric USi2 phase. 
For UMo7/AlBi5, a singular behaviour of Bi precipitates under heavy ion irradiation has been 
described: they tend to first dissolve and then migrate towards the interface between the 
UMoAl interdiffusion layer (IDL) and the matrix. However the IDLs remain thick and no 
evidence for any beneficial role of Bi has been found up to now. Improvements in the 
fabrication could however be envisaged to limit for example the oxidation of the Bi powder. 
Finally and for the first the first time, we succeeded in growing an IDL in miniplates based on 
ground powders. The size of the IDL in this case seems to be larger than that observed in 
UMo7/Al miniplates prepared with atomized powders and irradiated with heavy ions in similar 
conditions. The analysis of the behaviour under heavy ions irradiation of miniplates 
containing other ground powders (UMo8 alloys with 1.5, 3wt%Nb and 1wt%Ti) is undergoing. 
  
The next step of this project will deal with the heavy ion irradiation of UMo thin film (thickness 
below 4 µm) coating macroscopic Al substrates to enable an easier analysis of the obtained 
IDL with laboratory techniques. 
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ABSTRACT 
Full-size U-10Mo foils are being developed for use in high density LEU 
monolithic fuel plates. The application of a zirconium barrier layer to the foil is 
performed using a hot co-rolling process. Aluminium clad fuel plates are 
fabricated using Hot Isostatic Pressing (HIP) or a Friction Bonding (FB) 
process. An overview is provided of ongoing technology development 
activities, including: the co-rolling process, foil shearing/slitting and polishing, 
cladding bonding processes, plate forming, plate-assembly swaging, and fuel 
plate characterization. Characterization techniques being employed include, 
Ultrasonic Testing (UT), radiography, and microscopy. 

 
 
1. Introduction 
U-10Mo based monolithic fuel plates are being developed for use in high power research and 
test reactors, as shown in Figure 1. Such plates consist of a metallic fuel foil having a bonded 
diffusion barrier-layer at the fuel-clad interface. Currently, a zirconium barrier layer is 
employed for the purpose of controlling UMo-Al interdiffusion at the fuel-meat/cladding 
interface during fuel plate fabrication and during irradiation.[1]. The cladding material utilized 
is Al 6061. 
 
The fuel foil is prepared from a cast and machined coupon of U-10Mo via a hot “co-rolling” 
process. During the co-rolling process, a zirconium barrier layer, ~25μm thick, is bonded to 
each face of the ~0.3 mm thick U-10Mo fuel foil. Foils are subsequently cold rolled to the 
desired fuel meat thickness and sized to final dimensions via shearing or slitting. 
 

 
 

Figure 1. Monolithic fuel plate assembly containing two 57cm long fuel plates. 
 
Currently, two processes for cladding monolithic UMo fuel foils are being developed at the 
Idaho National Laboratory (INL): (1) friction bonding (FB) and (2) hot isostatic pressing 
(HIP).[2] The FB process makes use of thermo-mechanical energy imparted via the 
application of a contacting rotary-tool. As the tool is traversed along the Al-foil-Al layup, 
down-force is applied to an extent that facilitates clad bonding. The HIP process involves the 
application of heat and pressure upon a hermetically sealed, evacuated sample canister 
containing a stack of cladding/fuel foil sheets. 
 
The processing sequence developed at the INL for the preparation of U-10Mo monolithic foils 
having a Zr co-rolled diffusion barrier-layer is shown in Figure 2. 
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Figure 2. Monolithic fuel plate processing scheme. 
 
2. Monolithic Fuel Foil Fabrication 
 
The starting point for full size fuel foil fabrication at the INL is the preparation of cast U-10Mo 
coupons for co-rolling. Coupons were provided by the Y-12 National Security Complex, Oak 
Ridge, TN. Face-machined coupons, ~75 mm x 100 mm x 3.25 mm, were filed to remove 
sharp edges and chemically cleaned using a ~30% nitric acid solution, to remove surface 
oxide contamination. 
 
Material preparation for the hot co-rolling process entails encapsulating a Zr-foil/ U-10Mo 
coupon/Zr-foil layup in a three piece carbon steel plate picture-frame assembly, as hown in 
Figure 3. A colloidal graphite paint “Neolube” was applied to the rolling assembly cover plates 
in order to establish “no-stick” surfaces; allowing the foil to be removed after co-rolling. The 
rolling assembly was edge-welded inside of an argon atmosphere glove box to produce a 
“canned” rolling assembly.  
 

a.  b.  
 

Figure 3. (a) Full size U-10Mo coupon hot rolling assembly lay-up,  
and (b) welding hot rolling assembly 

 
Rolling assemblies are placed on edge (in a plate-rack) inside a preheated box furnace at 
650°C for 30 minutes prior to rolling. The rolls on the FENN® two-high rolling mill were 
preheated overnight, prior to hot rolling, to 80°C using heating blankets. 
 
The rolling schedule used was based on the thickness of the rolling assembly, which can be 
directly measured throughout the hot rolling process. The percent reduction is based on 
per-pass thickness reduction and limited to less than 100,000 lbs load force on the mill. The 
per-pass reduction range generally used was 5 to 20%. Assembly reheating, 5-15 minutes, 
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was typically performed every 2-3 passes at 650°C. An example rolling reduction plot is 
shown in Figure 4. 

 
 

Figure 4. Plot of rolling assembly thickness versus time during hot co-rolling. 
 
After hot co-rolling reduction was complete, the canister assemblies were placed back in the 
furnace at 650°C for 45 minutes. Heat treated foils were then de-canned by removing the 
perimeter of the rolling assembly using a hand-held power shear, as shown in Figure 5. Next, 
Zr bonded U-10Mo co-rolled foils were cold rolled to achieve final thickness using a four high 
rolling mill. This step was employed in order to precisely establish the fuel meat thickness, 
typically 0.38 mm, and to smooth out fuel meat thickness variations imparted via the hot co-
rolling process. A cross sectional image of a co-rolled U-10Mo fuel foil after final cold rolling 
is shown in Figure 6. 
 

a.   b.  
 

Figure 5. (a) Decanning of co-rolled assembly, and  
(b) Zr co-rolled U-10Mo monolilthic fuel foil 

 
Prior to foil sizing operations, foils are cleaned/polished using a paste comprising 30 μm 
diamond powder suspended in a water soluble binder. Polished Zr co-rolled foils were 
typically free of radiological contamination. Foil shearing was used to establish the final 
length and width of each fuel foil. Shearing was performed using either a bench-top shear or 
a hydraulic squaring-shear, depending on the length of the foil. 
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Figure 6. Cross sectional scanning electron microscope (SEM)  
micrograph of a Zr co-rolled U-10Mo fuel foil 

 
3. Cladding Application 
 
The cladding material used for both the HIP and FB processes was Al 6061 sheet stock 
supplied in the T6 condition. Two cladding sheets were prepared for each fuel plate 
assembly, i.e. a top/cover plate (~0.6 mm) and a bottom/pocket plate (~1.0 mm). Both sides 
of each cladding sheet were brushed using a stainless steel bristle brush mounted in a milling 
machine tool holder. A foil retention pocket was machined in the bottom cladding sheet to 
prevent foil shift during processing. For HIP plate processing, cladding sheets were 
additionally chemically cleaned using a sodium hydroxide bath, followed by a nitric acid dip, 
and finally a two-step rinse in cold then hot de-ionized water. 
 
Cladding was bonded to the fuel foils using the Friction Bonding (FB) process developed at 
INL. The process utilizes a water cooled rotating tool configured in a commercial friction 
bonding workstation (Transformation Technologies, Inc., Elkhart, IN). FB run set-up consisted 
of laying up a cladding/foil “pack”, comprised of the polished fuel foil and two sheets of 6061 
aluminium. Overlapping bonding passes were performed on both sides of the clad/fuel/clad 
layup. 
 
Fuel plate samples are HIP processed at the INL and also Babcock & Wilcox Nuclear 
Operations Group - Lynchburg. HIP processing assemblies consist of an evacuated stainless 
steel “can” containing clad/fuel-foil/clad plate layups; each layup being separated by a “strong 
back/steel plate” and Grafoil™ sheets. HIP can preparation has been previously reported.[3, 
4] HIP runs were conducted at 560oC for a period of 90 minutes and 100 MPa. 
 
4. Fuel Plate Final Processing and Characterization 
 
Following clad application operations, the fuel plates were non-destructively evaluated for 
clad/foil bonding and cladding thickness using an Ultrasonic Testing (UT) workstation. Once 
the initial cladding thickness over the fuel zone was established, an end mill was used to 
machine fuel plates to final thickness, 1.25 mm thick, and maintaining a minimum cladding 
thickness of 0.15 mm, over the fuel region. Once machined to thickness, final plate 
dimensions were established via shearing. 
 
An oxide film “boehmite” was applied to dimensioned fuel plates using an autoclave 
treatment consisting of a four hour treatment at 185 °C and ~160 psi (1.1 Mpa) in pH 6-8 
adjusted de-ionized water. Prior to autoclaving, fuel plates were chemically cleaned using the 
sodium hydroxide solution etching process described above; including the nitric acid dip and 
water rinse steps. 
 

200µm
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5. Development Activities 
 
Over the course of the last four years, RERTR fuel plate sample size has increased from 
25 mm x 100 mm, to 55 mm x 1100 mm. As such, efforts are underway to facilitate 
fabrication of full size fuel plates that are conducive to having a radius of curvature 
established via a “press-forming process”[5]. Supporting this objective are a series of 
on-going development activities including: (1) precise-width foil preparation using a slitter 
machine, (2) preparation of DU-10Mo surrogate HIP fuel plates for press-forming studies, 
(3) tooling and method development for a force-feedback or semi-automated fuel plate-to-rail 
swaging system, (4) demonstration of a digital radiography system for mapping the fuel meat 
thickness of in-process fuel foils and HIPed fuel plates, and (5) demonstration of a UT 
workstation for curved fuel plates. 
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ABSTRACT 

Spent fuels from research reactors are stored in basins with water of less than 
desirable quality at many facilities around the world and instances of cladding 
failure caused by pitting corrosion have been reported. Conversion coatings have 
been used in many industries to protect different metals, including aluminium 
alloys. This paper presents the results of an ongoing investigation in which the 
corrosion resistance of lanthanide (cerium, lanthanum and praseodymium) based 
conversion coated RR fuel cladding alloys has been studied. Electrochemical tests 
in the laboratory revealed higher corrosion resistance of CeO2, La2O3 and Pr2O3 
coated AA 1100 and AA 6061 alloys in NaCl solutions. Uncoated and CeO2 coated 
coupons of these alloys exposed for 50 days to the spent fuel basin of the IEA-R1 
research reactor in IPEN, Brazil, revealed marked reductions in the extent of pitting 
corrosion.   

 

1. Introduction 
 

A very large number of research reactor spent fuel assemblies are stored in wet facilities 
around the world and most of these assemblies are clad with aluminium or an aluminium 
alloy. [1] Pitting corrosion is the main form of degradation that could lead to breach of the 
cladding and release of fissile material to the environment and contamination of the storage 
facilities as well as other stored fuels. Corrosion of aluminium cladding of spent RR fuels can 
be reduced to a large extent by maintaining the storage pool or basin water parameters 
within specified limits. In spite of maintaining water parameters within specified limits, factors 
such as bimetallic contact, settled solids and synergism between the effects of many basin 
water parameters affect the corrosion of aluminium and its alloys. [2, 3] 
 
Conversion coatings have been extensively used in many industries to control the corrosion 
of various metals. In the early 50’s this method of corrosion control was briefly used to 
protect research reactor fuel prior to use in the reactor and subsequently discarded. Since 
then, significant progress has been made and new conversion coatings are available to 
protect Al surfaces. Many facilities around the world store spent fuels in water of less than 
desirable quality and many instances of cladding failure have been reported. It is imperative 
that some form of corrosion protection be given to stored spent RR fuel, primarily from the 
safety standpoint. In the last two decades, rare earth compounds have been considered in 
the development of corrosion protection systems for aluminium alloys, primarily to substitute 
chromates, because of the toxicity of the latter. [4] Having observed the formation of cerium 
hydroxide films on Al alloys immersed in solutions containing cerium compounds as 
inhibitors, other chemical treatments have been proposed to form rare earth based 
conversion coatings on Al alloys. [5-8] Use of conversion coatings to protect spent research 
reactor fuel assemblies was proposed last year and the results of an exploratory 
investigation were reported at RRFM 2009. [9] 
 



This paper presents the results of an ongoing investigation at IPEN, Brazil, in which the 
corrosion resistance of lanthanide (cerium, lanthanum and praseodymium) based conversion 
coated RR fuel cladding alloys has been studied. In these studies: (a) racks of uncoated and 
coated Al alloy coupons were exposed to the IEA-R1 research reactor spent fuel basin 
followed by their examination; (b) the electrochemical behavior of uncoated and coated Al 
alloy specimens in NaCl solutions was determined.  
 
2.  Methods and materials 

 
Aluminium alloys AA 1100 and AA 6061 (Table 1) sheets were used in the laboratory and 
exposure tests. The laboratory test specimens 2 x 2 x 0.2 cm were prepared using standard 
procedures, the specimen surfaces acid activated and then coated with oxides of cerium, 
lanthanum, praseodymium and an oxide concentrate of cerium. [9] Cerium oxide was 
deposited by immersing the specimen for 5 minutes in a 1 liter solution containing 0.035 M 
CeCl3, 0.12 M H2O2, 1mM Cu (glycinate), 1 mM Ti(O2)

2+ at 43 ° C. [9] The other oxides were 
deposited by immersing specimens in similar solutions except with the appropriate 
lanthanide (rare earth – RE) chloride. The electrochemical behavior of uncoated and coated 
specimens of the two alloys was determined from anodic potentiodynamic polarization 
measurements carried out with a standard 3-electrode arrangement in 0.1 M NaCl.  
 

Table 1. Chemical composition of aluminium alloys (wt%) 
 

Alloy  Cu Mg Mn Si Fe Ti Zn Cr 
AA 1100 0.16 <0.1 0.05 0.16 0.48 0.005 0.03 0.005 
AA 6061 0.25 0.94 0.12 0.65 0.24 0.04 0.03 0.04 

 
The field exposure test consisted of preparing Al alloy coupons, stacking of these coupons in 
racks, immersion of the racks in the spent fuel section of the IEA-R1 research reactor in 
IPEN, Brazil, for predetermined periods, removal of the racks and examination of the 
coupons. This procedure was used in the IAEA coordinated CRP on “Corrosion of Research 
Reactor Aluminium Clad Spent Fuel in Water”. [2] Circular coupons 10 cm in diameter and 3 
mm thick of the two alloys were coated using the procedure described above for the 
laboratory test specimens. The coupon stacking sequence in the racks from top to bottom 
consisted of as-received; oxidized; cerium oxide coated; cerium oxide concentrate coated; 
praseodymium oxide coated; lanthanum oxide coated. Some coupons were oxidized at 300° 
C in air for 4 h to form a surface oxide layer simulating surface conditions of spent fuel 
plates. This paper presents details of surface features of AA 1050 and AA 6061 coupons 
exposed for 50 days. Further rack withdrawals are scheduled after coupon exposures to the 
IEA-R1 reactor spent fuel section for 100, 200, 300 and 500 days. Preparation of and field 
testing of further coupons of the two alloys coated with these and other lanthanide 
compounds are also part of this ongoing programme. The surfaces of all the laboratory test 
specimens and the field test coupons, both prior to and after the tests, were examined in 
optical microscopes and a scanning electron microscope (SEM) coupled to an energy 
dispersive spectrometer (EDS),   
 
3. Results and discussion 

 
The surfaces of the two alloys immersed in the cerium chloride solution revealed non-
uniformly distributed CeO2 on copper deposits on AA 1100 and preferred formation of CeO2 

at both the intermetallic precipitates (IMP) and on copper deposits on AA 6061, as shown in 
Fig. 1a and in the EDS spectrums in Figs.1b and 1c.  
 



 
(a) 

 

 
(b) 

 
(c) 

    
Figure 1. (a) Scanning electron micrograph of AA 6061 immersed for 5 minutes in the cerium 

chloride solution; (b) EDS spectrum of region 1; (c) EDS spectrum of region 2. 

The anodic polarization curves of the two alloys with or without the coatings were quite 
similar. The free corrosion potential (Ecorr) was recorded and the corrosion current densities 
(Icorr ) determined by the Tafel extrapolation method [10]. The anodic curves were almost 
unaffected by the presence of the conversion coatings, whereas the cathodic branches 
appeared strongly reduced. Table 2 summarizes the corrosion potentials and current 
densities of the uncoated and RE oxide coated specimens. Lanthanide oxide coatings 
produce a higher free corrosion potential with respect to the uncoated specimens. The 
cathodic current densities shown in Table 2 are lower in the presence of cerium and/or 
cerium concentrate on the specimen surface of both alloys compared to the uncoated 
specimen, indicating the protective nature of this oxide. The Pr2O3 and La2O3 coated AA 
6061 specimen reveals a similar behavior. However, the invariant current density of the 
Pr2O3 and La2O3 coated AA 1050 could be attributed to limited cathodic sites on this alloy 
and consequent inadequate precipitation of the two rare earth oxides. 
 
 
 



 
Table 2. Corrosion current (Icorr) and potential (Ecorr) of the alloys in 0.1M NaCl 

Alloy Coating Icorr ( mA.cm-2) Ecorr ( mV vs SCE) 
None 5.0 x 10-6 - 850 
CeO2 4.1 x 10-7 - 683 

CeO2 from 
Concentrate 

          4.1 x 10-7 - 685 

Pr2O3 2.7 x 10-6 - 690 

 
AA 1100 

La2O3 2.8 x 10-6 - 700 
None 4.0 x 10-5 - 770 
CeO2 1.4 x 10-6 -728 

CeO2 from 
Concentrate 

4.2 x 10-6 -705 

Pr2O3 8.0 x 10-6 -723 

 
A 6061 

La2O3 1.5 x 10-6 - 695 
 
 
Table 3 summarizes the results of visual and optical microscopic examination of the surfaces 
of coupons exposed for 50 days to the IEA-R1 research reactor spent fuel section. Pre-
oxidized AA 1050 and AA 6061 coupons revealed fewer pits compared to the as-received 
coupons. The CeO2 coated as-received and pre-oxidized AA 1050 and AA 6061 coupons 
continued to be yellow in color indicating the presence of CeO2 on the coupon surface after 
50 days. These coupons revealed very few and extremely small pits indicating the protective 
nature of this oxide.  
 
 

Table 3. Number of pits on coupon surfaces after 50 days of exposure to the IEA-R1 spent 
fuel section. (pit diameters 5-20 µm) 

 
AA 1050 AA 6061 Condition of coupon 

Top Bottom Top Bottom 
As-received 20 15 4 3 
Pre-oxidized 8 5 5 3 
Pre-oxidized and CeO2 coated 5 3 7 2 
Pre-oxidized and CeO2 concentrate coated 3 2 13 5 
As-received and CeO2 coated 6 6 - - 
As-received and CeO2 concentrate coated 19 18 20 18 
As-received or pre-oxidized and Pr2O3 
coated 
As-received or pre-oxidized and La2O3 
coated 

 
Large number of pits 

 
 
The CeO2 concentrate coated as-received and pre-oxidized AA 1050 and AA 6061 coupons 
were grey-white and revealed some pits. Pre-oxidized coupons revealed fewer pits than the 
as-received coupons in the presence of ceria concentrate. Overall, CeO2 concentrate was 
less effective than CeO2 in terms of corrosion protection. The Pr2O3 and La2O3 coated AA 
1050 and AA 6061 coupons revealed a large number of pits. The AA 6061 coupon had more 
pits than the AA 1050 coupon. The marked pitting of the Pr2O3 and La2O3 coated coupons 
could be attributed to insufficient and non-homogeneous deposition of these two rare earth 
oxides under experimental conditions similar to that used to deposit CeO2. Preferred 
precipitation of Pr2O3 and La2O3 in the respective solutions occurred while the coupons were 



being chemically treated and this was caused by localized pH increase due to Al oxidation. 
Attempts to prepare solutions to obtain Pr2O3 and La2O3 deposits on Al alloys are in 
progress.  
 
4. Conclusions 
 

1. The lanthanide based chemical conversion coatings ennobled the corrosion potential 
and inhibited both the cathode and anode reactions rates.  

2. The experimental condition to deposit Pr2O3 and La2O3 on Al alloys requires 
optimization.  

3. Long term tests using as-received and pre-oxidized coupons revealed marked 
improvements in corrosion resistance of the alloys exposed to the IEA-R1 research 
reactor spent fuel basin. 

4. Overall, lanthanide based, and especially cerium dioxide, conversion coatings can be 
used to improve the pitting corrosion resistance of Al-clad spent RR fuel assemblies. 
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Fig 1. Loading spent fuel in ISO 
container into AN-124-100 cargo aircraft
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ABSTRACT 
 

In June 2009 two air shipments transported both unirradiated (fresh) and irradiated (spent) Russian-
origin highly enriched uranium (HEU) nuclear fuel from two research reactors in Romania to the 
Russian Federation (RF) for conversion to low enriched uranium (LEU). The Institute for Nuclear 
Research at Pitesti (SCN Pitesti) shipped 30.1 kg of HEU fresh fuel pellets to Dimitrovgrad, Russia 
and the Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH) shipped 23.7 
kilograms of HEU spent fuel assemblies from the VVR-S research reactor at Magurele, Romania, to 
Ozersk, Russia. Both HEU shipments were coordinated by the Russian Research Reactor Fuel Return 
Program (RRRFR) as part of the U.S. Department of Energy Global Threat Reduction Initiative (GTRI), 
were managed in Romania by the National Commission for Nuclear Activities Control (CNCAN), and 
were conducted in cooperation with the Russian Federation State Corporation for Atomic Energy 
Rosatom and the International Atomic Energy Agency (IAEA). Both shipments were transported by 
truck to and from respective commercial airports in Romania and the Russian Federation and stored at 
secure nuclear facilities in Russia until the material is converted into low enriched uranium.  These 
shipments resulted in Romania becoming the 3rd country under the RRRFR program and the 14th 
country under the GTRI program to remove all HEU. This paper describes the research reactor 
preparations and license approvals that were necessary to safely and securely complete these air 
shipments of nuclear fuel. 
 
 
1. Introduction 
1.1 GTRI and RRRFR Programs 
In cooperation with the IAEA, the United States 
Department of Energy National Nuclear Security 
Administration (NNSA) created the RRRFR 
Program as part of GTRI to assist with the transfer 
of Russian-origin highly enriched uranium (HEU) 
research reactor fuel from third countries to the 
Russian Federation to reduce proliferation risks 
associated with HEU in research reactors. The 
United States (US) and the RF signed an 
agreement in 2004 to assist countries with these 
transports. GTRI and RRRFR work in close 
cooperation with the IAEA and Rosatom to safely 
and securely complete these HEU transfers.  As of 
January 2010, RRRFR has helped safely transport over 1051 kg of HEU to Russia. 

                                                 
1
Work supported by the U.S. Department of Energy Office of National Nuclear Security Administration under DOE Idaho 

Operations Office Contract DE-AC07-05ID14517. 
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Fig 2. VVR-S reactor

Fig 3. TRIGA reactor 

 
1.2 Romania Participation in GTRI 
In 2003 Romania agreed to transport 14.3 kg of HEU unirradiated (fresh) fuel to Russia 
making it the second country to ship HEU under the RRRFR program. All Romania HEU 
shipments under RRRFR were managed by CNCAN, in conjunction with SCN Pitesti, and 
IFIN-HH. Planning began in 2004 for shipment of the HEU spent fuel from the VVR-S 
research reactor and shipment was completed in June 2009. SCN Pitesti also shipped 
US-origin HEU spent fuel under another GTRI program in 2008, not discussed in this paper.  
In June 2009, RRRFR assisted with the SCN Pitesti shipment of their remaining HEU fresh 
fuel and with the IFIN-HH shipment of all HEU spent fuel from the VVR-S reactor. The VVR-S 
shipment was the world’s first air shipment of spent nuclear fuel under existing international 
laws that did not require special exceptions to obtain the air shipment licenses.  As the result 
of these fresh and spent fuel shipments, all HEU has now been removed from Romania. 
 
1.3 Facility Descriptions 

1.3.1 VVR-S Research Reactor (IFIN-HH) 
The VVR-S reactor is a light water moderated research reactor that 
began operation in 1957 with EK-10 fuel assemblies (10% enriched), 
converted in 1984 to type C-36 fuel assemblies (36.6% enriched), and 
was shut down in 1997. IFIN-HH performed nuclear physics research 
and radioisotope production during 40 years of VVR-S operation.  
Decommissioning is now in progress and all HEU C-36 fuel 
assemblies were removed in June 2009. 
 

1.3.2 TRIGA Research Reactor (SCN Pitesti) 
The Institute for Nuclear Research at Pitesti was founded in 1971 to 
foster peaceful uses of nuclear power and has developed technologies, 
computer codes, and experiments for nuclear power plant applications. 
SCN Pitesti operates a TRIGA 14 MW reactor and provides technical 
support for the Cernavoda nuclear power plant. The TRIGA reactor was 
fully converted to use LEU in 2006 and the last HEU was removed in 
June 2009. 
 

1.4 HEU Fuel Quantities Shipped by RRRFR 
Two HEU fresh fuel shipments and one HEU spent fuel shipment were completed under the 
RRRFR program.  Additional HEU shipped under another GTRI program is not included in 
these totals. 
 

Date Type Quantity (kg) Description 
September 30, 2003 Fresh  14.3 150 type C-36 fuel rods (36.6% enriched) 

June 28, 2009 Fresh 30.1 
44.4 

182 uranium metallic pellets (20.1% enriched) 
June 29, 2009 Spent 23.7 70 type C-36 fuel assemblies (36.6% enriched) 

Total HEU 68.1  

Table 1. HEU fuel quantities 

2. Shipment Preparations 
Significant preparations were required for each HEU shipment to assure safe and secure 
handling and transport of the material.  The first fresh fuel shipment required about 4 months 
of preparation and the last shipment, significantly expedited, was completed in only 23 days. 
Preparations for the spent fuel air shipment were more extensive and required 4-1/2 years. 
 
2.1 VVR-S Research Reactor Preparations 

2.1.1 Spent Fuel Cask Selection 
Spent fuel casks available for shipping type C-36 fuel assemblies were assessed for 
suitability, including the TUK-19, VPVR/M, and LWT casks.  In early 2006, CNCAN and 
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Fig 4. Loading 
TUK-19 cask

Fig 6. Loaded 
TUK-19 casks in ISO 
container 

Fig 5. VVR-S spent 
fuel in storage pool 

IFIN-HH selected the TUK-19 cask and all subsequent facility 
modifications, equipment designs, preparations, and licensing activities 
followed from this choice.  The 70 HEU spent fuel assemblies were 
loaded into 18 TUK-19 casks secured inside 6 ISO containers. 
 

2.1.2 VVR-S Facility Modifications 
The existing reactor hall overhead crane was sufficient to lift fully loaded 
TUK-19 casks and the reactor hall floor was structurally adequate to 
transport the casks by truck into and out of the hall and store the loaded 
casks on the reactor hall floor.  Both the inside and outside truck lock 
access doors and two truck lock floor hatches were replaced.  The reactor 
hall floor was refurbished with an easily decontaminable epoxy surface. A new small 
cantilever crane was mounted in the cask loading area to install the TUK-19 cask lids. 
IFIN-HH installed new reactor hall personnel access doors and repaved roads to support the 
truck weights during shipment. IFIN-HH also installed a secondary fence, guard post, and 
security devices around the reactor building and cask storage area to increase security 
during loading. 
 

2.1.3 Spent Fuel Inspections 
Inspections and burn up calculations of the HEU spent fuel were 
completed in 2007. Storage pool records indicated there were no 
leaking C-36 assemblies and dimensional tests confirmed that all C-36 
assemblies could be loaded into the TUK-19 casks.  Mayak 
representatives reviewed and accepted all inspection data.  IAEA and 
EURATOM safeguards inspectors witnessed the cask loading 
operations, verified the fuel documentation, and applied tamper 
indicating seals on each loaded TUK-19 cask. 
 

2.1.4 Spent Fuel Air Shipment Planning 
The initial plan was to transport the HEU spent fuel by rail in TUK-19 
casks but in late 2006, the Sosny R&D Company proposed that the 
IAEA Regulations for the Safe Transport of Radioactive Material (TS-R-
1) and the Russian Federation Safety Rules in Transportation of 
Radioactive Material (NP-053-04) allowed the air shipment of spent 
fuel in Type B(U) casks if the radioactive content did not exceed 3000 
times the “A2” radionuclide values in Table 1 of TS-R-1 and the 
equivalent table in NP-053-04.  Sosny preliminary calculations 
suggested the total VVR-S HEU spent fuel activity would be less than 
3000A2 and proposed to license and use the TUK-19 casks for air 
shipment of the Romanian HEU spent fuel.  CNCAN, as the nuclear 
regulatory authority for Romania, agreed that if the Russian Federation 
issued an air shipment license for the HEU spent fuel and if the 
Russian licensing documentation also met Romanian requirements, 
then CNCAN would issue a Romanian air shipment license. The 
RRRFR program agreed with this air shipment proposal. 
 

2.1.5  TUK-19 Air Shipment Equipment 
Air shipment of the TUK-19 casks required new freight containers and cask tiedowns to allow 
multi-modal transport of the TUK-19 casks. Sosny R&D Company designed a special ISO 
container and cask tiedown system that was fabricated and tested in the Russian Federation 
to hold one, two, or three TUK-19 casks in each ISO container. The containers and tiedowns 
were certified for land, rail, water, and air modes of transport. The air carrier, Volga-Dnepr 
Airlines Company, participated in the design and testing to assure the cask ISO containers 
would meet all Russian and international air transport requirements. 
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Fig 7. Spent fuel 
transfer cask 

Fig 8. Fresh fuel in 
TK-S16 containers

Fig 9. Inspecting fresh fuel 

2.1.6 Spent Fuel Transfer Cask 
The TUK-19 casks could not be submerged in the spent fuel storage pool 
and loading in air by remote crane was not authorized. To assure 
radiologically safe cask loading operations, Sosny R&D Company 
designed a lead shielded transfer cask to load the cask baskets in the pool 
and transfer the loaded baskets into the TUK-19 casks positioned on the 
reactor hall floor. SCN Pitesti fabricated and tested the equipment which 
worked well and maintained personnel radiation exposure well below 
allowable limits. 
 
 

2.1.7 Procedures and Training 
Transfer cask handling procedures, TUK-19 cask loading procedures, and ISO container 
handling procedures were developed and approved as IFIN-HH documents. Mayak 
concurred with the procedures and assisted Sosny with training the IFIN-HH operators at the 
VVR-S reactor. The IFIN-HH operators passed written examinations by CNCAN before being 
qualified for cask loading.  Before the empty TUK-19 casks were delivered to VVR-S, 
IFIN-HH operators used the transfer cask equipment, a mock-up of a TUK-19 cask, and 
mock-up fuel assemblies to train operators to load the TUK-19 casks. 
 

2.1.8 Equipment Demonstration 
The transfer cask equipment was operationally tested at SCN Pitesti and later demonstrated 
in VVR-S with mock-up fuel assemblies to validate the operating procedures and safety of 
operations. The demonstration identified the need to add a small cantilever crane to position 
the TUK-19 cask lid quickly on the cask body after loading to reduce personnel radiation 
exposure and this crane was installed prior to loading. Truck tests were conducted with 
empty ISO containers to assure adequate access to the reactor hall and resulted in minor 
modifications along the access route.  ISO containers with empty VPVR/M shipping casks 
were loaded and unloaded from an AN-124-100 cargo aircraft to demonstrate the ISO 
containers could be loaded into the cargo aircraft. The dimensional and mass similarities 
between the VPVR/M and the TUK-19 cask ISO containers validated this test as an 
acceptable demonstration of the aircraft loading procedures for the TUK-19 ISO containers.  
 
2.2 SCN Pitesti Shipment Preparations 

2.2.1 Fresh Fuel Cask Selection 
Two type IP-2 Russian TK-S16 shipping containers were used for the 
fresh fuel transport. Because the fuel was in pellet form, rather than in 
fuel assembly form, the 182 pellets were placed inside 14 plastic 

containers and 7 plastic containers were 
placed inside each TK-S16 shipping 
container.  The canisters were transported on 
an IL-76 cargo aircraft. 
 

2.2.2 Fresh Fuel Inspections 
IAEA and Euratom safeguards inspectors verified each fuel pellet 
serial number, weighed all material, and applied tamper indicating 
seals on each loaded TK-S16 shipping container. 
 

3. License Approvals 
More than 23 licenses, permits, government decrees, and other legal documents were 
required for Romanian and Russian authorities to approve the fresh and spent fuel 
shipments.   
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Fig 11. Fresh fuel departing Bucharest 

Fig 10. Russian and Romanian 
permits and licenses 

Experience from other RRRFR shipments helped minimize the time and effort required for 
the fresh fuel shipment licenses so their preparations and approvals were relatively quick.  
CNCAN issued a “Shipping Certificate for Radioactive Materials R/402/IF-96T,” and a 
“Validation Certificate for the Approval of Transport Casks Model Intended to Transport 
Radioactive Materials, No. R/402/IF-96,” for the fresh fuel shipment. The Russian Federation 
issued a “Certificate of Approval of TK-S16 Package Design and Shipment RUS/3116/IF-

96Т” and Import License No. L6439732060854 to 
authorize the fresh fuel shipment. 
 
The spent fuel shipment took significantly more effort in 
both Romania and Russia because no license had ever 
been granted for air shipment of spent fuel in a Type B(U) 
cask without special exceptions. Although the existing 
regulations allowed it, air shipment of spent fuel was a new 
licensing activity that required careful and thorough review 
by all parties to assure the transport could be performed 
safely and securely.  
 

The most significant spent fuel license was the combined cask and transportation license 
“Certificate of Approval for Package Design and Shipment, TUK-19 Transport Packaging with 
S-36 SFAs of Romanian VVR-S Research Reactor, Shipment by Road and Air, document 
number RUS/3104/B(U)F-96T” issued by the Russian Federation. Russian organizations 
authorized by Rosatom performed safety analyses, security evaluations, and expert reviews 
to provide all supporting documentation for the license application. After Rosatom approved 
the license for the Russian Federation, CNCAN reviewed all supporting documents to assure 
they complied with Romanian law and issued a “Road and Air Shipment Certificate 
R/400/B(U)F-96T(1/2009)” authorizing air shipment within Romania. No transit country was in 
the flight path so no transit country licenses were required. 
 
Russian Federation law required the completion of an environmental assessment, known as 
the Unified Project, before allowing the Romanian spent fuel to be imported. Several other 
Russian licenses and permits were also required, such as a flight permit to transport Class 7 
dangerous cargo by air. Mayak obtained permits and transport licenses to move the spent 
fuel by truck from the airport in Yekaterinburg to the Mayak facility in Ozersk. The TUK-19 
cask ISO containers were certified by the Russian Maritime Register of Shipping as meeting 
requirements of the International Convention for Safe Containers, 1972 (CSC). The tiedowns 
were certified by the Russian manufacturer to be in compliance with the requirements of 
TS-R-1 and NP-053-04. 
 
In addition to the road and air shipment licenses, IFIN-HH and SCN Pitesti applied for, and 
CNCAN approved, multiple other Romanian licenses and permits for radiation protection 
programs, physical protection and safeguards programs, operator qualifications for fuel 
handling, truck equipment and carrier licenses, fuel 
handling equipment licenses, and export licenses.   
  
4. Conclusions 
 
The shipments of HEU fresh and spent fuel from 
Romania to the Russian Federation were completed 
safely, securely, and on schedule.  Through the very 
cooperative efforts of many international governments 
and organizations, these shipments successfully 
achieved a significant nuclear non-proliferation goal by 
helping Romania become free of all HEU.   
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1. Introduction 
The RA research reactor, at the “Vinča” Institute of Nuclear Sciences approximately 15 km 
South-East of downtown Belgrade, has been in extended shut down since 1984. In 2002 the 
Serbian Government decided to shut down the reactor permanently and to participate in the 
Global Threat Reduction Initiative (GTRI) Russian Research Reactor Fuel Return (RRRFR) 
programme to repatriate fresh and irradiated (spent) fuel back to the Russian Federation, the 
country of origin.  
 
The existing irradiated TVR-S Russian type fuel elements, with enrichments of 2% (metal 
uranium composition) and 80% (UO2-Al), were stored in special containers in the spent fuel storage basin in the reactor building or in stainless steel channel holders. A TVR-S element 
has a diameter of 40.4 mm, is 113 mm long and contains 7.2 grams 235U or 7.7 235U for 
respectively 2% or 80% enrichment. In total 4929 fuel elements are stored in 30 aluminium 
(Al) barrels and each barrel contains 30 Al-tubes with 5 or 6 fuel elements each. The other 
3101 spent fuel elements are stored in 297 stainless steel channel holders (SSCH). Each 
SSCH contains one aluminium tube with maximum 12 fuel elements.  
 
Due to a poor water quality of the spent fuel storage basin, the aluminium cladding of a 
number of the spent fuel elements degraded, resulting in fission products leaking from the 
fuel elements into the storage containers and, in some cases, into the fuel storage pool. 
Environmental monitoring did not show evidence of any leakage to the environment. 
Repackaging of the fuel into special stainless steel (SS) canisters, which will be loaded in 
two different types of transport containers, is needed to ensure their safe transport. The 
relatively complex structure of the original containers, the degraded fuel elements, and the 
high contamination of the spent fuel basin water made the repackaging a rather complex 
operation. After repackaging of the fuel elements they have to be stored in the spent fuel 
storage basin at the site before they can be loaded into the transport containers. 
 
A new Serbian Law [3] was issued on 12 May 2009 by which a new Agency for Ionizing 
Radiation and Nuclear Safety of the Republic of Serbia (Serbian Regulatory Authority: SRA) 
was established. The SRA replaced the Serbian Regulatory Commission (SRC) which was 
created in April 2005. The law required also that all nuclear liabilities and assets have to be 
transferred, from the Vinča Institute of Nuclear Sciences, to a new Public Company Nuclear 
Facilities of Serbia (PC NFS), including the responsibility for the research reactors, spent 
fuel and radioactive waste management at the Vinča Institute. 
 
The fresh TVR-S fuel elements, which were stored at the RA and RB reactor, were 
repatriated to Russia in August 2002 [6], and are not discussed in this paper. 
2. IAEA’s support to ensure safe repackaging and transport 
In the framework of IAEA’s Technical Cooperation projects RER/3/006 and SRB/4/002 
different activities were organised, and partly funded, to support PC NFS in the preparation 
of the necessary licensing documentation, to advise on the operational safety aspects, and 
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to advise on the technical aspects of the spent fuel repackaging and preparations for 
transport. Since SRC/SRA was not staffed to review the required safety documentation for 
such a large project, it was decided to assign two IAEA technical officers. One technical 
officer from the Research Reactor Safety Section (RRSS) was assigned to review and 
advise on all nuclear safety and operational radiation protection aspects (i.e., provide 
support to the site operator), and one technical officer from the Regulatory Activity Section 
(RAS) was assigned to assist and advise the SRC/SRA. By the appointment of two technical 
officers, the IAEA was able to advise the operator as well as the regulator and to ensure the 
independent position of the regulator. Oversight of this separation of responsibilities was 
provided by the Section Heads and the Programme Management Officer. 
 
In November 2006 a contract was signed between IAEA, Vinča Institute and the MTS 
Consortium from the Russian Federation for the safe removal of the spent fuel (with SOSNY 
R&D Company as the lead company for the MTS Consortium). During the preparation of the 
contract, support was provided for the requirements and development of the SAR and the 
TSR, including identification of hold and review points for activities that are of significant 
concern for the SRC/SRA. Subsequently, during the implementation of the contract, 
additional support was provided for the review of the major deliverables and quality 
assurance programmes to be applied by both PC NFS as well as by SOSNY. 
2.1 Nuclear safety and operational radiation protection 
Due to the length of the extended shut down of the RA research reactor (25 years), the 
uncertain political situation in the country during the 1990’s, and very limited funding, it was 
impossible over the years to maintain the required staff to perform the necessary 
maintenance activities and to maintain all instrumentation in an acceptable state. This 
resulted in outdated and degraded instrumentation and a degraded ventilation system. As 
one of the first actions, the systems were inspected and recommendations were provided on 
the upgrading and installation of the equipment necessary to ensure a safe repackaging 
operation, such as stationary gamma radiation monitoring equipment, area aerosol monitors, 
upgraded nuclear ventilation systems, and mobile and fixed contamination monitors to 
ensure safe working conditions. Also, equipment and advice were provided regarding the 
installation of new stack release monitors in order to be able to demonstrate that the 
activities would be carried out within the license limits.  
 
For the repackaging and temporary storage of the spent fuel a conceptual design was 
prepared, which showed the need for a working platform with special equipment to be 
installed in the spent fuel storage basin, 72 different tools, fuel transport baskets for the two 
types of transport containers, a rail transport system to be installed at the fuel storage basin, 
and a special transport structure to ensure safe transportation on site as well as off site. 
Some of the fuel repackaging equipment is shown in Figure 1.  
 
The safety analyses and additional safety measures for repackaging and temporary storage 
of the spent fuel in the pool were described in a Preliminary Safety Analyses Report (PSAR) 
and the safety measures to ensure safe transportation of the spent fuel were described in a 
Preliminary Transport Safety Report (PTSR). In parallel with the PSAR and the PTSR, the 
required procedures, instructions and training programme for the repackaging operation 
were developed. The comments from the review by the site operator and the 
recommendations from the peer review on the PSAR and PTSR, which was organised and 
conducted by the IAEA, were taken into account in the Final Safety Analyses Report (FSAR) 
[1] and in the Final Transport Safety Report (FTSR) [2]. The FTSR was submitted to the 
SRA in March 2009 and the FSAR was submitted to the SRA, together with the application 
for an extension of the license, on 30 June 2009.  
 
Review of the SAR and TSR concentrated on the safety aspects of the operation, 
maintaining sub-criticality during the repackaging as well as during the temporary storage in 
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the pool, radiation protection aspects, operational limits and conditions, procedures for the 
repackaging, training, emergency preparedness, environmental protection and the minimum 
management staffing and requirements to ensure safe repackaging, temporary storage and 
transportation of the spent fuel. Some of the aspects of the peer reviews, missions and 
recommendations are discussed in more detail in the next sections. 
 

 Figure 1: Layout of the equipment for repackaging of the spent fuel from the Al-barrels 
 
2.1.1 Radiation protection 
Due to the degraded fuel elements, the water in the spent fuel storage basin was 
contaminated with fission products, up to about 700 Bq/ml, just before the start of the 
repackaging operation. The fission products, krypton (internal contamination) and caesium 
(external radiation), were the main contributors to the radiation dose rates for the workers. 
Protection of personnel against internal exposure was effectively provided by the upgraded 
ventilation systems for the working areas and the application of personal respiratory 
protective equipment. In order to ensure safe working conditions a Water Chemistry Control 
System (WCCS) was installed to reduce the caesium down to 100 Bq/ml (9.7 µSv/h at the 
working platform, which was taken as the basis for dose estimations in the FSAR). In 
addition to the high activity levels in the pool water, internal reactor channel components 
were stored in a dry storage basin located adjacent to the spent fuel storage pool, which 
contributed to dose rates above the dry pool ranging from 370 µSv/h to 820 µSv/h. The SAR 
showed an estimated collective dose of 85 man.mSv and a maximum individual dose of 5.6 
mSv for the repackaging operation, which was planned to last 7 months. Although these 
doses would be well below the limits for radiation workers, advices and recommendations 
were given to the site operator with the objective to reduce the collective dose following the 
ALARA (As Low As Reasonably Achievable) principle. Based on the advices given, dose 
reduction calculations were performed and additional shielding of 2.5 cm thick steel plates 
and 10 cm thick sand bricks were put in place on top of the dry storage pool, which reduced 
the dose rates above the dry storage pool by a factor of approximately 20, resulting in a 
dose rate ranging from 24 µSv/h to 45 µSv/h.  
 
A maximum dose of 100 µSv for a staff member per shift or per day and a maximum gamma 
radiation dose rate of 100 µSv/h were recommended, with a resident time of 1 hour, by 
which the operator would be able to perform some minimum handlings in case additional 
radiation levels were experienced during the opening of an aluminium barrel or SS channel 
with leaking fuel elements. It was also recommended to set the low limit operational alarms 
around the working platform at 30 µSv/h. In addition a staff surveillance programme was 

1 rotating vessel 
2 vessel lid 
3 hinge 
4 fastening screws 
5 hitch to hook the lid 
6 support for the section of reactor channels 
7 canister support 
8 tool for removing deposits from aluminium 

tubes 
9 universal support 
10 spindle of clamping mechanism for 

universal support 
11 catcher cup support 



Page 4 of 6 

introduced to register the anticipated activities, the estimated time for each activity, the 
measured radiation field at working place and the anticipated dose for the staff member 
during that shift. Also the radiation protection equipment to be used and the safety provisions 
to be applied (e.g. mobile ventilation system, respirators, hearing protection) are registered 
and after each shift the received dose and the cumulative dose for each worker are 
registered. This surveillance programme enabled both the management and radiation 
protection supervisor to monitor the received doses and to organise the activities in order to 
minimise the received doses.  
 
In addition recommendations were given to improve the procedure for changing the 
radioactive resin columns of the WCCS in order to limit the dose to the staff during that 
activity. The repackaging of the first 8 Al-barrels in December 2009 showed that the 
implemented measures together with clear instructions and a detailed training programme, 
by which the required time to perform the activities was reduced, resulted in a dose 
reduction by a factor of 4.5.  
2.1.2 License application review 
In order to have a sound basis to issue the license, the SRA requested the IAEA to perform 
a comprehensive safety and readiness assessment, including a comprehensive review of the 
FSAR. 
 
As a preparatory activity, the FSAR was reviewed before the mission. During the mission, 
conducted with the assistance of the Slovenian Nuclear Safety Administration (SNSA) from 
21–24 July 2009 [4], the safe operation of the repackaging operation, the operational 
radiation protection programme, and the necessary safety provisions, which should be in 
place to monitor safe operation, were reviewed. Also the environmental monitoring 
programme, the emergency preparedness and the Management System provisions essential 
to ensure safe repackaging were part of the review. The team recognized the technical 
competency of both the PC NFS staff as well as of the SOSNY specialists. This, together 
with the safety provisions implemented, the implemented training programme and the 
special equipment used, presents a high degree of confidence in a safe repackaging 
operation. However, the team made recommendations and suggestions which should be 
implemented to further enhance the safe conditions for repackaging of the spent nuclear fuel 
and to ensure an adequate regulatory oversight during this activity. These recommendations 
were mainly associated with the need to: 
• Update the management scheme of the new PC NFS organisation regarding the roles 

and responsibilities for the repackaging operations,  
• Update and implement the emergency plan, management system procedures and 

radiation protection programme based on the new PC NFS organization,  
• Extend the training plan for the repackaging operation to an overall training plan, 

including training on the emergency preparedness and management system 
procedures,  

• Revision of the OLC’s regarding the operational radiation protection limits and the stack 
releases,  

• Establishment of reporting criteria for events/incidents, and 
• Define the weekly status reports to be sent to SRA on the status of the repackaging 

operation, including safeguards reports, personnel exposure and unusual events.  
 
Based on the safety review, SRA issued additional license requirements regarding the 
implementation of the recommendations. From 1–3 September 2009 a mission [5] was 
conducted to assess the status of the implementation of the additional license requirements. 
In addition, recommendations were given to complete the emergency preparedness plan, 



Page 5 of 6 

and to define and implement a training and audit plan for the management system. Special 
attention was given to the environmental surveillance programme directly related to the 
repackaging operation. 
 
The license was issued on 23 November 2009. The repackaging operation started on 2 
December 2009, and shipment is planned for 4th quarter 2010.  
2.1.3 Environmental survey and liability 

The environmental monitoring programme 
covered all facilities on the site of the Vinča 
Institute which potentially could discharge 
radioactivity to the environment. Since PC 
NFS is a different legal entity, with its own 
nuclear license, and since contamination of 
the environment potentially could be 
caused by different facilities at the site 
which are not under the control of PC NFS, 
it was recommended to assess any 
possible contamination of the environment 
related to the repackaging activity based on 
the source term as defined in the FSAR for 
the design basis and beyond design basis 
accidents and the possible release paths. 

This could exclude liability of any contamination caused by other facilities with a different 
source term, e.g. contamination from the isotope production facility. It was also 
recommended to adjust the environmental monitoring programme based on the source term 
and the possible release paths, in which a programme for the monitoring of the groundwater 
was included. To prove that the site boundary accumulated dose related to the repackaging 
operations is within the license limits, it was recommended to provide shielding from the 
Vinca installations around the dose monitors, which are being used to measure the direct 
radiation in order to eliminate the contribution from the other facilities. 
2.2 Regulatory Activities 
In addition to the support of the operator, in cooperation with SNSA and external experts, the 
IAEA organised and provided regular support to the SRC/SRA. This support included the 
preparation and conduct of regulatory activities and oversight of the spent fuel repackaging 
operation. The main areas of support included:  
• Review of the status of the regulatory framework in Serbia, review of nuclear and 

radiation protection regulations in force and their applicability to the activities under Vinca 
decommissioning project, and review of the draft legislation for establishing an 
independent regulatory agency, 

• Preparation of a regulatory process for determining the “licensing” status of the facilities 
and activities taking place at Vinča Institute and issuance of the so-called “zero licence” 
for the RA research reactor, the spent fuel storage and the Waste Storage Facility. The 
“zero licence” was issued in November 2006 and its intent was to legalize the situation to 
date, taking into account the legacy and the absence of some historical data,   

• Preparation of a regulatory process for reviewing licence applications, in the absence of 
a description of such a process in the existing legislation, 

• Review of the safety analysis, drafting and issuance of the licence for the activities 
related to the removal of a metal construction from the spent fuel, which was located in 
the building of RA reactor and was a pre-condition for repackaging operations. The 
regulatory approval was issued November 2006,  
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• Assistance in providing inspection of preparatory activities for underwater carbon steel 
cutting and preparation of the associated SAR and inspection report, 

• Support in the regulatory review of safety programmes (e.g. radiation protection, 
emergency preparedness, quality assurance, etc.)  prepared by the operator, and 

• Establishment of a regular communications mechanism between SRC/SRA and the 
operator to facilitate the flow of safety related information and identification and 
communication of safety issues. 

 
It should be noted that, under the “zero licence”, only preparatory activities for the spent 
nuclear fuel repackaging, temporary fuel storage and transportation were allowed and for 
any further activities an additional authorization/licence application was required.  
 
The support provided by IAEA and SNSA to the SRC/SRA associated with spent nuclear fuel 
repatriation was related to repackaging operations and consisted of the review of safety 
analysis reports for repackaging and transport (preliminary and final versions) , as well the 
review of some of the supporting safety programmes developed by the operator. In addition, 
in July 2009, regulatory support was provided for licensing activities for repackaging and 
transport, including review of relevant Serbian legislation, preparation of legal basis for the 
licence, a licence template, identification of additional information to be submitted by the 
applicant (PC NFS) and a draft licence for repackaging and temporary storage of spent 
nuclear fuel. Those activities, in conjunction with the support provided to the applicant (as 
described in the other sections of this paper), led to the formal acceptance by SRA of the 
FSAR and the FSTR for loading and transportation of the spent fuel and subsequent 
licensing. The licence issued by SRA in November 2009 authorizes the conduct of 
repackaging, temporary storage pending shipment, and transport operations, based on the 
approved safety submissions.  
3. Conclusions 
The IAEA implemented through the Technical Cooperation programme extensive assistance 
to both the operation organisation as well as to the regulatory body, by which the safety 
situation at the Vinca site was considerably improved. By the appointment of two technical 
officers, the IAEA was able to advise the operator as well as the regulatory body and to 
ensure the independent position of the regulatory body. The assistance provided by the 
IAEA, the efficient implementation of the recommendations and the extended training 
programme together with the technical competence of the counterpart and the contractor, 
ensured safe conditions for the repackaging operation and repatriation of the spent fuel, with 
improved radiological conditions for the planned operations.  
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ABSTRACT 
 

Traditionally, spent fuel assemblies (SFA) have been transported across 
the Russian Federation by rail in special railcars. New conditions required 
SFA shipments by other conveyance, i.e. road, sea and even air transport. 
The air shipment of the VVR-S research reactor SNF in TUK-19 casks from 
Magurele, Romania in June 2009 was the first experience after new 
Russian and international regulations for the safe transport of radioactive 
material came into effect. The preparatory stage of the shipment focused 
on the issues associated with radiation and nuclear safety both during the 
loading and transport operations. The project covered development of a 
technology and equipment for SFA loading into TUK-19 casks and that for 
the air shipment. The SFAs were loaded into the TUK-19 casks with a 
specially designed transfer cask, and the SFA-containing packages were 
transported in specialized freight 20-foot ISO-containers. The safety of the 
loading and transport operations was ensured both by reliable engineering 
solutions, and selected conveyances and routes. The paper shows that the 
loading and the air shipment of the Romanian SFAs in TUK-19 casks does 
not contradict Romanian, Russian and international regulations for the safe 
transport of radioactive material. The outcomes of the SNF shipment from 
Romania confirmed correctness of the solutions and demonstrated high 
environmental safety. 

 
Introduction 
 
The project on return of the VVR-S reactor SFAs from Magurele, Romania, to the Russian 
Federation was unique in all respects. Firstly, standard technologies for loading SFAs into 
Russian-made TUK-19 casks were not applicable on the IFIN-HH site from the safety point of 
view. Secondly, all attempts to use overland or sea routes through transit countries were 
unsuccessful. This gave birth to a challenging idea to transport SFA packages by air. 
Investigations showed that there were no regulatory restrictions for the shipment of the 
Romanian SFA packages. However, the final decision in favor of the air transport was taken 
only after a great deal of workload was done to justify safety of the package design and 
shipment. 
To solve the task, it was necessary to: 

– develop a procedure and equipment for loading SFAs into TUK-19 casks on the IFIN-
HH site with minimum exposure of the staff and enhanced safety; 

– develop an overpack for transportation of TUK-19 packages by various conveyances; 



– substantiate safety of the package design for air shipments; 
– substantiate safety of the shipment itself. 

 
1. Development of Procedure and Equipment for Loading SFAs into TUK-19 
Casks 
 
An unquestionable advantage of the Russian-made TUK-19 cask is the fact that it offers 
flexibility of the SFA loading procedure. The TUK-19 cask operation manual provides for two 
main ways of loading: 

– underwater loading of the spent fuel with a TUK-19 cask on the bottom of the pool; 
– loading of an SFA-containing basket from the storage pool into a TUK-19 cask by air. 

The first option requires a capacious pool and a powerful crane that are available only at 
large research centers. The second option requires reliable equipment and skilled personnel 
that have practical experience in handling Russian-made TUK-19 casks. As a rule, personnel 
of foreign Russian-origin research reactors, which are older than 50 years and which have 
obsolete load-lifting mechanisms, do not have experience in handling the TUK-19 cask and 
are not able of ensuring proper safety, especially in case of an emergency. 
For the above mentioned considerations the decision was 
made to use a transfer cask to load the Romanian SFAs 
into TUK-19 casks. Russian specialists that have 
experience in handling the TUK-19 casks developed a 
procedure and the design of equipment. The transfer cask 
was fabricated at NRI Pitesti, Romania, and underwent 
functional tests under Quality Assurance Program. Then, it 
was delivered to Magurele, where personnel training and 
demonstration tests were conducted. The key and most 
complicated element of the technology is the transfer cask 
(Fig.1) with an automatic grapple for basket reloading 
operations by a remote electronic control. The 
demonstration tests, training and subsequent actual SFA 
loading operations demonstrated safety of all the process 
steps both under normal and accident conditions. The 
entire operation of SNF loading from the cooling pool into 
one TUK-19 cask takes about 1 hour. The maximum 
individual radiation dose after loading one TUK-19 cask 
does not exceed 0.05 mSv. 
 
2. Development of Overpack 
 
To support multimodality of the shipment, an overpack 
was developed on the basis of a 20-foot ISO-container 
(the special ISO-container) that accommodates three 
TUK-19 casks (Fig.2). The TUK-19 casks are fastened 
in the special ISO-container with turnbuckles capable of 
withstanding accelerations and vibrations typical of all 
modes of transport. The special ISO-container 
underwent expert review at the Russian Maritime 
Register of Shipping (RMRS) for compliance with 
standards. After successful tests at test facilities certified 
by RMRS, a certificate of approval for cargo transport 
was issued. Moreover, a dry run of the procedure for the 
overpack handling on the consignee’s site (PA “Mayak) 
and on all conveyances including aircraft was carried 
out. 
 

 
Fig.1. Transfer cask 

 
Fig.2. Overpack for TUK-19 cask 

transportation 



3. Safety Justification of Package Design 
 
New Russian (NP-053-04) and international (TS-R-1) safety regulations (hereinafter, the 
Regulations) allow for air shipments of low specific activity radioactive fissile materials in 
Type B packaging. Since the activity of four “hottest” SFAs did not exceed the value of 
3000A2 specified in the Regulations, it was decided to certify the package as Type B(U). 
As the Regulations require, the packages containing fissile materials to be shipped by air 
shall ensure nuclear safety after two series of additional enhanced tests simulating air 
crashes. For this purpose, VNIIEF (Sarov) specialists made calculations of dynamic 
deformation and a strength analysis of the TUK-19 cask under impacts simulating normal 
and accident transport conditions including an air crash. 
The calculation results show that under an impact on an individual package (a drop from a 
height of 9 m, a drop of a 500 kg mass onto the package from a height of 9 m, falling onto a 
bar from a height of 3 m) it maintains its containment and integrity and enables removing the 
SFA-containing basket from the cask and the SFAs from the basket. 
When an individual package falls on a target at a velocity of 90 m/s at different angles, the 
screw joint between the cask body and the lid fails. In the process, the cask integrity 
(containment) is maintained, the basket and the SFAs get deformed, and the SFAs and the 
fuel rods get destructed. In most cases of the impact onto the target, the SFA-containing 
basket will not spill out of the cask. When deformed, the lid can get stuck in the body. 
Nuclear safety. In compliance with the certification procedure currently used in the Russian 
Federation, experts of Nuclear Safety Department of SSC-IPPE (Obninsk) performed an 
independent assessment of the package nuclear safety. In the worst case of an impact onto 
a target, Keff is 0.872±0.001 that does not exceed the regulated value of 0.95. 
Calculations of radiation level. Results of the radiation level calculations and 
measurements for the TUK-19 cask containing four SFAs with the maximum radiation 
characteristics under normal conditions demonstrate that the radiation dose rate on the 
surface of the package (0.158 mSv/h) is much less than that established in the Regulations 
(2 mSv/h). 
Thermal state of the package. Since the maximum total decay heat in the package 
containing four SFAs did not exceed 9 W, the temperature on the external surface of the 
TUK-19 cask under normal conditions was lower than 40°. 
Loss of radioactive contents. The calculation results show that the loss of radioactive 
contents from the TUK-19 cask under regular and normal transport conditions in a period of 
1 hour can make up 5.7⋅103 Bq that accounts for ~ 0.06% of the A2 value for the mixture 
(1.0⋅1013 Bq). Under accident conditions the loss of radioactive contents from the TUK-19 
cask in a period of one week will not exceed 0.005% of the A2 value for the mixture. 
 
4. Safety Justification of Shipment 
 
Radiation risks. Accidents with a probability higher than 10-7 per one shipment a year were 
considered as design-basis accidents. The TUK-19 cask was assumed to be a hazardous 
industrial object during SNF transportation. So, NPP regulations were applied that require the 
population exposure preventive measures during events with a probability higher than  
10-7 per year. 
Accidents with a probability lower than 10-7

, but higher than 10-10 per one shipment a year, 
were considered as beyond design-basis events. Such accidents may involve the population 
protective measures. The criterion for taking protective measures was accepted equal to 
0.1 Sv. The same level was taken as the maximum personnel dose during design-basis 
accident. 
Initial events and their probabilities as applied to SNF air shipment from Bucharest to 
Yekaterinburg were analyzed; in principle, radiation accidents are not excluded for these 
events. The risk analysis shows (Fig.3) that safety of the escort personnel and the population 
is ensured under normal conditions of the air shipment of the SFAs in the TUK-19 cask. The 
acceptable risk criterion for the escort personnel is satisfied due to the SNF package design 



peculiarities and radiation monitoring, and for the population through observance of 
regulatory requirements. 
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Fig.3. Severity of consequences on the INES scale vs. probability of events for risk 

assessments during the air shipment of TUK-19 packages with VVR-S reactor SFAs 
 
It was found out that there are no probable events (Р>1⋅10-7) that can be assessed as 
accidents on the INES scale. In Fig.3 it is seen that probable events (1, 3, 8) are considered 
to be incidents, and events with harder consequences (4-7) are low probable. Event 2 (crash 
in river) is low probable and do not have serious consequences, i.e. it is considered as an 
incident. 
Certificate of Approval for Package Design and Shipment 
RUS/3104/B(U)F-96T was issued after all safety 
justification activities. 
In the morning on June 30, 2009, the AN-124-100 aircraft 
(Fig.4) with the consignment on board took off. The flight 
route lied over the Black Sea to avoid crossing the 
airspace of third countries; when it lied over the land, it 
passed by large populated localities and hazardous 
industrial facilities. After an interim refueling stop in 
Ulyanovsk, the aircraft successfully landed at the Koltsovo 
airport, Yekaterinburg, Russia, from where the 
consignment was delivered to PA “Mayak”. 
 
Conclusions 
 
No doubt, the project on air transportation of the VVR-S reactor SFAs from Romania in 
Russian-made TUK-19 casks was ambitious. However, the objectives set by the project 
participants inevitably made them pay much attention to safety issues. The project was under 
surveillance of Russian and Romanian competent authorities from beginning to end. So, 
safety justification issues were widely discussed by experts of the nuclear power industry at 
Russian and international meetings. VNIIEF experts played a decisive part in the safety 
justification process.  
The project on removal of the VVR-S reactor SFAs from Romania demonstrated that air 
transportation of low specific activity SNF packages is feasible and safe. 

 
Fig.4. AN-124-100 aircraft 
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ABSTRACT 
 

The paper describes experience in preparation and organization of 
research reactor nuclear material import under the Program on Russian-
Origin Highly Enriched Uranium Return to the Russian Federation. It also 
summarizes evolution of transport equipment, conveyances and routes and 
describes types of packages, their adaptation and certification, safety 
issues, peculiarities and prospective use of the packagings and 
conveyances. 

 
Introduction 
 
Spent fuel assemblies of the research reactors (RR) constructed in European, Asian and 
African countries with the assistance of the Soviet Union are returned to the RF under the 
Russian Research Reactor Fuel Return (RRRFR) Program. A U.S. / Russian Government-to-
Government Agreement concerning cooperation to return the Russian produced nuclear fuel 
to the Russian Federation signed in May 2004 established the legal framework for the 
cooperation between the RF and the USA. Fifteen counties out of seventeen having Soviet-
design research reactors supported the terms and principles of the HEU return to the RF. 
The RRRFR Program has given remarkable experience in multi-modal shipments of RR 
SFAs. The International RRRFR Program has reached its heights giving a chance to 
summarize the acquired experience and to sum up interim results. By now, the program has 
completed shipments of Russian-origin SFAs from Uzbekistan, Latvia, Kazakhstan, the 
Czech Republic, Bulgaria, Hungary, Romania, and Libya. 

 
Evolution of Logistical Solutions for RR SFA Transportation  
 
When the RRRFR program was started, the Russian fleet of RR SFA packagings included 
TUK-19, TUK-32 casks. In fact, the TUK-19 cask was the only that could be used. This was 
due to simplicity of its handling, a lesser mass (4.5 t), a sufficient quantity available, and 
correspondingly, few organizational and technical activities for receipt and handling of the 
TUK-19 casks on the SFA consignor’s site. 
The first experience in the RRRFR shipments was gained from RR spent fuel removal from 
Uzbekistan in 2006. The RR SFAs were transported to the Radiochemical Plant in Russian-
made TUK-19 casks by the standard method, i.e. in TK-5 container railcars. From the 
Institute of Nuclear Physics to the railway station, the spent fuel was transported by road. 
Similar transportation plans were used for the RR SFA shipments from Latvia (2008) and 
Kazakhstan (2008-2009). Each of the shipments of the TUK-19 casks required development 
of special devices (Fig.1) that were not universal and could not be used in further projects. 



 

  
a b 

Fig. 1. Loading of TUK-19 casks on a truck (a) and a TK-5 container railcar (b) 
 

It is evident that one type of casks for such a large-scale 
program on fuel return to the Russian Federation was 
insufficient. Specially for the RRRFR purposes, DOE 
financed development and fabrication of 16 SKODA 
VPVR/M casks.   
The Czech-made SKODA VPVR/M cask was designed for 
multimodal shipments, since it fits a freight 20-ft ISO-
container (Fig.2), and handling operations with the ISO-
container are unified for almost all conveyances. The use 
of the SKODA VPVR/M cask for the RR SFA shipments in 
the Russian Federation required that a certificate for the 
package design and shipment be issued and the cask 
receipt procedure at PA "Mayak" be adapted. 
The effort on obtaining a Russian certificate of approval for 
SKODA VPVR/M cask design was divided into two stages. 
At stage I, the Russian technical experts reviewed the 
certification design safety documentation provided by 
SKODA JS a.s., the cask designer, to determine if they 
were sufficient to meet the requirements of the Russian regulations.  
Stage II involved developing a Russian application for certifying the SKODA VPVR/M 
package design that was submitted to Rosatom, the Russian competent authority. The 
expert organizations, VNIIEF and IPPE, performed calculations of the package design safety 
under normal and accident transportation conditions; the calculation results verified the 
designer’s data. After getting all required concurrences, on the 23rd of January, 2006, 
Rosatom approved certificate RUS/3065/B(U)F-96 for SKODA VPVR/M package design for 
transportation of research reactor SFAs.  
Preparatory work for the receipt of the SKODA VPVR/M casks at PA “Mayak” required that 
additional equipment be fabricated or procured, necessary technological documents be 
prepared, the personnel be trained, and the handling procedure at the Radiochemical Plant 
be adapted.  
The Czech-made SKODA VPVR/M casks were used to remove spent fuel from Nuclear 
Research Institute (NRI Rez), the Czech Republic, in 2007. The SFA-containing SKODA 
VPVR/M casks in ISO-containers were transported to the railway station by road; then, they 
were delivered to the Radiochemical Plant in Russia by rail through Slovakia and Ukraine 
(Fig.3). A similar scheme is planned for RR SFA transportation from Ukraine.  

The first experience in shipments of SKODA VPVR/M casks by water transport was 
obtained from the RR SFA removal from Bulgaria in 2008. The water section of the route ran 
down the Danube River and involved a river/sea barge (Fig.4). The SFA-containing SKODA 
VPVR/M casks were transported from the Institute for Nuclear Research and Nuclear Energy 
to the Port of Kozloduy by road and reloaded to the barge. The containers were delivered to 
the Ukrainian Port of Izmail down the Danube river first, and then to the Russian 
reprocessing plant by rail. 

 
Fig.2. Arrangement of the 

SKODA VPVR/M cask  
in an ISO-container 
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Fig.3. Transportation of ISO-containers with SKODA VPVR/M casks by road (a) and rail (b) 
 

The Check-made SKODA VPVR/M casks were 
also used to remove RR SNF from KFKI Atomic 
Energy Research Institute of the Hungarian 
Academy of Sciences in 2008. That was the 
first use of a sea transport for the RRRFR 
program.  
The Danish LYNX vessel, a Class INF2 ship, 
(Fig.5) was used on the sea section of the 
route. The ship is equipped to comply with 
requirements of the INF Code. ASPOL-Baltic 
Corporation, a Russian sea carrier, that has 
relevant experience was in charge of 
compliance with the requirements. Since the 
major part of the sea route was out of the 
Russian maritime belt, the Russian Certificate 
of Approval required that International 
Emergency Cards should be used in 
compliance with the IMDG Code. Physical 
protection issues required particular attention. A 
special procedure for physical protection 
responsibility transfer was developed and 
approved. 
The SFA-containing SKODA VPVR/M casks in 
ISO-containers were transported from the 
Research Institute to a Hungarian railway 
station by road and reloaded onto flat railcars. 
The ISO-containers were shipped to the 
Slovenian Port of Koper by rail (Fig.6). The sea 
route lied across Europe to the Russian Port of 
Murmansk, from where the ISO-containers 
were shipped to the Radiochemical Plant by 
rail. 
The task of unification of handling operations 
with the TUK-19 casks was resolved under the project on SFA removal from the Romania 
VVR-S reactor by creating a transport overpack (Fig.7). A special freight 20-ft large-capacity 
ISO-container (a special ISO-container) satisfying international conventions and industry 
standards for transport of dangerous goods by various conveyances formed the basis for the 
overpack. The special ISO-container has a set of tie-downs to fasten the TUK-19 casks. 
In 2008, the first (prototype) container was fabricated and tested, and the Russian Maritime 
Register of Shipping issued a certificate of approval.  
 

 
Fig.4. Loading of an ISO-container  

with SKODA VPVR/M casks  
on the river/sea barge 

 
Fig.5. The Danish LYNX vessel used 

to ship RR SNF from Hungary 
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Fig.6. Transportation of ISO-containers with SKODA VPVR/M casks by rail across  
Slovenia (a) and loading of the ISO-containers on the LYNX ship (b)  

 
The new overpack significantly extended the TUK-
19 cask handling and carriage capabilities for 
various conveyances including aircraft and ships. 
The overpack was used to ship the VVR-S reactor 
SFAs from Romania by air. For certification of the 
TUK-19 cask for RR SNF air shipment, VNIIEF 
experts calculated dynamic deformation and 
strength of the TUK-19 package under impacts 
simulating normal and accident transport conditions 
including an air crash. Additional calculations were 
made to substantiate that the individual package 
maintains sub-criticality under enhanced tests. 
The RR SFAs were removed from Romania in June 
2009. The SFA-containing TUK-19 casks in ISO-
containers were delivered from IFIN-HH Institute to the Romanian airport by trucks. Volga-
Dnepr Airlines’ AN-124-100 aircraft was used for the air shipment (Fig.8). The flight route lied 
over the Black Sea to minimize the time of crossing the airspace of third countries; over the 
land, it avoided large populated localities and hazardous industrial facilities. After an interim 
refueling stop in Ulyanovsk, the aircraft landed at the Koltsovo airport, from where the 
consignment was delivered to PA “Mayak” by trucks.  
A similar transport plan involving air transport was used for removal of the RR SFA from 
Libya in December 2009. 

 

  
a b 

Fig.8. AN-124-100 aircraft (a) and overpacks with TUK-19 casks in the hold  
 

It would be logical to involve a Russian sea carrier in such a large-scale fuel repatriation 
program. With this purpose on and with direct involvement of R&D "Sosny", the Krylov 
Shipbuilding Research Institute (St.Petersburg) designed modifications to the MCL Trader 
ship (Fig.9) of ASPOL-Baltic Corporation. After the design was developed and approved, the 
Estonian Netaman Оу shipyard remodeled the MCL Trader supervised by local 

 
Fig.7. A freight ISO-container overpack  

for transportation of TUK-19 casks 



 

representatives of the Russian Maritime Register of Shipping and certified it as Class INF2. 
In September 2009, the remodeled MCL Trader was commissioned for the Ewa and Maria 
SNF removal from Poland.  

 

  
a b 

Fig.9. Russian Class INF MCL Trader ship (a) and loading of ISO-containers with  
SKODA VPVR/M casks in the hold (b)  

 
Removal of the Polish reactor SFAs will require five shipments in SKODA VPVR/M and TUK-
19 casks packaged in ISO-containers. The route includes a road section from Institute of 
Atomic Energy to a Polish railway station, a rail section across Poland to the Polish Post of 
Gdynya, a sea section around Scandinavia to the Russian Port of Murmansk, and a rail 
section across Russia to the Radiochemical Plant. The first shipment in SKODA VPVR/M 
casks has already been completed. 
It is planned to use the MCL Trader for the RR SNF shipment from Germany and Serbia. 
Before 2008, the RRRFR shipments employed road and rail transport. Water transport has 
been used for the shipments since 2008, and aircraft – since 2009. The returned amount 
totals 600 kg of HEU in SFAs.  
 
Prospective  
 
In 2009, development of a SKODA VPVR/M Type C package was started. As opposed to the 
Type B package certified for air shipment, the Type C package does not have any additional 
activity requirements for the radioactive contents, it is not required to load SFAs into airtight 
canisters, but the cask design shall maintain integrity and containment under enhanced tests. 
According to the data available, there are no certified SNF packagings that would comply 
with the Type C package requirements. 
VNIIEF made a preliminary evaluation of the SKODA VPVR/M Type C package feasibility. 
The modification to the SKODA VPVR/M cask at hand will enhance efficiency of the energy 
absorption system through enclosing the cask in a “cocoon”. In case the efforts are 
successful, a universal packaging will be developed for air transportation of fissile materials 
without any additional activity or radioactive contents limits. 
 
Conclusions 
 
The RRRFR program has become a catalyst for enhancement of the fleet of casks, 
development of equipment for loading SFAs into casks, and the use of new transport modes 
and routes. 
The experience gained in the multimodal shipments and the engineering developments have 
significantly extended capabilities for RR SFA transportation and have been successfully 
used for the RRRFR shipments. This experience has not only practical value for the RRRFR 
program, but is also universal for any other projects associated with management of 
research reactor nuclear fuel. 



 - 1 -

 
 

LESSONS LEARNED FROM 50 YEARS PERIOD THE 
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                                       M. DRAGUSIN 

 

Horia Hulubei National Institute of Physics and Nuclear Engineering, Magurele, 
Romania 

ABSTRACT 
 
 The nuclear research reactor VVR-S was commissioned in July 1957.  This reactor is 
in permanent shutdown since December 1997 and will be decommissioned. The duration of 
the decommissioning project is 11 years. The first year of decommissioning project is 2010. 
The spent nuclear fuels resulting from the 40 years of operating the nuclear research reactor 
are stored under wet conditions. The chemical and physical water parameters monitored are: 
transparency, conductibility, pH, chloride content, oxygen content, temperature, dry residual 
content, Al, Mn, Mg, Fe, Vn, Cr. Residual dry content  must  be maintained in requested 
range in order to prevent degradation and corrosion both of the clads, assemblies and linen 
material of the ponds. Two types of the nuclear fuel assemblies were used: LEU type -EK-10 
and HEU type S-36 Russian origin. All spent nuclear fuel assemblies HEU-S-36 type were 
repatriated in  Russian Federation in June 2009 in safety and security conditions without any 
problems due of the wet storage, after 25 years storage in wet conditions. The spent nuclear 
fuel assemblies types LEU EK-10 were stored in wet conditions more than 50 years. This 
paper describes the lessons learned during the 50 years management of the spent nuclear 
fuel resulted from the operation the research reactor VVR-S. The management was based on 
the maintenance of water parameters by water filtration, using at all times air HEPA filter 
incorporated in technological ventilation system and by monitoring the level, temperature, 
physical and chemical parameters of the water storage from ponds and by controlling ponds 
linen physical integrity. Also we have used the discs having the same compositions with 
materials from assemblies stored in the same ponds, in order to verify degradation and 
corrosion phenomena induced due to the quality of storage water. The paper will described 
these results obtained by metallographic, visual, XRF analysis onto discs and dry residual 
samples from storage water.  
 
1. Introduction 
1.1.  VVR-S Research Reactor History 
 
                                                  
 In the period from 
1955 to 1957, based on a 
technology taken from the 
Russian Union, the first 
nuclear research reactor in 
South-East Europe was built 
and started-up by a mixed 
Russian-Romanian team. In 
the period from 1957 to 
1984 low enriched nuclear  
fuel assemblies (10%) were used and from 1984 until the reactor’s shut down in 1997 
high enriched nuclear fuel assemblies (36%) started to be used. The reactor was 
used for scientific research with neutron beams and radioisotopes production for 
industrial and medical use. In 2002 the reactor was permanently shutdown in view of 
the decommissioning actions.  The project for the decommissioning of the 
reactor has started in 2010. Immediate dismantling strategy was selected and will be 
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implemented by decommissioning project for 11 years. During the 40 years of 
operation, nuclear fuel assemblies were irradiated. These nuclear fuel assemblies 
were stored in wet conditions in reactor cooling pond until 1980. After the spent 
nuclear fuel storage was built these assemblies were transferred and stored in water, 
under water parameters controlled conditions in a separate building on the same site. 
In 2009, within US Department of Energy Russian Research Reactor Fuel Return 
Program (RRRFR), all highly enriched spent nuclear fuel assemblies were 
repatriated. Only Low enriched fuel assemblies remained on the site, in the Spent 
Nuclear Fuel Storage. Based on the Russian – Romanian agreement signed in 
February 2009, 2010 - 2013 is the period planned for the repatriation of the low 
enriched irradiated fuel assemblies and the final disposal of the waste resulted from 
the reprocessing in Russian Federation under safely and securely conditions. 
 
 
1.2. Facilities Descriptions 
 
1.2.1. VVR-S Research Reactor 
 
 The VVR-S reactor is a light water moderated 
research reactor with maximum thermal power 2 MW and 
maximum neutron flux 2.1013n/cm2.s.Fig.2. 
 
 
                                                                                                  Fig.2. VVR-S Research Reactor 
 
1.2.2. Storage Facility for Spent Nuclear Assemblies 
 
 
 The irradiated (spent) fuel 
assemblies are stored under 
water, in order to ensure the 
protection of the occupationally 
exposed personnel, environment 
and population. The ponds, the 
existing equipments, the training of 
the operators involved in the 
management of the nuclear fuel 
and the building ensure safety and 
security conditions for storage. 
 
                                                           Fig.3. Spent Nuclear Fuel Storage Ponds 
 
2. Management of the spent nuclear fuel 
 
2.1. Human Resources 
 The operators are involved in periodical training programs on quality 
management systems for fuel handling, safe use of handling equipments, individual 
safety equipments, collective radioprotection equipments, ventilation systems 
outfitted with high-efficiency HEPA filters, conditioning system for the working 
environment, physical protection systems, intervention preparedness and response 
in case of radiological emergency. The leaders and the working team members are 
authorized by the national nuclear regulatory body. 
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Lesson Learned no. 1. An underwater illumination system was introduced for the 
reduction of the collective dose, replacing the portable system and the operator that 
was manipulating this mobile system. 
Lesson Learned no. 2. When storing the spent nuclear fuel three physical barriers 
systems and indoor and outdoor continuous surveillance and monitoring CCTV 
systems are taken into account for the improvement of the physical protection in 
order to reduce the risks, threats and vulnerabilities. 
 
2.2 Testing schedule of the storage ponds water parameters 
 
 Taking into account the certificates of the fuel assemblies issued by the 
producer where are mentioned the limits in which the technical parameters must be 
maintained (e.g.: conductibility, pH, oxygen content, chloride content, fixed residue 
content, Cs-137 radioisotope concentration into water, temperature, water level, 
relative humidity,) a daily, weekly and monthly program for sampling and measuring 
these parameters in the last 10 years was established. 
 When the water parameters are not within the limits specified in the 
certificates a work permit is issued for filtering the water from the storage ponds with 
a mobile filtering station outfitted with ion-exchanging resins filters used in the 
nuclear field. 
Lesson Learned no.3. As a result of this program for testing and maintaining water 
parameters, the transport condition of the irradiated fuel assemblies were fulfilled 
without taking the tightness tests, therefore reducing the inspection costs for the fuel 
assemblies and collective doses. 
 
2.3 Testing and inspecting schedule for fuel assemblies corrosion and 
storage ponds lining 
 
 Video images showing the status of the assemblies surfaces and ponds lining 
are periodically viewed, registered and analyzed. These video images observe the 
evolution of the corrosion points and take required the technical measures. For a 
term of 4 years a program for metallographic analysis on metallic disks with 
structures similar to the fuel assemblies and lining of the ponds inside the water 
tanks was developed. Due to the implementation of the periodical filtering program of 
the water from the ponds no corrosion areas were identified on the analyzed disks. 
Lesson Learned no. 4. The use of reference samples of the same material type 
proves to be an efficient method for the identification and prevention of corrosion and 
of the methods to be followed in order to slow down and remove the aggressive 
elements on the metallic surfaces. 
 
3. Experimental Results 
 

  
 In the following figures are presented 
variations of water conductivity, pH and Cs-137, 
oxygen and chloride concentrations and fixed residue 
content in the period from 2004 to 2010. In 2004 the 
water from the ponds was replaced with 
demineralized water. The effect was negative and the 
water parameters have increased. As a result, as the 
demineralized water had aggressive effects, the use 
of distilled water is recommended. In addition to the 
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changes in the water parameters, the transparency of the water has also suffered 
changes, blocking the visual inspections. See the next six figures with evolution in 
time of the water parameters. 
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Dry content in water 
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Lesson Learned no.5. It was proven in practice that distilled water is the fuel 
assemblies storage environment recommended. Distilled water is produced and 
stored in separate ponds. It is also used for adjusting the water level in the ponds 
which has decreased as an effect of the temperature variations and the ventilation of 
the surface above the water level inside the ponds. 
 
 4. Conclusions 
 After 40 years of operation of the nuclear reactor VVR-S and 50 years of use/ 
storage in wet conditions of the nuclear fuel, as a result of a fuel adequate 
management no losses of the tightness of the irradiated fuel assemblies were 
reported. Because the VVR-S nuclear reactor decommissioning project has started 
and in order to remove the spent nuclear fuel from the site actions for the repatriation 
of the low enriched nuclear fuel (the only one left on the site) to the Russian 
Federation have started in 2010. In this paper were presented lessons learned useful 
to the management of the irradiated nuclear fuel in safety and security conditions. 
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ABSTRACT 
 

During the past three decades the interest of students in nuclear energy decreased due to the fact that 
especially in Europe and the US no new nuclear power plants were ordered and many industrialised 
countries even voted for a nuclear phase out program such as Germany, Italy, or Sweden. This trend 
was immediately reflected in the university enrolment and students turned to other areas such 
informatics, robotics, nano-technology etc. Nuclear education and training possibilities were 
drastically reduced as research reactors were shut down and university curricula were reduced. Today 
as a nuclear renaissance is obvious, this lack of students in the nuclear field during the past two 
decades overlaps with the fact that many senior staff members reach their age of retirement both in 
research centres, nuclear power plants and academia.  
Therefore the nuclear industry desperately needs qualified graduates in the nuclear field. To reverse 
this trend since several years many national and international  organisations  were established or added 
new programs to their existing structure to support these efforts such as the IAEA, OECD, ENEN-
Association, the World Nuclear University, the German Kompetenzverbund, Asian ANENT, Belgium 
BNEN, British NTEC to name a few. In addition common academic curricula were established to 
facilitate mutual recognition and mobility of professors and students (Bologna Agreement). In parallel 
in many countries new university chairs in the nuclear field were filled with young professors. In 
addition a few new powerful research reactors were commissioned (FRM-2, OPAL) or are under 
construction (JHR) and planning (PALLAS). This paper describes the present international state of 
nuclear education, training and analyse the future needs of industry and research.  
 
1. Background 
About three decades ago, the development of nuclear power technology was hit by some severe local 
and global accidents. For example, the reactor fire at Browns Ferry, Alabama, in 1975 or the core 
meltdown at Three Mile Island in 1979. Then the Chernobyl disaster in 1986 initiated a further decline 
trend especially in industrialized countries. Most of the ordered nuclear plants were cancelled. 
Worldwide, about 34 reactors in 2007 are listed to be under construction mainly in Asia and Russia. 
Japan and France, with large nuclear programs, heavily subsidize their plants, France uses a single 
design and built their plants mainly to ensure some minimum strategic energy independence [1]. 
It is now difficult to repeat the investment and construction ratios as compared to 1980s because today 
the nuclear industry and utilities have more challenges than in the past. Today this sector needs to deal 
primarily with waste management and decommissioning expenses that far outweigh estimates of the 
past. In particular, it has to face the problems of rapid loss of competence and lack of manufacturing 
infrastructure. One of the biggest challenges is the supply of qualified people, including craft labour, 
technicians, engineers and scientists, to support both construction and operation of nuclear facilities. 
Today, nuclear technology is widespread and multidisciplinary and it needs to be continued because of 
its vital role in our daily lives. It has been recognized globally that the advancement of this technology 
along with all its associated benefits has been threatened due to the declining number of university 
programs. The declination in the development of nuclear technology, unfortunately, mainly 
happened due to its safety concerns. This decreased the level of public acceptance up to critical 
limits which turned the situation into the lack of industry interests, governmental strategies for 
nuclear technology research and infrastructure. These factors have drastically declined the 
enrolments in university-based nuclear engineering programs which, in turn, have led to the 
closure of many of these programs [2]. 
2. Academic challenges 



Most of the countries have now fewer comprehensive, high-quality nuclear technology programmes at 
universities than before. The universities ability to attract top-quality students to those programmes, 
meet future staffing requirements of the nuclear industry and conduct leading-edge research in nuclear 
topics has become seriously compromised. Followings are the main concern [3]. 

1. The decreasing number and the dilution of nuclear programmes at university levels. 
2. The decreasing number of students taking nuclear subjects. 
3. The lack of young faculty members to replace ageing and retiring faculty members. 
4. Ageing research facilities, which are being closed and not replaced. 
5. The significant fraction of nuclear graduates not entering the nuclear industry. 

The importance of nuclear knowledge, its preservation and enhancement has been recognized globally 
[1]. To sustain all peaceful activities regarding utilization of nuclear technology, the qualified nuclear 
human resources are required. The most crucial element is the demand for graduates and highly 
qualified personals as these are essentials for; (1) operation of existing facilities (2) capacity building 
(3) innovation and R&D 
These demands are usually satisfied by the higher educational institutions; the universities and 
associated institutes. The universities as well as other integrated institutions can not work in isolation. 
For nuclear higher education, the closely interacting partners with the universities are nuclear 
industries and related training institutes. The functioning of all these entities is guided by the need of 
the economic stability and growth thrust. Due to an economics driven operation the policy from the 
Governments plays an important role as well. From country to country the interaction of government’s 
policies may vary to universities, industries and training institutes, but it has a major role to play in the 
demand of human resources and hence on the nuclear higher education trends. 
 
3. Future Strategies 

1. The severe imbalance between demand and supply, requires an efficient Human Resource 
Development (HRD) system to assure the continuity over time in the needed capacities, skills 
and knowledge. This HRD system is important to establish and maintain a pool of manpower 
variously trained in different nuclear-related skills and educated in nuclear relevant fields.  

2. The education and training institutions are workforce supplier to industry and other R&D 
organizations. Their mutual cooperation may raise the performance level.  

3. The governments are responsible for its strategic energy planning. They can support the public 
awareness of nuclear education, manpower and infrastructure. This would definitely increase 
the input to academia from public and input to industries from academia. The industries, by 
maintaining the quality of product, can attract the student careers effectively toward academia. 

4. Funding is considered an important component to produce a sustainable workforce supply. 
Both government and industry have important role in funding support toward activities of 
nuclear knowledge management and its preservation. The access to national laboratories and 
industrial facilities for students is required to improve the situation.  

5. The top quality curricula can produce good quality of nuclear workforce.  
6. The effective implementation of nuclear safety knowledge is not only important for the safety 

of plant personnel and the general public but also in improving public perception which play 
fundamental role in sustainment of nuclear technology. 

 
4. Networking 
Networking is a useful tool to exchange experts, information and facilities. Networking of educational 
institutions has been recognized widely as a key strategy for capacity building and better use of 
available educational resources. In the field of NKM the networking has become an important element 
of nuclear education and training and shaping its character. By practice, its benefits have been 
acknowledged, and networks are being established on all levels i.e. national, regional and global 
levels. The networking might even become more important in the future, both in terms of numbers and 
cooperation intensity [4].  
The following national and international networks are playing active role in promotion of nuclear 
technology by their various kinds of activities. The details of these networks (objectives, members, 
achievements and their national/international activities) can be seen under their given web links.  
  



4.1 International Educational Networks  
• Asian Network for Higher Education in Nuclear Technology (ANENT), http://www.anent-

iaea.org/anent/index.jsp 
• European Nuclear Education Network (ENEN), http://www.enen-assoc.org/  
• World Nuclear University (WNU), www.world-nuclear-university.org/ 

 
4.2 National Educational Networks  

• Belgium Nuclear higher Education Network (BNEN), Belgium, www.sckcen.be/bnen 
• Consorzio Interuniversitario per la Ricerca Tecnologica Nucleare (CIRTEN), Italy, 

http://www.enen-assoc.org/en/about/enen-membership/effective-member/cirten.html  
• Nuclear Technology Education Consortium (NTEC), UK, http://www.ntec.ac.uk/ 
• University Network of Excellence in Nuclear Engineering (UNENE), Canada, www.unene.ca/   

 
5. Selected country surveys on the present situation and outlook 
5.1 Canada 
To establish a sustainable supply of qualified nuclear engineers and scientists to meet the current and 
future needs of the Canadian industry, the UNENE network was launched [6]. For this task, industry is 
invests significant funds in selected universities and contributes in-kind to enable the universities to 
acquire and retain the highest quality of teaching and research professoriate. The enrolments in and the 
number of qualified personnel from the full-time Masters, Doctoral and Post-Doctoral programs have 
exceeded the targets set for 2005 with the exception of a slight shortfall in the Masters program. The 
Phase 1 operation of UNENE planned output of High Qualified Personnel (HQP) is shown in Fig. 
1.The decreasing nature of the both curves will indeed be compensated with the start of Phase 2. 

 
Fig 1: Enrolment of research student (left), HQP trained in the first phase of UNENE (right) [6] 

 
5.2 France 
France produces, almost half (45%) of the nuclear electricity in the EU27 and drives about 80% of its 
nuclear energy because of long standing policy based on energy security. More than 4200 engineers 
have been graduated since 1955 and this trend is shown in Fig. 2 [7, 8]. 
The nuclear workforce situation is not better in France. About 40% of the national utility EDF’s 
current staff in reactor operation and maintenance will retire by 2015. Starting in 2008, the utility will 
try to hire 500 engineers annually. Reactor builder AREVA has already hired 1600 engineers in 2008 
and 2009 in Germany alone. It is obvious that the biggest share of the hired staff are not trained 
nuclear engineers or other nuclear scientists. The CEA affiliated national Institute for Nuclear 
Sciences and Techniques (INSTN) has only generated about 50 nuclear graduates per year. EDF has 
called upon the institute to double the number over the coming years [1]. 
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Fig 2: Trends of nuclear graduates (1955-2008) in France [8] 

5.3 Germany 
According to a 2004 analysis of the nuclear education and workforce development in the country, the 
situation continues to erode rapidly. employment is expected to decline in the nuclear sector - 
including the reactor building and maintenance industry - by about 10% to 6 250 jobs in 2010, these 
include still 1,670 hires. The number of academic institutions teaching nuclear related matters declined 
from 22 in 2000 to 10 in 2005 and only five in 2010, however a few new chairs in the nuclear field 
have been filled recently. While 46 students obtained their diploma in 1993, they were zero in 1998. In 
fact, between the end of 1997 and the end of 2002 only two students successfully finished their 
nuclear studies. In total about 50 students from other options continue to attend lectures in nuclear 
matters. It is clear that Germany will face a dramatic shortage of trained staff, both in industry, 
utilities, research or public safety and radiation protection authorities [9]. 
5.4 UK 
The decline in UK public fission and R&D funding is provided in Fig.3 which reflects the status 
history of nuclear education in UK. The following skills survey and reports were performed on this 
issue [10]. 
• HSE/NII education & research in UK 

universities (2002) 

 

• DTI nuclear skills group (2002)  
• Nuclear Task Force (Ruffles, 2003) 
• COGENT Nuclear employers survey (200) 
• NDA Health Physics Resources in UK 

Industry (Rankine, 2007) 

Fig 3: Decline in UK public fission funding [10] 
The BNFL Energy Unit advised to the government and research councils to keep the nuclear option 
open. Therefore strategic needs are now recognised and new funds have been made available for 
nuclear education & research [5]. The UK has just launched a nuclear industry oriented National Skills 
Academy that is intended to improve the standard of industry training, increase productivity and tackle 
skills shortages across the UK. The nuclear training activities in the UK are coordinated by the NTEC 
directed by the University of Manchester. 
5.5 USA 
Between 1962 to 1980 the USA was enjoying a peak in nuclear technology with 64 university research 
reactors, 50 nuclear engineering programs and 1800 plus students,. The incidents like TMI and 
Chernobyl as well as rising financial cost resulted into loss of public support, cancellation of orders, 
decline in nuclear engineering enrolment and shutdown of research reactors as shown in Fig.4 [2]. 
Serious considerations by DOE were addressed to these decline problems. Further the NERAC ad hoc 
panel considered seriously the educational situation related to the future of nuclear science and 
engineering [2]. Such efforts revive several programs, as reflected by Fig.5 [1]. 



 
Fig 4: Nuclear engineering enrolments (left) and decline of research reactor (right) [2] 

 

 
Fig 5. Trends of nuclear engineering graduates in USA 2000-2008 [1] 
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ABSTRACT 
 

TRIGA Mark II research reactor at the Jožef Stefan Institute [JSI] is extensively 
used for various applications, such as: irradiation of various samples, training and 
education, verification and validation of nuclear data and computer codes, testing 
and development of experimental equipment used for core physics tests at a 
nuclear power plant. The paper briefly describes the aforementioned activities and 
shows that even such small reactors are still indispensable in nuclear science and 
technology. 

 
1. Introduction  
 
TRIGA Mark II research reactor at the Jožef Stefan Institute (JSI) is extensively used for 
various applications, such as: irradiation of various samples, training and education, 
verification and validation of nuclear data and computer codes, testing and development of 
experimental equipment used for core physics tests at the Krško Nuclear Power Plant. In the 
paper, all of the above mentioned activities are presented and briefly described together with 
the references for further information.  
 
The purpose of the paper is to present the utilization of the TRIGA Mark II reactor at JSI and 
show that even small reactors such as 250 kW TRIGA at JSI can still be used for various 
purposes and can significantly contribute to state of the art achievements in the field of 
nuclear science and technology and other related fields. 
 
2. Irradiation of samples  
 
The TRIGA research reactor JSI is used for irradiation of various samples. It has been mainly 
used for neutron activation analysis [ 1] and for irradiation of various components for the 
ATLAS detector in CERN [ 2, 3]. Due to relatively large “triangular” channel it enables the 
irradiation of silicon detectors at different temperatures by installing a heating/cooling module 
inside the channel. Due to good characterization of the irradiation channels the JSI TRIGA 
Mark II reactor is a reference centre for neutron irradiation of detectors developed for the 
ATLAS experiment. 
The reactor is used for irradiation of silicon detectors and related radiation damage studies: 

• Irradiation of samples of detector material 
• Irradiation of reading electronics 

 
In addition to that two projects have been initiated recently; the development and 
improvement of future fusion reactor materials and the development of bio-dosimeters. They 
both demand a large number of irradiations under different conditions (neutron spectra and 
flux) and subsequent gamma spectral analyses of the samples. Both activities together with 
results are thoroughly presented and described in conference papers [ 4,  5,  6]  
 
3. Training and Education 
 
Practically all nuclear professionals in Slovenia started their career or attended practical 
training courses at the TRIGA reactor (including all professors of nuclear engineering and 
reactor physics at Ljubljana and Maribor Universities, as well as directors and key personnel 
of the Nuclear Power Plant (NPP) Krško, the Slovenian Nuclear Safety Administration and 
the Agency for Radioactive Waste]. All NPP Krško reactor operators and other technical staff 



pass training courses on the TRIGA reactor; the reactor is used in regular laboratory 
exercises for graduate and post graduate students of physics and nuclear engineering at the 
Faculty of Mathematics and Physics, Ljubljana University. The reactor has been used in 
several international training courses, the latest one being organised by the Eastern Europe 
Research Reactor Initiative [EERRI] [ 7].  
 
Since 2009 the JSI TRIGA reactor has been equipped with teleconference system, and two 
full high definition (HD) (1080 × 1920 pixel) digital cameras which represent the basis for 
installation of remote training capabilities. The two full HD cameras are installed above the 
core but can be submersed also under water in a specially designed leak tight casing. Both 
cameras feature also 10 × optical zoom, which allow the users to visually inspect the core or 
individual fuel elements. Both cameras can be operated from the control room and the 
picture is also displayed there on a 132 cm big full HD screen. This new features are 
extremely useful especially for observing the core at practical exercises such as critical 
experiment, where fuel elements are moved around and the source is withdrawn and at void 
coefficient exercise, in which voids are inserted in different positions in the core and reactivity 
is measured. Our experience show that the new system enhances the understanding of the 
experiments ad makes all practical exercises more attractive. 
 

 



 

Figure 1: A view of the JSI TRIGA Mark II core with the new cameras. Wide angle [top] and 
10 × close-up [bottom] 

 
4. Verification and validation of computer codes and nuclear data 
 
The user of any computer code should not only know how the code works but has to be 
familiar also with the validity and the limitations of the code. Therefore one has to verify the 
code and the computational model by performing a comparison of the calculated results with 
benchmark experiments also called benchmarks. Moreover one has to validate also the input 
data, usually the cross section data, used in the calculations. 
 
Several well defined and carefully designed experiments have been performed at the TRIGA 
Mark II research reactor at JSI, in order to establish a set of benchmarks for TRIGA reactors. 
All of them have been thoroughly analyzed and the experimental uncertainties evaluated by 
using the most advanced Monte Carlo neutron transport codes such as MCNP [ 8]. Criticality 
experiments performed in 1991 have been thoroughly evaluated and are included in the 
ICSBEP handbook [ 9,  10]. They present the reference case for criticality calculations with 
UZrH fuel. Recent measurements of neutron spectra and neutron flux distribution are 
candidates for becoming benchmark experiments for neutron spectra and neutron flux 
calculations in UZrH fuelled systems [ 11- 13]. A series of pulse experiments are candidates 
for TRIGA kinetic parameters benchmark [ 14- 16]. In the following sections the main findings 
are briefly presented. 
 
4.1 Criticality calculations 
 
In order to verify and validate the calculations of multiplication factor in TRIGA reactor, the 
TRIGA criticality benchmark from the International Handbook of Evaluated Criticality Safety 
Benchmark Experiments was used [ 9]. The benchmark experiments were performed as part 
of the start-up test after reconstruction and upgrading in 1991. All core components (top and 
bottom grid plates, fuel, control rods, irradiation channels), with the exception of the graphite 
reflector around the core were replaced with new ones in the process. The experiments in 
steady-state operation were performed with completely fresh fuel (including instrumented 
elements containing thermocouples and fuelled followers of control rods) in a compact and 



uniform core (all elements including the fuelled followers of control rods were of the same 
type with no non-fuel components in the critical core configuration) at well controlled 
operating conditions. The benchmark experiment was performed with standard commercial 
TRIGA fuel elements of 20 % enrichment and 12 wt. % uranium concentration in U-ZrH1.6. 
 
Two realistic benchmark core configurations were examined [ 9], denoted as core 132 and 
core 133. The benchmark keff values together with the measurement uncertainties and the 
calculated values (calculated with MCNP version 5.1.40) of keff are presented in Table 1. 
 

Table 1: Benchmark model keff and calculated values of the benchmark keff using different 
cross-section libraries. 

 
Cross section set 

→ 

Case ↓ 

Benchmark-model 

keff 
ENDF/B-VI.8 ENDF/B-VII JEFF 3.1 

Core 132 1.0006 ± 0.0056 
1.0001 ± 

0.0001 

1.0059 ± 

0.0001 

1.0019 ± 

0.0001 

Core 133 1.0046 ± 0.0056 
1.0048 ± 

0.0001 

1.0107 ± 

0.0001 

1.0063 ± 

0.0001 

 
To conclude, we have observed that we can well reproduce the benchmark keff with MCNP 
code, indicating that our computational model describes the reactor geometry and material 
properties sufficiently well for performing criticality calculations. However the calculated 
values of keff strongly depend on the cross section library used in calculations. In future 
emphasis should be put on improvement of nuclear data libraries. 
 
4.2 Neutron flux distribution 
 
The second step in the process of computational model validation is the validation of spatial 
neutron flux distribution. The process involves activation experiments to validate the 
calculated results. The measured activities are compared to the calculated ones to validate 
the calculated spatial distribution of the fast and thermal plus epithermal neutron flux, making 
sure that no important geometrical features of the structural components are omitted from the 
model. 
 
The verification of neutron flux distribution was performed by comparing the calculated and 
measured 27Al(n,α)24Na and 197Au(n,γ)198Au reaction rates in irradiation channels in the core 
centre, at the core periphery and in the graphite reflector surrounding the core. The results 
are thoroughly discussed and presented in several papers and reports [ 11- 13]. We observed 
that our computational model very well describes the neutron flux and reaction rate 
distribution in the reactor core. At the core periphery however, the accuracy of the epithermal 
and thermal neutron flux distribution and attenuation is decreased, mainly due to lack of 
information about the material properties of the graphite reflector surrounding the core.  
 
Since our computational model properly describes the reactor core it can be used for 
calculations of reactor core parameters such as power distribution, power peaking factors 
[ 17], effective delayed neutron fraction and prompt neutron lifetime [ 18]. Moreover now that 
we have developed a very good computational model of the JSI TRIGA Mark II research 
reactor we can use it to support various activities such as validation of self-shielding factors 
[ 19,  20] 
 
 
 



 
5. Testing and development of digital reactivity meter 
 
The JSI TRIGA Mark II reactor is used also for testing and development of a digital reactivity 
meter and associated computational methods which are then used for performing core 
physics tests at the Krško NPP. All experimental equipment and computer codes were 
developed and tested at the JSI TRIGA Mark II reactor. Every year before the start-up test 
we test all equipments, go through all procedures, measure reactor core parameters (excess 
reactivity, control rod worth, reactor response to step reactivity insertion, etc) and prepare 
ourselves for the real start-up tests at the Krško NPP, which have to be completed in less 
than 14 hours. Hence a thorough preparation to the test is essential and could not be made 
without our TRIGA research reactor. 
 
6. Conclusions 
 
This paper briefly presents the major activities that are going on at the JSI TRIGA Mark II 
research reactor. It can be seen that although the reactor is over 40 years old, it still 
significantly contributes to new scientific achievements in nuclear science and to 
preservation of knowledge on nuclear energy. 
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ABSTRACT 
 

The paper presents utilisation of the VR-1 reactor for nuclear education and 
training at national and international level. 
VR-1 reactor has been operating by the Czech Technical University since 
December 1990. The reactor is a pool-type light water reactor based on enriched 
uranium (19.7% 235U) with maximum thermal power 1kW and for short time period 
up to 5kW. The moderator of neutrons is light water, which is also used as a 
reflector, a biological shielding and a coolant. Heat is removed from the core by 
natural convection. The pool disposition of the reactor facilitates access to the 
core, setting and removing of various experimental samples and detectors, easy 
and safe handling of fuel assemblies. The reactor core can contain from 17 to 21 
fuel assemblies IRT-4M, depending on the geometric arrangement and kind of 
experiments to be performed in the reactor. The reactor is equipped with several 
experimental devices; e.g. horizontal, radial and tangential channels used to take 
out a neutron beam, reactivity oscillator for dynamics study and bubble boiling 
simulator. 
The reactor has been used very efficiently especially for education and training of 
university students and NPP’s specialists for more than 18 years. The VR-1 reactor 
is utilised within various national and international activities such as Czech Nuclear 
Education Network (CENEN), European Nuclear Education Network and also 
Eastern European Research Reactor Initiative (EERRI). The reactor is well 
equipped for education and training not only by the experimental facility itself but 
also by incessant development of training methods and improvement of education 
experiments. The education experiments can be combined into training courses 
attended by students according to their study specialization and knowledge level. 
The training programme is aimed to the reactor and neutron physics, dosimetry, 
nuclear safety, and control of nuclear installations. Every year, approximately 250 
university students undergo training at VR-1 reactor. Their stay at reactor site 
means an enormous benefit for their study process. 

 
 
1. Introduction 
The training reactor VR-1, so-called “SPARROW”, was commissioned in 1990 at the 
Department of Nuclear Reactors of the Faculty of Nuclear Sciences and Physical 
Engineering, Czech Technical University in Prague. The reactor is used in education of 
technical university students, in R&D, in the education and training of specialists in the 
nuclear industry, and finally in promotional activities within the field of nuclear power.  
The education and training is oriented to the reactor and neutron physics, dosimetry, nuclear 
safety, and control of nuclear installations. R&D has to respect reactor parameters and 
requirements of the so-called clean reactor core (free from major effects of the fission 
products). Research at the reactor is mainly aimed at the preparation and testing of new 
educational methodologies, investigation of reactor lattice parameters, reactor dynamics 
studies, research in the field of control equipment, neutron detector calibration, etc. 
The VR-1 reactor is utilised within various national and international activities. The utilisation 
of VR-1 reactor at national level takes place within Czech Nuclear Education Network 
(CENEN). The international co-operation is based mainly on activities realised within 



European Nuclear Education Network (ENEN) and Eastern European Research Reactor 
Initiative (EERRI). 
 
2. Basic Technical Parameters of VR-1 Reactor 
The VR-1 Training Reactor (see Fig1) is a pool-type light-water reactor based on enriched 
uranium with maximum thermal power 1kW and for short time period up to 5kW. The 
moderator of neutrons is light demineralised water, which is also used as a reflector,  
a biological shielding, and a coolant. Heat is removed from the core by natural convection. 
The pool disposition of the reactor facilitates access to the core, setting and removing of 
various experimental samples and detectors, easy and safe handling of fuel assemblies. 
 

 

Fig 1.  Cross section of VR-1 reactor 
 
Reactor has been successfully converted from the highly enriched uranium (IRT-3M, 
enrichment: 36 % 235U) fuel to the low enriched uranium (IRT-4M, enrichment: 19.7 % 235U) 
fuel in 2005 [1]. The reactor core contains 17 to 21 fuel assemblies IRT-4M, depending on 
the geometric arrangement and kind of experiments to be performed in the reactor. The core 
is accommodated in a cylindrical stainless steel vessel - pool, which is filled with water. 
The cadmium control rods serve the reactor control and safe shutdown. Construction of all 
the rods is identical, but they differ in their functions (safety, compensation or control) 
according to the connection with the control and safety system.  
Digital control equipment consists from control and safety system, signalling system, 
connecting system, and neutron source control. The Am-Be neutron source is used to start 
up the reactor. It ensures a sufficient level of the signal at the output of the power measuring 
channels from the deepest sub-criticalities, and thus guarantees a reliable check of the 
power during the reactor start-up.  
The reactor is equipped with several experimental devices [3]; e.g. horizontal, radial and 
tangential channels used to take out a neutron beam reactivity oscillator for dynamics study 
and bubble boiling simulator. Basic technical properties of the VR-1 reactor are summarised 
in Table 1. 
 

Rated Power  1 kW (thermal), 5 kW for short time period 



Neutron Flux  2 - 3x109 /cm2.s 

Fuel  IRT-4M type, 235U enrichment 19,75 % (imported from Russia) 

Reactor Vessels 
(pools) 

 

made from stainless steel  
vessel diameter 2 300 mm 
vessel height 4 720 mm 
wall thickness 15 mm 

Reactor Shielding  
above core: water layer  3 000 mm 
side: water layer about  850 mm + concrete 950 mm 

Temperature   20 °C (according to the ambient temperature) 

Core Cooling  natural convection 

Pressure  atmospheric 

Control Rods  
5-7 control rods: 3 safety (shut-down) rods, 0-2 experimental 
rods (according to the core configuration), 2 control rods 

Operating Power 
Measurement 

 four wide-range non-compensated fission chambers 

Independent power 
Protection 

 four pulse corona boron counters 

Neutron Source  Am-Be, 185 GBq, emission rate of 1.1 . 107 s-1 

Tab 1.  Basic technical properties of the VR-1 reactor 
 
3. Education and Training at VR-1 Reactor 
The training reactor VR-1 is principally used for training of students from technological 
universities and specialist from Nuclear Power Plants. Training is aimed to areas such as 
reactor physics, neutronics, dosimetry, reactor operation, nuclear safety and I&C systems. 
Depending on the curriculum and orientation of individual users, the training is performed in 
the regular weekly schedule or in the form of batch courses two to five days long. The 
specific content of the courses is compiled according to the requirements of the users. The 
courses and experiments are available in three levels:  
• demonstration; 
• basic; 
• advanced. 
The demonstration level is intended for basic understanding of physical phenomenon, which 
is applied during the experiment and participants are rather passive observers. In the basic 
level, participants actively take part in the experiment, and independently evaluate acquired 
data. The advanced level is designed for in-depth study of the issue and requires a deeper 
theoretical knowledge of participants and their active participation in the preparation of 
measurements, during the experiment and interpretation of acquired values. A chosen 
phenomenon or process is often analysed using several different approaches or conditions. 
Currently, over 25 experiments are prepared at the reactor [3]. The most frequent 
experiments are the following:  
• basics of neutron detection using gas detectors;  
• determination of gas detectors dead time; 
• analysis of neutron detectors properties for reactor I&C; 
• measurement of delayed neutrons;  
• determination of neutron flux density distribution by tiny gas detectors,  
• determination of neutron flux density distribution by activation detectors ( Au foils, Cu 

wires);  
• reactivity measurements (e. g., Rod Drop, Source Jerk, Positive Period);  
• control rods calibration (e. g., by Inverse Count Rate);  
• analysis of various materials impacts on reactivity;  



• criticality approach and critical experiment; 
• study of nuclear reactor dynamics; 
• start-up, controlling and operation of nuclear reactor; 
• bubble boiling simulation and its impact on reactivity; 
• short-time instrumental neutron activation analysis. 
The less frequent, specialized experiments aimed at determination of kinetic characteristics 
(e.g. neutron lifetime, effective delayed neutron fraction), selected analytical methods for the 
environment protection or extended experimental courses of digital control systems. 
 
4. Utilisation of VR-1 Reactor within National and International Cooperation 
VR-1 reactor as a specialized training facility of the Ministry of Education, Youth and Sports, 
is in addition to students of Czech Technical University in Prague open to students from 
other universities in the Czech Republic (more than five Czech universities). Majority of 
reactor training for students from the Czech universities takes place within the scope of 
CENEN (see Fig 2). Every year 150-200 students from Czech universities undergo training at 
VR-1 reactor. Student’s stay at reactor site means an enormous benefit for their study 
process. 
 

 
Fig 2.  Scheme Diagram of Cooperation within CENEN Framework 

 
The reactor is frequently used for training of NPP’s specialists as well. The users are both 
from Czech NPPs (Dukovany and Temelín) and Slovak NPPs (Jaslovské Bohunice and 
Mochovce). Approximately 5 courses for NPP’s staff take place at VR-1 reactor per year. 
Integral part of reactor utilisation is education and training of students coming from abroad. 
There is close cooperation with Germany (Fachhochschulle Aachen), Slovakia (Slovak 
University of Technology in Bratislava), Sweden (KTH Royal Institute of Technology in 
Stockholm) and Austria (Atominstitut TU Vienna). Education for foreign students is also 
organized within the scope of ENEN. Approximately 40 foreign students take part in course 
at VR-1 reactor per year. 
Several courses organised at VR-1 reactor in cooperation with IAEA. Currently there are 
activities related to EERRI. EERRI was established in 2008 and covers 8 research reactors 
(see Fig 3) from 6 European countries as an example of regional co-operation between 
research reactors. Soon after its establishment, the EERRI in collaboration with IAEA 
organised and successfully carried out the first group education and training course 
dedicated for the Members States aiming to build their first research reactor. The second 



course is already scheduled for April this year. The course will take place at VR-1 reactor as 
well. 
 

 
Fig 3 Research reactors utilised within EERRI 

(LWR-15 and VR-1– Czech Republic, JSI – Slovenia, ATI – Austria,  
INR – Romania, BRR and TUB – HUNGARY, Maria – Poland,)  

 
Another important part of the VR-1 reactor utilisation is providing the public information. High-
school or university students as well as public visit the reactor. Programme of visit is didactic; 
containing a lecture, a site visit, performance of a reactor operation and visitors also gather 
all important aspects of nuclear energy production. More than 1000 visitors come to VR-1 
reactor per year. 
 
5. Conclusions 
The VR-1 reactor has been used very efficiently for nuclear education and training of 
university students and NPP’s specialists for more than 18 years. The utilisation of VR-1 
reactor at national level takes place within CENEN. The international co-operation is based 
mainly on activities realised within ENEN, IAEA and EERRI. The operator and main user of 
the VR-1 reactor is the Czech Technical University in Prague; another five Czech universities 
participate in its use. The co-operation with foreign universities is frequent as well. Every 
year, approximately 250 university students undergo training at VR-1 Reactor. Further 
training courses are provided for specialists from Czech and Slovak NPPs. There are five 
special courses per year. Every year more than 1000 visitors come to VR-1 reactor within 
informational and promotional activities. 
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ABSTRACT 
 

Long-term self-sustainability of a small reactor facility is possible because there is 
a large demand for non-destructive chemical analysis of bulk materials that can 
only be achieved with neutron activation analysis (NAA). The Ecole Polytechnique 
Montreal SLOWPOKE Reactor Facility has achieved self-sustainability for over 
twenty years, benefiting from the extreme reliability, ease of use and stable 
neutron flux of the SLOWPOKE reactor. The industrial clientele developed slowly 
over the years, mainly because of research users of the facility. A reliable NAA 
service with flexibility, high accuracy and fast turn-around time was achieved by 
developing an efficient NAA system, using a combination of the relative and k0 
standardisation methods. The techniques were optimized to meet the specific 
needs of the client, such as low detection limit or high accuracy at high 
concentration. New marketing strategies are presented, which aim at a more rapid 
expansion. 

 
 
1. Introduction 
1.1 Development of the reactor facility 
 
Seven SLOWPOKE reactor facilities were constructed in Canada in the 1970’s and 1980’s. 
Four of them continue operating; three have been shut down and in each case a major factor 
leading to the decision to close the facility was that their attempts to attain self-sustainability 
were unsuccessful. 
 
The Montreal facility began operation in 1976. The original mandate of the facility was to 
provide teaching in nuclear engineering and to provide neutron activation analysis to 
researchers at the university and in the Montreal region. The use of the reactor for teaching 
in nuclear engineering is still continuing at the Nuclear Engineering Institute. 
 
The neutron activation analysis work began slowly because the original staff included no 
NAA expert. The staff learned from visits to other well-established facilities and soon began 
developing NAA techniques suited to this SLOWPOKE reactor and tailored to meet the 
needs of the university researchers. Funding was ensured by infrastructure grants from the 
Canadian government and from the government of the province of Quebec and from 
teaching and research funds available at Ecole Polytechnique. During the period 1976-1985, 
a large number of graduate students in science and engineering used the facility for NAA and 
then left to work in various industries or research centres. These former students, with the 
positive experience gained at the facility, were very important to the subsequent achievement 
of self-sustainability. 
 
 
2. Achieving self-sustainability 
2.1 Motivation 
 



  

In 1985, the administration of Ecole Polytechnique announced that the university no longer 
had funds to support research and the reactor facility would have to become self-sustainable 
or would be shut down. The staff of the facility, who by then had five to eight years 
experience, felt that self-sustainability was possible and decided to make the long-term 
commitment to achieve it. Fortunately, the maintenance costs of a SLOWPOKE reactor were 
very low; thus more than 80% of expenses were salaries. 
 
At this time, the revenues of the facility were NAA revenues and government infrastructure 
grants. It was necessary to increase the NAA revenues. Fig. 1 shows the evolution of the 
NAA revenues over the last 30 years. From 1985 to 1990 the revenues increased slowly 
because no special promotional effort was made to attract new clients. The increase was due 
completely to former research users, students and other researchers, who decided to begin 
using NAA again or who communicated the advantages of NAA to their colleagues. The 
large increases in 1991 and 1992 were due to these same users who started several large 
projects. 
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          Fig 1.  Commercial NAA revenues of the facility 

 
2.2 Development of neutron activation analysis as a commercial product 
 
Scientists at many facilities have the attitude that they understand very well neutron 
activation analysis, as it was developed in the 1970s and 1980s, and with their reactor and 
gamma-ray spectrometer they can apply this method successfully for a commercial NAA 
service. They offer fixed analysis packages, based on what is convenient for them, such as 
short half-life nuclides or long half-life nuclides or the availability of their reactor and staff. 
This attitude rarely leads to success; the NAA service must be developed to meet the needs 
of the customer. 
 
We discuss at length with all potential customers to determine their exact needs and how we 
can best meet them. The method is adjusted for each new case, carefully taking into account 
the development cost. Most of our clients are industries that require NAA for product 
development and quality control. They require the following, with the most important items 
listed first: 
• Fast turn-around time 
• Reliability 



  

• High accuracy 
• High sensitivity 
• Range of concentrations from low to high 

 
The SLOWPOKE reactor is ideal for fast turn-around times because it is always available five 
days a week. New projects require some time for method development; after that the method 
is ready and the analysis can begin as soon as the samples are received. The limitation is 
usually the half-lives of the elements of interest and the interferences. 
 
Reliability and accuracy depend on the expertise and vigilance of the NAA analyst. He must 
be aware of all possible interferences and the various matrix effects, including sample 
inhomogeneity, neutron self-shielding, gamma-ray absorption, spectrometer dead-time, etc. 
He must constantly strive to avoid mistakes such as in labelling samples, weighing and 
recording the measurement parameters. He should be aware of the importance to do so. 
Mistakes have been reduced by the use of written procedures, and all analyses are fully 
documented and verified. We have a non-formal quality assurance program based on a 
“culture of quality” and common sense. We feel this approach is superior to that of a formal 
quality assurance program with unmotivated staff. 
 
The relatively low neutron flux of the SLOWPOKE reactor, ten times lower than larger 
research reactors, has not been found to be a limitation to the sensitivity that can be 
achieved. The detection limit depends mainly on the ability to resolve the peak of the 
gamma-ray of interest from the Compton background. We have developed optimised 
counting techniques and powerful spectrum analysis software [1] for this. 
 
It is important to be able to analyse any material for any element, out of the 60 elements 
commonly measured by NAA, quickly and accurately. With the classical Relative Method, 
every time a sample is analyzed, a standard must be prepared for every element. This is 
very time consuming. Our Improved Relative Method [1] takes advantage of the extreme 
stability of the SLOWPOKE reactor and the gamma-ray spectrometers. We standardise for 
each element and each counting geometry once, store the sensitivity constants in libraries, 
and use them for years without modification. With each batch of samples analyzed, we 
irradiate no standards and no flux monitors, only quality control standards occasionally. 
 
Differences in sample size and composition between the standards and the unknowns are 
corrected for, using accurate models of the activation and detection processes [2]. Now, with 
the k0 standardisation method [3], it is not necessary to irradiate a standard of every element. 
The parameters of the models used with the k0 method are now sufficiently accurate [4,5] 
that the concentrations of all elements can be determined in any material, using any 
irradiation channel and any detector configuration, without a standard of each element. We 
now use the k0 method extensively. It required a great deal of effort to develop this method 
and perfect it, but once implemented it now offers large savings in time as well as improved 
flexibility and accuracy. 
 
A major limitation to NAA was the inability to predict the amount of neutron self-shielding, 
especially for epithermal neutrons, in materials containing high concentrations of neutron 
absorbing elements. This severely limited the materials which could be analysed. We have 
recently developed a simple and accurate method for correcting neutron self-shielding [6], 
which has opened many new avenues for our commercial NAA service. 
 
The NAA method has thus been developed to analyse the widest variety of materials; those 
most commonly analysed are shown in Table 1. In principle, about 65 elements can be 
determined by NAA; in practise, up to 40 elements can be detected in common materials. 
The complete sample scan that offered therefore includes these 40 elements. 
 
 



  

Material Elements 

Plastics all, especially Mg, Ti, Al, Cl, Sn, P 
Treated wood I, Sn, Cu, Cr, As, Br 
Rocks, minerals Au, U, Th, rare-earths 
Air particulates on filters heavy metals 
Silicon semiconductors all 
Food supplements Ca, Mg, Fe, Zn, Se 
Materials for fuel cells, batteries Pt, Ru, Cd 
Coated paper I, Cu 
Oil refinery catalysts Cl 
Textiles Ag, Cd, Ni, Sb, Cl, Br, I, S, P 
Leather Cr 
Archaeological ceramics all 
Pharmaceutical products various elements 

 

  Table 1:  Materials analysed by NAA 
 
2.3 Staff 
 
Experience has shown that a self-sustainable NAA facility using a SLOWPOKE reactor 
needs, as a minimum, these four essential staff members: 

1. Director of the facility, who is also the reactor manager. 
2. NAA analyst. He is also a reactor operator. 
3. NAA assistant. He would ideally also be a reactor operator. 
4. Technician. An employee of the university, he works part-time maintaining the reactor 

systems and the gamma-ray spectrometers. 
 
The director of the facility must have a business mentality, and he must also be an NAA 
expert, working with the NAA analyst and ready to replace him when necessary. As reactor 
manager, he must be a SLOWPOKE reactor operator and knowledgeable in reactor safety 
and regulatory matters. The director of the facility and the NAA analyst should be specialised 
experts, they should be highly motivated and should occupy long-term positions. The NAA 
assistant becomes more essential as the volume of work increases, but this person is highly 
desirable at all times because he may be needed to ensure a continuously available NAA 
service during the vacation period, etc. Other part-time staff include Radiation Safety Officer, 
Quality Assurance Officer, NAA salesman. 
 
 
3. Maintaining self-sustainability 
3.1 Difficulties 
 
Although the reactor is ageing, maintenance costs have not increased substantially, apart 
from the successful fuel change [7] in 1997. However, provisions should be made to prevent 
prolonged reactor shutdown (one month is enough to lose major clients) due to ageing. In 
addition, replacing ageing personnel should be planned carefully. We have developed an 
ageing management program for the facility, including ageing equipment, documentation and 
personnel. When fully implemented, it should reduce the probability of prolonged shutdowns. 
 
The increase in revenues from 1985 to 1999, see Fig. 1, correlated well with the increase in 
staff and salaries. However, from 2000 to 2009 the fairly constant revenues have not kept 
pace with the large increase in regulatory costs. The effort required to achieve and maintain 



  

conformity with international safety standards and with the Canadian Nuclear Safety Act, 
enacted in 2000, now requires the equivalent of one full-time staff member. Also, since 2003, 
some of the revenues must be put aside to constitute a decommissioning fund. Thus, an 
effort is now needed to increase revenues. 
 
3.2 Recent efforts to increase revenues 
 
After a complete analysis of the facility from a business perspective, it was concluded that 
the key elements for achieving self-sustainability are always the same: excellent NAA 
services (fast, accurate analysis) and constant communication with the customers: learning 
about their needs but also allowing the customer to learn more about the capabilities of the 
NAA laboratory. We estimate that there is still a large untapped market for NAA in Canada 
and the USA, estimated at $20,000,000 annually, which we can exploit with our unique 
expertise in this field. We now need to valorise our strengths mentioned above, by entering 
into contact with new customers.  
 
On three occasions in previous years, advertising material, including NAA information sheets 
and price lists, had been sent by mail or by email to potential clients. This met with absolutely 
no success. In 2009 this was again attempted, this time trying to better target the key people 
in organisations likely needing NAA. Again there was no success. 
 
The senior staff of the facility now attends trade meetings of the industries which traditionally 
require NAA. As a result, the knowledge of the needs of these industries was improved and 
the contacts made are expected to eventually lead to some new clients. 
 
An agreement was reached with an experienced salesman of technical and analytical 
services. The previous contacts of this salesman are now being informed of the possibilities 
of NAA. This met with some success and has already led to new NAA contracts in several 
areas. 
 
 
4. Conclusion 
 
It has been shown how a neutron activation analysis laboratory can achieve and maintain 
self-sustainability, through careful long-term business-like planning, the development of 
technical expertise, and its application by highly motivated staff.  
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ABSTRACT 

At the University of Mainz, Germany, a boron neutron capture therapy (BNCT) project has 
been started with the aim to expand and advance the research on the basis of the 
TAOrMINA protocol for the BNCT treatment of liver metastases of colorectal cancer. 
Irradiations take place at the TRIGA Mark II reactor. Biological and clinical research and 
surgery take place at the University and its hospital of Mainz. Both are situated in close 
vicinity to each other, which is an ideal situation for BNCT treatment, as similarly performed 
in Pavia, in 2001 and 2003.  
The application of BNCT to auto-transplanted organs requires development in the 
methodology, as well as regard to the irradiation facility and is part of the complex, 
interdisciplinary treatment process. The additional high surgical risk of auto-transplantation is 
only justified when a therapeutic benefit can be achieved. A BNCT protocol including 
explantation and conservation of the organ, neutron irradiation and re-implantation is 
logistically a very challenging task.  
Within the last years, research on all scientific, clinical and logistical aspects for the therapy 
has been performed. This includes work on computational modelling for the irradiation 
facility, tissue and blood analysis, radiation biology, dosimetry and surgery. Most recently, a 
clinical study on boron uptake in both healthy and tumour tissue of the liver and issues 
regarding dosimetry has been started, as well as a series of cell-biology experiments to 
obtain concrete results on the relative biological effectiveness (RBE) of ionizing radiation in 
liver tissue. 

 

 

1.  Introduction 
 
The basic idea for BNCT dates back to the discovery of the neutron by Chadwick in 1932 [1]. 
Maurice Goldhaber was the first scientist to observe the 10B(n,α)7Li reaction by irradiation of 10B 
with thermal neutrons, which is the basis of BNCT [2]. Soon after this, the idea was born to apply 
this reaction in the medical field, especially for cancer treatment [3]. The reaction yields a 7Li and 
an α-particle which are able to destroy tissue within a very short range (< 10 µm). This radiation is 
particularly effective against cancer if the 10B is present in tumour cells in high concentrations, with 
at the same time, only small quantities of 10B in healthy tissue. 10B is very suitable due to its low 
toxicity, good biochemical synthetic compatibility and a high neutron cross section (3837 barn) for 
the therapy. The 10B is distributed and delivered into the targeted cells by carrier molecules. The 
patient is then irradiated in a suitable facility with a neutron beam. The result is the complete 
destruction of the tumour tissue, while the healthy tissue is not seriously damaged [4]. Since the 
1950s, there have been clinical studies on various kinds of cancer, e.g. glioblastoma multiforme, 
malignant melanoma, head and neck cancer [5]. BNCT for patients with multiple colorectal liver 



metastases was established at the University of Pavia with two cases being treated by Pinelli et al 
in 2001 and 2003 [6]. The 10B carrier p-borono-phenylalanine (BPA) was used at an infusion rate of 
300 mg/kg, the liver was explanted, perfused with preservation solution, irradiated in the thermal 
column of the TRIGA Pavia research reactor with thermal neutrons and then reimplanted (auto-
transplantation). Both cases were deemed successful and gave rise to the assumption that BNCT 
could be a beneficial option for a large number of patients suffering from primary and secondary 
cancer of the liver. Therefore, at Mainz, the BNCT project is focused on the treatment of liver 
tumours. Irradiations take place at the thermal column of the TRIGA Mark II reactor [7] (see Figure 
1) and surgery is carried out at the University Hospital of Mainz. Both facilities are situated in close 
vicinity to each other, which is an ideal situation for BNCT treatment. The thermal column is filled at 
six positions with special graphite blocks serving as removable stringers. These channels are used 
for the autoradiography and irradiation of cells, parts of the liver or later for the irradiation of the 
whole organ.  
 

 
        

Figure 1: Left: The BNCT facility at the TRIGA Mainz, right: different irradiation positions of the 
thermal column: Channel for the radiography (green), for the irradiation of cells and the liver 

sections of the study (red), for the irradiation of the whole liver (blue) 
 

 
2. Material and methods 
 
2.1 Surgical procedure 
 
Patients suffering from colorectal carcinoma develop distant metastases in 50 to 80 % of cases 
with the metastases being confined to the liver in almost half of these cases [8].  
 
The surgical process requires extensive experience in the field of liver transplantation and 
preservation of the liver during the extracorporeal treatment. This includes perfusion of the liver 
artery with preservation solution and reducing the liver temperature to 4°C. The question remains 
whether there are any wash-out effects during this procedure and if yes, will the accumulation 
remaining in tumour tissue still be of sufficient concentrations for the irradiation therapy? 
 
Therefore, the first step will be to determine the accumulation of BPA in tumour and healthy liver 
tissue in patients before and after partial liver resection and washing the liver specimen with 



preservation solution. Furthermore, additional pharmacokinetic data will be obtained from blood 
and urine samples taken at intervals during surgery.  
 
At present, a clinical study with up to 15 patients is carried out to determine the boron uptake in 

oth healthy and tumour tissue of the liver. The patients suffer from colorectal liver metastases and 

healthy tissue of the partial liver 
 
 

.2 Analytical methods 

vided from three patients. After the resection of the liver, the 
pecimens were perfused with preservation solution (250 ml through the artery and 1500 ml 

erlaid with tissue slices 
ontaining B were irradiated in the middle channel of the thermal column of the TRIGA Mainz 

 High Flux Reactor in 
etten, the Netherlands [11]. The method allows a direct determination of the 10B concentration by 

rrelation between the surgical procedure and the boron 
oncentration in the blood (see figure 3). The analysis of the healthy and tumour tissue samples 

b
they need a partial liver resection. BPA was administered at a concentration of 200 mg/kg 
intravenously. Throughout the surgical procedure, blood samples were taken every 30 minutes 
(see figure 2). 
 
 

 
 

Figure 2: Left: Perfusion of the partial liver after surgery; right: Taking samples of tumour and 

2
 
So far, samples have been pro
s
through the portal vein) and tissue samples were taken from the surface and at depth in the organ 
to provide data for the spatial boron distribution. The samples were frozen in liquid nitrogen and 
prepared for analysis by the Department of Pathology, and for further analyses using 
autoradiography [9], and prompt gamma activation analysis (PGAA) [10]. 
 
Neutron autoradiography is applied for tissue analysis: CR-39 films ov

10c
together with a boron standard [9].  For development, the films were placed in 7M NaOH solution 
and then analysed using a microscope combined with a computed analysis.  
 
PGAA was applied for the analysis of blood and healthy tissue sample at the
P
the reaction 10B + n ⇒ 7Li + 4He + γ. The samples were irradiated with thermal neutrons at the HB7 
beam port [10]. The measurements of the emitted 478 keV gamma rays using a high purity 
germanium detector yield the 10B content. 
 
First results of the PGAA show a good co
c
requires better statistics. Therefore, it is important to continue the study with the next patients. 
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Figure 3: Pharmacokinetic curves for the first three patients of the study 

 
 
2.3 Biological dosimetry 
 
In order to determine the RBE for hepatocytes originating from healthy and tumour tissue, cell 
experiments were carried out. Cell lines of type Huh7 [12] which stem from two distinct persons 
containing differently modified tumour tissue were, treated with BPA and then irradiated with 
neutrons in the thermal column and with photons of a 60Co gamma ray emitter.  
 
At various times after irradiation, vitality of cells was measured using a cell proliferation assay. 
Growing curves of the irradiated cells were determined which allows to differentiate between 
apoptotic and necrotic effects in cells. The results of the different types of irradiation were 
compared to calculate factors for the RBE, which are important parameters in the evaluation later 
of radiotherapy.   
 
2.4 Dose calculations for the irradiation facility  
 
Simulations were carried out to model the irradiation field at the thermal column of the TRIGA 
Mainz for the purpose of preliminary dose calculations which serve as a first rough estimate for the 
efficiency of a future BNCT treatment [13]. The calculations of the irradiation field were validated 
using Au-activation foils and thermoluminescence dosimeter (TLD) [14]. 
 
Previously validated simulations using the Monte Carlo Code MCNP 5 [15] were applied to 
determine the spatial distribution of the neutron flux and the primary, as well as secondary, gamma 
dose in liver tissue at the planned irradiation site within the thermal column. The respective dose 
contributions for BNCT were calculated using the kerma approximation.  
 
The results show that an effective BNCT treatment for extracorporeal livers irradiated in the 
modified thermal column of the TRIGA reactor in Mainz, even in the case of a low ratio of boron 
concentration in tumour (CT) and normal liver tissue (CN) respectively, is feasible. In the case that 
the CT/CN values are as reported in Pavia, the simulations yield a sufficient short irradiation time of 
13 minutes, a maximum dose to normal tissue of 8 Gy and a minimum dose to tumour tissue of 32 
Gy.  



 
3. Conclusion  
 
The thermal column of a TRIGA reactor is particularly suited for organ treatment, cell experiments, 
as well as the further development of neutron capture therapy. It will however be necessary to 
install additional Bi shielding inside the thermal column to reduce the gamma background. Different 
methods like autoradiography and PGAA are available to determine the boron concentration in 
blood and tissue samples. The clinical study to determine the boron uptake in healthy and tumour 
tissue of the liver has to continue to obtain better statistics of the boron concentration. Cell 
experiments have been started to determine the RBE and to develop a tumour model. Also 
simulations of the irradiation field in the thermal column and first dose calculations for the liver are 
being carried out to estimate the dose values for tumour and healthy tissue. 
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ABSTRACT 
The Research Reactors as is well known have numerous applications in a wide 
range of science technology, nuclear power development, medicine, to 
enumerate only the most important. The requirements of clients and stack-
holders are fluctuating for the reasons out of control of Research Reactor 
Operating Organization, which may ensure with priority the safety of facility and 
nuclear installation. Sustainability of Research Reactor encompasses several 
aspects which finally are concentrated on safety of Research Reactor and 
economical aspects concerning operational expenses and income from external 
resources. Ensuring sustainability is a continuous, permanent activity and also it 
request a strategic approach. The TRIGA – 14 MW Research Reactor detains a 
30 years experience of safe utilization with good performance indicators. In the 
last 4 years the reactor benefited of a large investment project for 
modernization, thus ensuring the previous performances and opening new 
perspectives for power increase and for new applications. The previous core 
conversion from LEU to HEU fuel accomplished in 2006 ensures the utilization 
of reactor based on new qualified European supplier of TRIGA LEU fuel. Due to 
reduction of number of performed research reactors, the 14 MW TRIGA 
modernized reactor will play a significant role for the following two decades. 

 
 
1. Introduction 
Sustainable development is a general notion developed some two decades ago by 
Brundtland Report. Since that time the term was used, diversified and applied to a multitude 
of human activities, for example sustainable economy, sustainable agriculture, sustainable 
energy, sustainable nuclear energy. The content and sense of sustainability in fact is 
“oxymoron” and relative belonging to social economic environment to a plurality of cultures 
and technologies and contain a contradiction. The contradiction appears between natural 
resources regeneration and consumption of natural resources accomplished by the use of 
materials and dumping of waste. Sustainable means to keep equilibrium between resources 
consumption and regeneration with the condition to protect the environment. Sustainability in 
any area in general terms suppose:  

 A long term vision – desired state = equilibrium 
 A strategic approach – Planning 
 Management of strategy – setting goals 
 Sustainability measurement to measure progress 
 Performance indicators 
 Reporting and communication of achievements  
 Feed back 

A relative new approach of sustainability tries to explain the complex source of sustainability 
by thermodynamics fundamentals: 

Principle 1 – The energy is not created or destroyed, the energy through technology is 
“only modified in form” 
Principle 2 – Matter and energy trends to disperse in time to low level in environment, 
increasing the entropy. 

Sustainability of Research Reactors could be understood as a human complex activity part of 
many other life processes developed in other areas as fundamental research, materials 
research, applicative research for nuclear energy, nuclear safety, agriculture, medicine, 
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education and more others. Sustainability of Research Reactors is in a strong correlation 
with sustainability in other fields of activity challenged by principles of thermodynamics: 

Principle 1 – Resources available for research reactors are modified in form through 
diverse technologies/techniques of neutrons generation utilization to become resources 
for other processes  
Principle 2 – Resources trends to disperse in time to low level in environment, 
increasing the entropy i.e. reducing the sustainability. 

Sustainability of Research Reactors is a part of sustainable development of science, 
technology, energy and the demand for Research Reactor support products and resources is 
a subject of dynamic needs in other processes or fields of activity and can not be controlled 
by Research Reactor Owner, subject of risk and uncertainty. Reducing the risk and 
uncertainty means increase the sustainability. 
Maintaining a diversity of options in Research Reactor application/utilization may help to 
avoid losses when one option is reduced or fail. Innovation in products, services and 
technology for efficient utilization of reactor reducing in the same time the radioactive waste 
and environmental impact is a direction of sustainability of Research Reactors. Protecting 
the investments, life extension and maintenance for research reactors is a factor of 
sustainability, and an indicator as well. Radiological protection by limiting the exposure of 
staff and population below standards of protection in terms of exposure could be a factor of 
sustainability, and an indicator as well. Radiation protection is a dynamic field subject of 
results of R&D and developments of new instrumentation. Safety of Research Reactors 
expressed in specific indicators reinforced by Safety Culture of Operating Organization 
giving an overriding priority to safety issues is the guaranty of sustainability of a given 
research reactor. Radioactive waste management for reactor operation/maintenance and 
decommissioning and research reactor spent fuel with associated costs and radiation 
exposure of staff and population may be an important factor of sustainability, and an indicator 
as well. Sustainable utilization of Research Reactors is based more on knowledge and skills 
and less on materials, this means valuable human resources. Ensuring high qualified and 
licensed staff and Research Reactor operators is a factor of sustainability, and an 
indicator as well. International cooperation and synergy is a valuable resource for Research 
Reactors sustainability by exchange and reciprocal support, cooperation agreements 
alliances, initiative, networking in order to enhance the capability of collective sustainability 
and reliability of products and services with less financial effects. Role of government policy 
in the area of energy, research and development is essential where research reactors are 
state owned. The role of government is essential in formatting regulatory framework and 
policies that will allow a coherent approach toward decommissioning of nuclear facilities and 
disposal of radioactive waste.  
Sustainable nuclear activities developed by Research Reactors have to achieve a high level 
of public acceptance from community consideration and involvement in decisions concerning 
environmental issues.  
 
2. Sustainability of TRIGA 14 MW Research Reactor in Pitesti, Romania 
Sustainability of of TRIGA 14 MW Research Reactor could be defined as the ability to 
maintain safe and economic operation of reactor for the next twenty years. The relative long 
term of operation target for 50 years in total since commissioning is an objective which was 
accomplished by several other research reactors. In case of 14 MW TRIGA, this objective 
could be achieved by: 

1. management of ageing equipment systems and instrumentation so the research 
reactor life time could be safely extended for the next twenty years 

2. human resources management, training and retraining and continuous employment 
of replacements in order to reduce the mean age of reactor staff from 48 years to 30 -
32 years old. 

3. ensuring solutions and experimental devices for new application on material testing 
and preparation of testing activities for the newly designed European research 
reactors and sharing experience and know-how through international cooperation. 
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3. Vision 
The reactor will be a safe and reliable neutron source for material testing, for research in the 
field of nuclear safety of power plants for at least 20 years and contributing to radioisotopes 
market especially fission 98Mo from LEU. 
 
4. Strategic approach of issues which may impact the sustainability. 
 
4.1. Operation of Research Reactor 
To ensure the resources for operation, mainly: 

 human resources sufficient in number and qualification to ensure four shifts operation 
and replacement licensed by Regulatory Authority 

 fresh fuel supply for extended operation was ensured in the framework of IAEA-TC 
Project by contribution of IAEA, US-DOE through GTRI and by qualification of and 
European nuclear fuel provider. The core conversion was successfully performed on 
12 May 2006, achieving a strategic goal established some 15 years ago. The spent 
fuel containing HEU, as well as unirradiated HEU was shipped in the country of origin. 

 To secure founds for fuel and for continuous operation, maintenance and spare parts, 
founds for modernization of reactor systems and instrumentation and control were 
obtained through IAEA-TC Project and from government 

 Keeping the licensed operational facility 
 
4.2. Cost of operation / Cost recovery 
Yearly budget of TRIGA Research Reactor facility provide funds for covering the reactor 
operation including expenses for safety, maintenance, plant life extension and other taxes.  
The yearly budget contains provisions for staff salaries, expenses with water, electric power, 
heating, radioactive waste transfer, conditioning and disposal, spent fuel management during 
intermediate storage, materials for maintenance and operation, expenses with 
communication, and for other services at the level of institute as physical protection, fire 
brigade, radiation protection and monitoring of facility and site.  
Assets depreciation, costs recovery over designed life period including cost of modernization 
are distributed over life extended period. An important cost factor is taxes and licenses fees 
and contribution to decommissioning founds.  
The cost of operation per hour could be computed and the cost for applications/users could 
be established in order to recover the expenses. The economic viability of research reactor is 
a strategic issue. Costs are justified and verified by the top management. Safety and 
economic viability are complementary issues. Developing yearly programs and plans that 
enhance economics also are likely to be benefic for reactor safety. This could be expressed 
as a well used research reactor and is safer that a shutdown one.  
 
 
4.3. Licensing and regulatory aspects 
Licensing concerns reactor facilities, some category of operational staff, new experiments, 
new products and services provided by Operating Organization, Renewing the licenses every 
two years is a regulatory requirement in Romania. 
 
4.4. Quality Management, Health, Safety and Environment 
Institute Integrated Management System was certified by Lloyd’s Register Quality Assurance 
for quality management system, for environmental management system, for occupational 
health and safety management system, according to the current standards.  
The institute Quality Management System was authorized by National Commission for 
Nuclear Activities Control in Romania. The Quality Management System in institute is 
applicable to all processes which lead to performance of nuclear activities starting with 
design of nuclear equipment, installations, manufacturing, control, including among many 
others operation of nuclear installations (Research Reactor, Post Irradiation Examination 
Laboratory, Radioactive Waste Station, transportation of radioactive sources and materials). 
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4.5. Technical cooperation and information exchange 
A large contribution of achievements of research reactors of Romania is due to technical 
cooperation with IAEA-TCEU and with departments of Research Reactors Nuclear Safety 
and physics sections. International meetings with specific topics of research reactor safety 
and utilization enhanced the communication and information exchange. Participation in US-
DOE Project Sister Laboratories improved strategic approach of activities development and 
business orientation. Participation in the European Framework Research Projects, for 
MTR+I3, open new perspectives for TRIGA Research Reactor utilization for development of 
some application that in the future will be used in Jules Horovitz Research Reactor in France.  
 
4.6. Life Limiting Factors 
Following the provisions of Feasibility Study the last four years were dedicated to reactor 
modernization in order to increase the nuclear safety and utilization capacity. The 
obsolescence of nuclear safety instrumentation of reactor as well some equipments in 
auxiliary system was remediate through a large investment project which was commissioned 
in December 2009.  
 
4.5. Organizational Structure 
The Research Reactor Department is integrated in the institute structure where the same 
level of authorization and accreditation is applied for other departments. For this reason, 
Research Reactor Department is responsible for operation and maintenance, many other 
functions are accomplished in other departments as radioprotection and site monitoring, 
emergency preparedness, metrological calibration of instruments, periodic inspection and 
verification, physical protection, quality management and accountancy.  
 
4.6. Personnel Development  
Due to some administrative regulations, the maximum number of staff employees in institute 
is almost constant since ten years ago. In these conditions, the employment of young 
engineers, scientists or professionals is very difficult, leading to constant ageing of 
personnel. Training in specific areas for research reactor operation takes 3 years and this 
period is followed by examination and licensing by Regulatory Authority. Ensuring licensed 
staff in a quite large time span suppose another type of strategic approach.  
 
5. Management of strategies 
Management of strategies for sustainability of research reactor is attribute of institute as 
Operating Organization. 
The major objectives which management believes that will enhance sustainability of 14 MW 
TRIGA Research Reactor in Pitesti are: 

 Safety of nuclear installations 
 Increasing the level of utilization for institute and abroad users 
 Preserving the professional competence of staff threaten by depreciation by ageing 

and loss of experience 
 Protecting the environment 
 Promoting Safety Culture, Quality Culture, Organization Culture among all staff and of 

organization. Sustainability comes and goes with culture and morality. 
All above become objectives of Integrated Quality Management annual planning for which 
specific actions and responsibilities are assigned and performance and planed performance 
indicator are attributed.  
 
6. Performance Indicators 
Performance indicators allow measurement of sustainability and progress evaluation. 
Performance indicators could be qualitative or quantitative, some indicators as number of 
hours of reactor operation, number of irradiated samples are quantitative, others are 
expressed in percents of accomplishment, and those could be subjective/qualitative. The 
system of indicators is stable for several years in order to measure progress, to observe the 
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latent weaknesses and to set preventive measures against degradation of sustainability. 
Performance indicators are also subject of continuous improvement to reduce subjective 
evaluation and incertitude for long term evaluation. 
 
7. Reporting and communication of achievements 
All activities related to sustainability are inspected, controlled and audited by designated 
inspectors, auditors, which establish reports on inspected activities and dispositions or 
corrective actions in real time. Annual analysis performed by management allow on the basis 
of a yearly report made by process responsible persons to evaluate the achievements on 
sustainability. Communication of achievements across organization allow the evaluation of 
objectives accomplishment in areas concerning safety, level of utilization and finances, 
status of licenses for staff and facility, environmental threat and satisfaction of client and 
stack holders. 
 
8. Conclusions 
Sustainability in the context of Research Reactors is defined as the ability to keep equilibrium 
between utilization and depreciation of complex system of resources and capacity which 
sustain the role of Research Reactors in production of products and services for other 
processes which on theirs turn should be sustained. As a general rule, sustainability trends 
and drivers depends on: 

 Social factors – social system we live 
 Technological factors – how technology change the industrial environment 
 Economical factors – impact on financial system, access to finances 
 Environmental factors – monitoring/reducing impact on resources consumption, 

waste generation, health and risk 
 Political factors – political system and policy regulation/legislation 
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ABSTRACT 
 

This paper will give a brief introduction to the programmatic structure of the 
Research Reactor (RR) related activities of the IAEA sub-programme “Research 
Reactors”, under which the project on “Enhancement of utilization and applications 
of RRs” will be presented in more detail. Both recent achievements and future 
planed actions will be reported with the major emphasis on RR utilisation related 
issues, specific applications of RRs, networks and coalitions, and assistance to the 
Member States (MS) planning their 1st RR. 

 
1. Introduction  
 
Research reactors (RRs) have played and continue to play an extremely important role in the 
development of nuclear science and technology. They are used to produce medical and 
industrial isotopes, for research in physics, biology and materials science, and for scientific 
education and training. They also occupy an indispensible place in nuclear power 
programmes. For nuclear research and technology development to continue to prosper, RRs 
must be safely and reliably operated, efficiently utilised, refurbished when necessary, 
provided with adequate non-proliferating fuel cycle services and safely decommissioned at 
the end of life. From more than 670 RRs (including critical facilities) constructed around the 
world, in February 2010, 234 were still operating, while 11 were under the status of 
“temporary shut down” [1]. Russia has the highest number of operational RRs (48), followed 
by USA (41), China (15), Japan (13), France (11) and Germany (10). The RRs are 
distributed over 56 Member States (MS), including 40 developing countries. Of the RRs that 
are no longer operating, some of them have plans to resume operation in the future, some 
are undergoing decommissioning or waiting to be decommissioned, but some others are in 
an extended shutdown state with no clear plans for their future. 
 
2. RR Issues and trends 
 
Today the decreasing and rather old fleet of RRs world-wide  (see Fig. 1) faces a number of 
critical issues and important challenges such as underutilization, non-existent or 
inappropriate strategic business plans, aging and needs for modernization-refurbishment, the 
presence of fresh or spent HEU fuel, unavailability of qualified high-density LEU fuels, 
accumulation of spent nuclear fuel, needs for advanced decommissioning planning and 
implementation stages, and, in some cases, safety and security issues.  In addition to this 
non-exhaustive list of challenges are the plans to build new RRs by MSs with little or no 
experience in this domain. 
 
As about 70 % of the operating RRs in the world are over 30 years old (Fig. 1, right panel), 
nowadays RR ageing management, modernization and refurbishment are key driving 
issues. One should note separately that these old facilities include the five reactors that 
produce the bulk of the world’s supply of 99Mo! Planned Agency activities related to RR 

                                                      
* Lantheus Medical Imaging, N. Billerica, MA, USA; since October 2009. 



ageing management, modernization and refurbishment have been advanced and will 
continue in the future actions (see Section 3). In close cooperation with the activities covered 
by another sub-programme “Safety of Research Reactors”, such efforts will help to maximize 
the availability and reliability of these facilities and subsequently the supply of isotopes 
important to human health. 

Fig 1. Left: Time evolution of the number of RRs and their thermal power. As of February 

2010, there were 234 RRs in operation with their total power close to 2.2GWth. Right: Age 
distribution of operational RRs. 70 % and 50 % of all RR fleet are older than 30 and 40 

years respectively. 
 
Another important issue is that, although the number of RRs is steadily decreasing, more 
than 50% of operational RRs are still heavily underutilized and operate less than 4 
FPW/year (see Fig. 2). Given the projected decrease in RRs from 234 today to between 100 
and 150 in 2020, greater international cooperation will help to assure broad access to such 
facilities and their efficient use. Therefore, there is currently a substantial need to develop 
strategies for RR effective utilization on a national, regional and international basis for a 
significant number of these facilities. 

Fig 2.  Occupation rate of RRs (including critical assemblies). Nearly 50 % of all RR fleet are 
operating less than 4 FPW/year (FPW - Full Power Week, 7 days times 24 hours). 
 

The above RR underutilisation issue is somewhat in contradiction to the recently increased 
number of requests and plans to build new RRs (e.g. Azerbaijan, Jordan, GCC countries, 
and Sudan), which in many cases is viewed as an intermediate step towards establishment 
of a future nuclear power programme. In this context, sharing resources is crucial in order to 
increase utilization on the one hand and on the other hand to pave the way for the 
decommissioning of underutilized ageing reactors. It also serves to help preserve knowledge 
base and human resources and, at the same time, ensure the safe and sustainable operation 
of RRs worldwide. 
 
Last but not least, the reduction of Highly Enriched Uranium (HEU) fuel used by RRs 
including ongoing take back programmes of spent fuel remains one of the priority activities of 
the IAEA. This includes core conversion from HEU to LEU, isotope production target 
conversion from HEU to LEU, and repatriation of RR fuels (both fresh and spent) to the 
country of origin. Thanks to an international cooperation involving 130 countries and 
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stimulated by the creation in 2004 of the Global Threat Reduction Initiative (GTRI), 67 RRs 
have already been converted or shutdown prior to conversion to an LEU core and another 35 
await conversion with existing LEU fuel. Another 27 RRs are waiting for the development of a 
new generation fuel based on very-high density Uranium-Molybdenum alloy, and on which 
the international research efforts are now focusing. It is expected that all HEU RRs are 
converted to LEU or shutdown by 2018, which is close to the deadline for the fuel “take back” 
programme as shown in Fig. 3 [2]. 

 Fig. 3: Current and planned status of the fuel take back programmes [3]. 
 

In response to the above  challenges, the IAEA is taking action and designing activities to 
tackle these issues and make sure that promotion, support, and assistance to Member 
States in the development and uninterrupted operation of strong, dynamic, sustainable, safe, 
and secure RRs dedicated to peaceful uses of atomic energy and nuclear techniques is 
preserved. The IAEA has taken the initiative in this direction by organising expert meetings 
and workshops, encouraging collaboration through coordinated research projects, publishing 
state-of-the-art technical documents as well as assisting MS through national and regional 
Technical Cooperation (TC) projects. In addition, through strategic planning and allied 
support, the IAEA is assisting MS without RRs to become part of RR coalitions or networks 
[3] as a first step to develop their national capabilities and at the same time improve all 
aspects of utilization and modernisation of existing RRs, and therefore, sustainability and 
innovation. 
 
Although IAEA has been playing a lead role in all these areas under the corresponding sub-
programmes (see Section 3), this paper will concentrate mainly on the ongoing IAEA project 
“Enhanced Utilisation and Applications of RRs” [4]. Both recent achievements and future 
planed actions will be reported with the major emphasis on RR utilisation related issues, 
specific applications of RRs, networks and coalitions, and assistance to the MS planning 
their 1st RR. 
 
3. Programmatic Structure of RR Related Activities 
 
The RR activities at the IAEA are mainly implemented through two sub-programmes. The 
first sub-programme, known as “Research Reactors”, covers RR utilization aspects, fuel 
issues, including infrastructure, operation and maintenance. The second sub-programme, 
known as “Safety of Research Reactors”, covers the safety aspects of RRs. The objectives 
of each sub-programme are accomplished through specific projects that are included in the 
biennial plans or so called “Blue Book”. Presently active four projects within the sub-
programme “Research Reactors” are shown in Fig. 3. It is seen that the sub-programme 
maintains focus on the different facets of RRs, such as effective utilization, improvement of 
the capabilities of MSs for planning new and innovative reactors, the back end of the fuel 
cycle and the technological and engineering aspects of operation and ageing management. 
One notes separately that different Technical Cooperation (TC) activities are supported 
within the corresponding projects. 
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As long as the 1st project is concerned (see Fig. 3), over the years the focus of IAEA work 
has been gradually changing: from the traditional support of fundamental research and 
training to helping RR facilities with strategic planning and sustainability to increase 
utilisation in more commercial areas. Renewed interest in nuclear power, the worldwide 
expansion of diagnostic and therapeutic nuclear medicine, extensive use of semiconductors, 
advanced neutron imaging and other neutron beam techniques in the automotive and 
aeronautic industries or fuel cell development presents new opportunities for operational RRs 
– including providing services to countries without such facilities. In this new context regional 
and interregional thematic collaborations, networking and centres of excellence for enhanced 
utilization of RRs were initiated and supported, resulting in recent Research Reactor 
Coalitions (RRC) efforts. 

Fig 3.  Programmatic structure of RR activities under the sub-programme “Research 
Reactors”. 

 
4. RR Coalition and Network Projects 
 
RR Coalitions and Networks presently promoted and supported by the IAEA [3] aim at 
consolidation of the international/regional RR sector by establishing grouped entities to serve 
as international/regional user centres. In this way, countries/regions that do not have RRs or 
are considering closing an old reactor can gain access to nearby facilities which have up to 
date technical capabilities including high levels of nuclear safety and security. It is expected 
that MSs will increasingly need Agency assistance in strategic planning and institutional 
arrangements for possible national and regional RR coalitions, networks and shared-user 
facilities. The Agency support is ensured both through the regular budget and extra-
budgetary contributions, including ongoing regional Technical Cooperation (TC) projects. 
 
In 2007-2009, with the assistance of the IAEA a number of RR coalitions have been formed 
in Eastern Europe (EERRI), Baltic Sea (BRRN), EurAsia (EARRC), and Caribbean (CRRC) 
regions and more are being discussed (e.g., the Mediterranean, Asia/Pacific, African 
regions,…). These cover different areas for collaboration, including radioisotope production, 
neutron activation analysis, fundamental research, education and training activities, 
radioactive waste management, etc. as schematically presented in Fig. 4. 
 
The Agency’s role in this area is to serve as a catalyst and a facilitator of ideas and 
proposals. Plans for the short term future seek to consolidate the existing coalitions and to 
encourage maturation, self-reliance and sustainability, new business/utilization activities, and 
participation by countries without ready access to RRs. Work will also continue on other 
prospective coalitions that have been under discussion. In particular, the ongoing crisis and 
unreliability of supply in the international isotope market – especially relating to Mo-99 – has 
offered a potential opportunity for new irradiation and processing capabilities which could 
ideally be satisfied through a coalition of producers. The same applies for the increased 
needs in education and training in the MS aiming at expanding or newly developing nuclear 
power programmes as part of their mixed energy share.  
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Although some noticeable results have been obtained in initiating and supporting RR 
coalitions [3], much more work needs to be accomplished in order to achieve the objective of 
increase utilization of individual RRs through collective effort, on a self-sustainable and self-
reliant basis. In addition to their individual strategic plans, the coalition partners need to put 
into place coalition-based common strategic and management plans as a group. They also 
need to pursue more detailed market analysis and business development to identify specific 
pay-back opportunities through sustainable commercial activities, through complementary 
marketing and delivery of irradiation products and services, education and training among 
other revenue generating applications of RRs. 

Fig 4.  IAEA supported RR coalitions and networks (see the text for details). 
 
5. IAEA Research Reactor Data Base  
 
The IAEA department of Nuclear Science and Applications (NA) and the department of 
Nuclear Energy (NE) jointly manage a Research Reactor and Spent Fuel Database (RRDB) 
[1]. This database serves to promote the capabilities of individual facilities as well as help 
IAEA internal and external stakeholders plan and develop programmatic activities in 
response to the expressed needs of individual MS. The complete IAEA RRDB contains the 
information on both operational, planned, shutdown and decommissioned RRs. It is prepared 
from the data provided by RR administrators of the MS through annual questionnaires. While 
every attempt is made to keep the RRDB current, the IAEA makes no guaranties, either 
express or implied, concerning the accuracy, completeness, reliability, or suitability of the 
information. Therefore, national RR data providers or individual RR managers are asked to 
inform the RRDB Project Officers of any updates or corrections needed. 
 
In the promotion and support and the peaceful, efficient and sustainable uses of RRs, 
recently the IAEA has developed a dedicated Operational RR Data Base (ORRDB) being a 
specific output of the IAEA computerised RRDB [1]. The table of contents for this new 
ORRDB is shown in Fig. 5. It contains only the information related to the operational RR 
facilities and classifies them into three major categories according to a) geographical 
location, b) reactor characteristics/features, and c) reactor utilisation and applications. 
Thanks to the pre-designed classification filters, some useful statistical information can be 
easily found relevant to all operational RRs, including lists of the facilities providing specific 
applications, i.e. products and services as isotope production, activation analysis, teaching 
and training, etc. In addition, the ORRDB also includes all detailed technical information 
reports of the individual facilities. Finally, although the ORRDB is available on internet [5], it 
can also operate off line and occupies less than 10MB of disk space. 
 
This new utilisation and application driven ORRDB provides IAEA MS with a resource to 
assist efforts in developing strategies for capacity building, effective utilization and 
management of RRs on a national, regional and international basis. It also contains 
somewhat “sensitive” information like the utilisation rates of both individual RRs as well as 
country-averaged statistics. It is expected that this new ORRDB, in addition to standard 
book-keeping, should help in enhanced and more efficient utilization of RRs in MSs for many 
practical applications, facilitate cooperation between different RR centres, and promote 



networking both for RR host and non-host MSs. The responsible Project Officer would 
appreciate all MS’ input how this new tool could be improved further to achieve targeted 
objectives. 

Fig 5.  Table of contents of the dedicated Operational RR Data Base (ORRDB) [5]. 

 
6. Summary 
 
RRs have played and continue to play an important role within several fields of basic 
science, in the development of nuclear science and technology, in the valuable generation of 
radio-isotopes and other products for various applications, in support of nuclear power 
programmes, including the development of human resources and skills. Nowadays the 
decreasing fleet of these facilities faces a number of critical issues and important challenges 
such as underutilisation, inexistent or inappropriate strategic-business plans, ageing and 
needs for modernization-refurbishment, presence of fresh or spent HEU fuel, unavailability of 
qualified high-density LEU fuels, accumulation of spent nuclear fuel, advanced 
decommissioning planning and implementation stages, and, in some cases, safety and 
security issues. In addition to this non-exhaustive list of challenges are the plans to build new 
RRs by MSs without no or little experience in this domain. In response to these challenges, 
the IAEA is taking action and designing activities to tackle these issues and make sure that 
promotion, support and assistance to MSs in the development and uninterrupted operation of 
strong, dynamic, sustainable, safe and secure RRs dedicated to peaceful uses of atomic 
energy and nuclear techniques is preserved. 
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ABSTRACT 
 

Following the shortage in radioisotope availability the Technische Unversität 
München and the Belgian Institut National des Radioéléments conducted a 
common study on the suitability of the FRM II reactor for the generation of Mo-99 
as a fission product. A suitable irradiation channel was determined and neutronic 
calculations resulted in sufficiently high neutron flux densities to make FRM II a 
promising candidate for Mo-99 production. In addition the feasibility study provides 
thermohydraulic calculations as input for the design and integration of the 
additional cooling circuit into the existing heat removal systems of FRM II. The 
required in-house processes for a regular uranium target irradiation programme 
have been defined and necessary upgrades identified. Finally the required 
investment cost was estimated and a possible time schedule was given. 

 
 
1. Introduction  

 
Tc-99m is by far the most widely used radioisotope in nuclear medicine. Its low gamma 
energy and its short half life of only 6 h make it an ideal probe for diagnostic imaging of many 
human organs.  
 
The most common way for the production of Tc-99m requires the irradiation of uranium 
targets leading to the generation of Mo-99 the mother isotope of Tc-99m which itself has a 
relatively short half life of 66 h too. Consequently neither Mo-99 nor Tc-99m can be 
stockpiled for weeks or longer. On the other hand at present only three European research 
reactors are equipped with facilities allowing the irradiation of uranium targets for the 
production of the medical isotopes mentioned above. In addition, all of these reactors are in 
operation since several decades and turned out to become vulnerable against malfunction. 
This situation led to a serious shortage for medical isotopes in 2008 and consequently a 
growing public awareness for the reliability of their supply [1].  
 
Already before the shortfall of Mo-99/Tc-99m the Belgian Institut National des Radioéléments 
(IRE) and the Technische Universität München (TUM) agreed to cooperate on a feasibility 
study dealing with the possible use of TUM´s research reactor FRM II for the irradiation of 
IRE’s uranium targets. The study was completed in mid 2009 and provided promising results. 
 
  
2. General Boundary Conditions 
 
The Forschungsneutronenquelle Heinz-Maier-Leibnitz (FRM II) is a 20 MW heavy water 
moderated, light water cooled research reactor being operated since 2005 by the TUM on its 
campus in Garching close to Munich. The basic design feature of FRM II is the single 
cylindrical compact fuel assembly forming the entire reactor core. Typically FRM II is run in 



cycles of 60 operational days in a row and for up to four cycles per year. Although FRM II 
has by its design clearly been optimised for basic research by means of beam tube 
experiments it claims to be a multi purpose reactor offering already presently several 
irradiation facilities [2, 3]. All of their irradiation channels are located within the heavy water 
moderator tank but hermetically separated from the heavy water itself by means of a water 
tight flange. In addition they are all accessible from the working area around the reactor pool 
for loading and unloading during reactor operation. These features had been transferred as 
an imperative condition for the target irradiation facility under investigation. 
 
The feasibility study was a cooperative effort between TUM and IRE. Consequently the study 
was a based exclusively on IRE’s target design, i.e. tubular targets containing 4.0 g of highly 
enriched uranium (HEU ≤ 92.2% in U-235) with a total height of 160 mm and an outer 
diameter of 22 mm. 
 
 
3. Design of the Future Irradiation Facility 
 
3.1 Irradiation Channels 
 
In the first step after the launch of the study various spare positions within the heavy water 
moderator tank of FRM II were examined with respect to their suitability for being allocated to 
the irradiation of uranium targets. The most promising candidate is a vertical thimble being 
located in a distance centre to centre of 450 mm from the reactor core. It was originally 
foreseen to be used in a fast rabbit irradiation facility which, however, had never been built. 
Unfortunately the existing thimble reaches only down to the mid plane of the reactor core. In 
order to use the entire height of the fuel assembly and to irradiate as many targets as 
possible in parallel it will be replaced by a new, longer thimble going down to the bottom of 
the reactor core. In addition the new thimble will be manufactured from zircalloy instead of 
AlMg3 in order extend its lifetime considerably.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1:  
Top view to FRM II moderator tank. The future uranium target irradiation position is indicated 
in red, rejected spare positions are indicated in green. 

 
The thimble will be housing three independent irradiation channels, i.e. three tubes 
containing up to five uranium targets each and a corresponding tube for each of them in 

 



order to close the cooling water circuit. The open space within the thimble will be He-filled 
and the humidity of the He gas will be monitored. This feature will control the leak tightness 
of the thimble and of its installations as well. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2:   
Arrangement of targets (red circles), target tubes and cooling water supply tubes within the 
thimble.  

 
3.2 Neutronic Calculations 
 
A major parameter for the suitability of the irradiation position is doubtlessly the neutron flux 
density. In the present study it has been examined using the 3d-transport code MCNP [4]. 
The input model took into account the single fuel assembly arrangement including all 
technical and experimental installations in the moderator tank and of course the design of the 
thimble containing the HEU targets described above.  
 
The values of the flux density and their geometrical profiles along the entire irradiation 
channels (cross sections formed by target, tube and light cooling water) were calculated to 
be approximately 2.2E14 cm-2s-1 in the average with a maximum value in the mid plane of the 
core close to 3E14 cm-2s-1.  It is to be remarked that the use of zircalloy for the thimble and, 
more important, the use of He instead of light water in the open space of the thimble resulted 
in a gain in neutron flux density. The corresponding heat load resulting from the fission 
processes in the irradiated targets was estimated to be equal to 430 kW provided that all 15 
irradiation positions are taken.  
 
The Mo-99 activity being produced during irradiation is estimated to sum up to 17 kCi right 
after a typical 6 days irradiation with the maximum number of targets, namely 15, exposed. 
 
In addition to the neutron flux density and power production the neutronic calculations 
showed that the penalty caused by the target irradiation facility to neighbouring beam tube 
experiments is marginal, i.e. in the range of about 1%. The same applies to the influence of 
the targets to the reactivity of the reactor core. It was calculated to be 0.28% for fresh targets 
and will be even lower after the amount of Xe-135 in the targets will be in the equilibrium. 
Finally also the transient caused by a sudden drop of a stack of 5 targets due to a technical 
interference was looked at. The response curves for several sink velocities were calculated. 
In order to get a realistic scenario for that kind of incident a mock-up of the irradiation facility 



is foreseen to be built and used with various designs for target stacks, in particular for the 
spacers between the individual targets, and different coolant velocities. 
 
3.3 Cooling and Thermohydraulics 
 
As mentioned above the power released by the targets during irradiation was estimated to be 
approximately 430 kW. Adequate cooling is foreseen to be guaranteed by a system of four 
pumps. Thus, during irradiation the pump capacity is 4 × 50%; with respect to the after heat 
removal of the irradiated targets it is increased to 4 × 100%. Two pumps must be able to 
provide sufficient cooling capacity for the targets but three of them are in operation all the 
time; the fourth one is only a spare which is taken into operation only in case of a failure 
occurring in one of the others. This concept has been chosen in order  
• To continue reactor operation and target irradiation in case of a failure occurring in a 

single pump and 
• to reliably avoid an emergency shut down of the reactor itself due to a cooling failure 

within the uranium target irradiation facility. 
 
The proposed cooling circuit is designed to be as far as possible independent from other 
reactor installations. It will take the water from the reactor pool at a rate of about 6.5 kgs/s 
and feed it back into the pool at its outlet. The heat removal from the coolant circuit is 
foreseen to take place in two heat exchangers: one of them supplies 95 kW for the heating of 
the reactor pool’s warm water surface, which is heated electrically so far, whereas the 
excess power produced in the targets is transferred into the reactor’s secondary cooling 
circuit. 
 
Besides the reliable removal of the heat produced within the targets during irradiation the 
coolant circuit is designed to cover the following safety aspects: 
• The target temperature must not exceed 400 °C according to the specification of the 

manufacturer. 
• The pipelines have to withstand the water pressure created by the pumps. A pressure 

stage of 16 bars for the piping was established to be sufficient. 
• The coolant flow has to be guided in bottom → top direction in the irradiation channel 

and it has to be strong enough to lift the target stack against its weight force in order to 
reliably avoid an uncontrolled drop of targets into the irradiation position even in case of 
a defect of the handling tools. 

 
3.4 In House Handling Aspects 
 
In addition to the irradiation technique the handling steps in the periphery – in particular the 
preparation of freshly irradiated targets for the shipment on public roads – had to be looked 
at.  
 
Calculations show that after completion of the irradiation the targets have to stay in a water 
cooled position for a total of about 12 hours - only the first few hours, however, under forced 
cooling - before they are allowed to be handled in air. After expiry of this decay time the 
targets are foreseen to be transferred into the hot cell of FRM II which offers direct access 
from the reactor pool through a hatch in the floor. In the hot cell the targets will be removed 
from the support which had held them during irradiation and inserted into the transport 
containers provided by the customer. From the radiation protection point of view the dry 
packaging procedure is regarded to be considerably advantageous as compared to under 
water loading in the reactor pool. In addition this procedure will reduce the time consumption 
for packaging and radioprotection control procedures. Finally the containers need to be 
brought to the truck lock at the ground floor of FRM II, where the shock absorbers will be 
mounted. 
Several shortcomings have been identified in the analysis of the in house handling of the 
transport containers. In particular the goods lift between the 4th floor housing the reactor pool 



and the ground floor has to be upgraded and additional crane capacity has to be provided. 
On the other hand it has to be noted that the connection of FRM II to the European highway 
grid is excellent with the nearest exit only 1 km apart from the reactor. 
 
 
4. Cost Estimation and Time Schedule 
 
The total cost of the design, construction and installation of the uranium target irradiation 
facility was estimated to be 5.4 M€. This number includes additional personal, supervision by 
external experts as required according to German regulations and the upgrade of the 
periphery. Although the local and the federal government as well as the industrial suppliers of 
medical isotopes recommend unanimously the presented project it is still suffering from a 
lack of funding. Since, however, an extraordinary long maintenance period at the end of 2010 
which is connected with the drainage of the heavy water moderator tank offers the rare 
chance to change the thimble in the foreseen irradiation position, TUM nonetheless 
undertakes at that time to supply the reactor with the necessary zircalloy thimble on its own 
expense. On the other hand, TUM will hardly be able to finance the entire project from the 
regular operational budget. 
 
Finally TUM will have to apply at the Bavarian authorities for an extension of the operational 
license, which so far covers the use of enriched uranium only in form of fuel assemblies and 
so-called converter plates, i.e. fuel plates for cancer treatment by irradiation with fast 
neutrons [5]. For this purpose a safety report needs to be written in the first step. 
 
Provided the funding issues will be solved in due time it is foreseen to build the mock-up for 
the testing of components in summer 2010. With respect to the installations in the reactor 
pool it has to be noted that access is only possible in the maintenance periods, since in spite 
of the importance of the project the scientific use of FRM II must not be obstructed by its 
realization. In summary a realistic estimation of the necessary timeframe predicts the begin 
of the irradiation service for Mo-99 production at the end of 2013/begin of 2014. 
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ABSTRACT 
 

The worldwide supply of 99Mo relies on a limited number of research reactors and 
processing facilities. Its production is essential for the nuclear medicine as 99mTc, 
obtained from 99Mo/99mTc generators, is used in about 80% of the diagnostic 
nuclear imaging procedures. These applications represent yearly approximately 30 
million examinations worldwide. The short half-life's of 99Mo (66 hours) and its 
daughter 99mTc (6 hours) require a regular supply of 99Mo/99mTc generators to 
hospitals or central radiopharmacies. Currently, there are only five nuclear reactors 
involved in the production of 99Mo on industrial scale: NRU (Canada), HFR 
(Netherlands), BR2 (Belgium), OSIRIS (France) and SAFARI (South Africa). They 
irradiate highly enriched uranium targets for the production of about 95% of the 
available 99Mo by four processing facilities: AECL/MDS NORDION (Canada), 
COVIDIEN (Netherlands), IRE (Belgium) and NTP (South Africa). However, these 
ageing reactors are subject to unscheduled shutdowns and longer maintenance 
periods making the 99Mo supply chain vulnerable and unreliable. Several severe 
disruptions have been experienced since the fall 2005 due to the occurrence of 
problems at different stages of the supply chain: reactor outages, release of activity 
from processing facilities, recall of 99Mo/99mTc generators by the manufacturers, … 
It is not expected that the situation will improve significantly in the near future. 
Therefore, several workshops have been organized in 2009 by the OECD Nuclear 
Energy Agency (NEA), the International Atomic Energy Agency (IAEA) and the 
Association of Imaging Producers and Equipment Suppliers (AIPES) to define 
measures that should be taken to secure the 99Mo supply in the short, medium and 
long term. This paper summarizes the current status of the 99Mo supply, discusses 
the ongoing plans for additional 99Mo production capacity and outlines the issues 
for a reliable global supply chain.  

 
 

1. Introduction 
 
Radioisotopes are playing a key role in 'in vivo' nuclear medicine procedures for diagnosis 
(90%) and therapy (10%). The radioisotopes used for 'in vivo' diagnostic purposes are linked 
to specific chemical compounds to produce radiopharmaceuticals which allow the desired 
specific physiological processes to be examined (heart, thyroid, liver, kidney, blood flow, …), 
the detection of tumours (breast cancer, prostate cancer, …), bone scintigraphy, … They 
must emit gamma rays of sufficient energy to escape from the body so that they can be 
detected by a camera that will produce an image. Moreover, their half-life must be long 
enough to allow for logistic and preparations before imaging can occur, and short enough for 
it to decay during the imaging procedure and disappear soon after it is completed.     
 

Technetium-99m, the daughter of Molybdenum-99, is the most suitable radionuclide for 
SPECT (Single Photon Emission Computed Tomography) imaging technique with a single 
140 keV gamma-ray emission and a very convenient half-life of 6 hours. It is used in about 
80% of all diagnostic nuclear imaging procedures, representing yearly approximately 30 
million examinations worldwide: 16 million in North America, 7 million in Europe, 6 million in 
Asia (Japan mainly) and 1 million in the rest of the world [1]. This percentage is expected to 
continue to grow due to its availability from the very convenient and cost-effective 99Mo/99mTc 
generator. Other radioisotopes used in radiodiagnostic procedures are 201Tl, 123I, 131I, 111I, 
81mKr, 18F and 68Ga. In situation of 99Mo shortages, the use of alternative isotopes is boosted 
and present some disadvantages: for example, 201Tl (73 hours half-life) gives lesser quality 
images than 99mTc and the patients are exposed to higher radiation doses. 



2. Mo-99 global supply chain 
 

99Mo is characterized by a half-life of 66 hours and is currently mainly produced in research 
reactors by fission of 235U from high enriched uranium (HEU) targets. There are only five 
nuclear reactors involved in this production on industrial scale: NRU (Canada, start operation 
1957), HFR (Netherlands, start operation 1961), BR2 (Belgium, start operation 1961), 
OSIRIS (France, start operation 1966) and SAFARI (South Africa, start operation 1965). All 
these reactors are thus more than 40 years old and are not dedicated to the production of 
99Mo. A few additional research reactors meet regional requirements as OPAL (Australia, 
start operation 2007) and can act as backups on a case by case basis. Unscheduled 
stoppages of producing reactors are becoming more frequent and last for longer. As a result, 
supply problems have become more common and more acute since a few years [2]. 
 

After an irradiation 
time of about 168 
hours and a cooling 
period of 12 hours, 
the irradiated targets 
are loaded into 
shipment containers 
and sent to four 
processing facilities 
supplying about 95% 
of the 99Mo global 
needs: AECL/MDS 
NORDION (Canada), 
COVIDIEN (Nether-
lands), IRE (Belgium) 
and NTP (South 
Africa). The bulk 99Mo 
is then sent to other 
companies for the 
manufacture of the 
99Mo/99mTc generators: COVIDIEN (Netherlands and US), LANTHEUS MEDICAL IMAGING 
(US), GE-HEALTHCARE (UK) and IBA-MOLECULAR (France). Fig. 1 illustrates the 
geographical location of the main infrastructures involved today in the 99Mo production.  
 

Finally, the 99Mo/99mTc generators are supplied to hospitals or central radiopharmacies as 
shown in Fig. 2 and can be used for only 1 week because of the loss of 1% of activity per 
hour. In normal circumstances, this strategy of supply allows the availability of 99mTc every 
day, 365 days per year, on the basis of a weekly delivery of generators all around the world. 
Each partner in the supply chain must thus work very efficiently to avoid losing time so that 
the product can be delivered as quickly as possible, taking shipment constraints into account 
(by road, by air, …). Nevertheless, the recent supply shortages have highlighted the 
vulnerability of centering production around a limited number of ageing reactors. 
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Fig. 1:  Mo-99 global supply chain 

Fig. 2:  Mo-99 supply chain 



3. Mo-99 global needs 
 
The weekly requirement of 
99Mo worldwide is reported to 
be approximately 12.000 Ci 
'6-day' calibrated for North 
America (53%), Europe 
(23%), Asia (20%) and the 
rest of the world (4%). The 
“6-day curie” is a unit of 
measure that takes the 99Mo 
decay rate into account, 
including the losses during 
shipments,  and represents an average amount of 99Mo that would be available for use 6 
days after processing, as illustrated in Fig. 3. The global needs are expected to increase by 3 
% per year in the near future. In average, the NRU reactor produces about 35% of the 
required 99Mo, the HFR reactor about 25%, the BR2 reactor about 15%, the OSIRIS reactor 
about 5% and the SAFARI reactor about 10% [2]. The remaining 99Mo is produced by 
reactors for their domestic market. 
 
4. Previous medical radioisotopes shortages 
 
The access to the reactors and processing facilities for the 99Mo has been a matter of 
concern for the nuclear medicine community for more than ten years. However, new sources 
of global supply have not been developed because of the expected impact of Canada’s 
MAPLE project involving the construction of two 10 MW reactors dedicated to the production 
of medical isotopes and of a new processing facility for the supply of 99Mo. Once completed, 
the reactors could have supplied from 2000 twice the entire global demand for 99Mo but 
commissioning tests encountered major technical problems and AECL decided to stop the 
project in May 2008. The limited number of producers worldwide and the limited planning for 
new capacity can also be attributed to the economic realities of a market in which product 
pricing reflects subsidized costs due to shared use of government facilities [3]. The risks of 
global 99Mo supply disruptions increased significantly since 1995 and have been experienced 
for different reasons as indicated below: 
 

● 1995 : Problems in the shipping of 99Mo due to a strike of Canadian air-flight personnel; 
 

● 1995 - 1997 : Shutdown of the BR2 reactor (21 months) for major refurbishment; 
 

● 1997 : Shutdown of the NRU reactor (5 days) because of a strike; 
 

● 1997 : Definitive shutdown of the SILOE reactor (Grenoble, France) which produced 99Mo; 
 

● 2002 : Shutdown of the HFR reactor (42 days) for reactor operation safety concerns; 
 

● 2005 - 2006 : Recall of 99Mo/99mTc generators by COVIDIEN (5 months); 
 

● 2006 : Shutdown of the NRU reactor (6 days) for reactor operation safety concerns; 
 

● 2006 : Definitive shutdown of the FRJ-2 reactor (Jülich, Germany) which produced 99Mo; 
 

● 2007 : Recall of 99Mo/99mTc generators by COVIDIEN (1month); 
 

● 2007 : Shutdown of the HFR reactor (1 month) for reactor operation safety concerns; 
 

● 2008 : Shutdown of the NRU reactor (11 days) for reactor operation safety concerns; 
 

● 2008 : Shutdown of the IRE processing plant (3 months) for 131I release; 
 

● 2008 - 2009 : Shutdown of the HFR reactor (6 months) for operation safety concerns; 
 

● 2009 - 2010 : Shutdown of the NRU reactor (11 months) for reactor vessel welding repairs; 
 

● 2010 : Shutdown of the HFR reactor (6 months) for repair of a primary cooling pipework. 
 

The supply of 99Mo in the year 2010 will again be very challenging because of the extended 
maintenance periods currently scheduled for 3 of the 5 main reactors involved in the field: 
NRU, HFR and OSIRIS.   

Fig. 3:  Mo-99 global needs per week 



5. Current Mo-99 crisis and status of the main reactors 
 
The NRU reactor (Chalk River, Canada) has been placed in safe shutdown conditions in May 
2009 following the detection of a small heavy water leak in the vessel. The Atomic Energy of 
Canada Limited's (AECL) decided to defuel the reactor to complete vessel inspection and 
repair activities. Additional work is being conducted to improve the overall reliability of the 
reactor. According to AECL, NRU will remain offline until April 2010 and the first medical 
isotopes would be distributed within 10 days after restart. The current NRU license will expire 
in 2011 and AECL is currently working on license extension issues.  
 

The HFR reactor (Petten, Netherlands) is shutdown since 19th February 2010 for an 
expected period of 6 months to perform the repair plan of a primary cooling water pipework. 
Meanwhile, the Nuclear Research and consultancy Group (NRG) plans to build a new 
reactor, PALLAS, to replace the HFR reactor in 2016. This project will contribute to the 
production of medical isotopes and ensure the continuation of nuclear research. 
 

The OSIRIS reactor (Saclay, France) will be shutdown 
for an extended period of about 5 months from June 
2010 to undergo major maintenance work for a safe 
operation until 2015. By that time, the JHR reactor 
should be able to start its operation in Cadarache to 
avoid any discontinuity in irradiation facilities in France. 
 

The BR2 reactor (Mol, Belgium) - Fig. 4 - will operate 
an extra period dedicated to the 99Mo production (6 
operating cycles instead of 5 as initially scheduled) in 
2010. This has been made possible by extra financial 
contributions from the industry. In addition, BR2 will be 
able to offer an increase of its irradiation capacity for 
the 99Mo production by 50% from April 2010 through 
the installation of additional new equipments. The 
reactor is scheduled to operate at least until 2016 and 
SCK•CEN is already looking at the technical and safety 
aspects to extend its potential operation until 2026. 
Another new multipurpose irradiation facility, 
MYRRHA, a multifunctional accelerator driven 
subcritical system (ADS) should be able to replace the 
BR2 reactor in 2022 to perform research programmes 
and commercial activities including the 99Mo production.  
 

The SAFARI reactor (Pelindaba, South Africa) has no major maintenance work scheduled in 
2010 and will be able to continue its supply of 99Mo.  
 

The representatives of the 'Reactor and Isotopes' Working Group of the Association of 
Imaging Producers and Equipment Suppliers (AIPES) made once again their best efforts to 
achieve an optimal coordination of the available reactor operating periods in 2010 taking the 
information above into account. They defined a suitable reactor operating calendar which 
should minimize the impact of the 99mTc shortage for the patients, assuming that the NRU 
reactor would come back on power in April 2010 as announced by AECL and that HFR 
reactor's shutdown will not be longer than six months as announced by NRG. The operating 
schedule for 2010 includes a supplementary cycle from the BR2 reactor (Belgium) and two 
rescheduled cycles from the OSIRIS reactor (France) in the first semester. As a result of 
coordination efforts, the expected periods of 99Mo production capacity limitations have been 
reduced from 14 weeks initially to 4 weeks in 2010 (in May, June and July). It is also 
expected that extra backup supply will be provided from March 2010 through a collaboration 
between COVIDIEN and the MARIA reactor (Świerk, Poland). Nevertheless, 2010 will be a 
difficult year where, on average, only 70 - 80% of the 99Mo global demand will be met. 

Fig. 4:  BR2 reactor 



6. Lessons learned 
 
Several organizations under which the OECD Nuclear Energy Agency (NEA), the 
International Atomic Energy Agency (IAEA) and the Association of Imaging Producers and 
Equipment Suppliers (AIPES) have been working together to define measures that should be 
taken to secure the 99Mo supply in the short, medium and long term. A workshop on 'Security 
of Supply of Medical Isotopes' has been hosted by the NEA in Paris (January 2009). 
Workshop participants identified measures to enhance the short-term supply security: 
 
● Reactor owners and operators should continue to share information and to enhance 

coordination of reactor maintenance schedules, with a view to ensuring an uninterrupted 
global supply of medical isotopes; 

 

●  Options for increasing production from existing reactors in times of global shortage should 
be further explored and encouraged; 

 

●  Current economic conditions for irradiation services should be reviewed to provide better 
incentives to reactor operators, including where the main mission is research in support of 
national nuclear energy or scientific programmes; 

 

●  Unnecessary impediments to the distribution of medical isotopes, such as restrictions in 
transport capabilities and denial of shipment by airline companies, should be removed; 

 

●  Anticipative actions to avoid the dilemma between meeting nuclear safety requirements 
and meeting health care needs should be encouraged; 

 

●  Radiopharmacies, hospitals, health product regulators and the medical community should 
explore options for more efficient patient scheduling and utilization of 99Mo/99mTc 
generators to make best use of currently available supplies of 99Mo and/or other potential 
alternatives. 

 
The need for a 'High Level Group' on the Security of Supply of Medical Isotopes (HLG-MR) 
was also recommended to coordinate the efforts [4]. 
 
6.1. High Level Group on the Security of Supply of Medical Isotopes 
 
The HLG-MR was created in April 2009 to oversee and assist, where necessary, efforts of 
the international community to address the challenges of medical isotope supply reliability. 
The HLG-MR is comprised of 20 experts who are representatives from the governments of 
Australia, Belgium, Canada, France, Germany, Italy, Japan, Republic of Korea, Netherlands, 
South Africa and the US, as well as from the European Commission and the International 
Atomic Energy Agency (IAEA). A first meeting was held in Toronto (June 2009) and a second 
one in Paris (December 2009). Regulators and delegates from the medical isotope industry 
and the nuclear medicine community (SNM, EANM) also took part at the discussions. 
 
6.2. Warsaw meeting organized by the IAEA and IAE POLATOM 
 
The IAEA and the Institute of Atomic Energy IAE POLATOM organized a meeting in Warsaw 
(Poland, September 2009) on 'Assessment of Options for Enhancing 99Mo Production and 
Availability' [5]. Some 35 international experts, representatives of several companies in the 
99Mo supply chain, and concerned government officials participated. The meeting highlighted 
that several projects in the world could increase the availability of 99Mo on the market at 
short, mid and long term: 
 
● The new OPAL reactor (Lucas Heights, Australia) currently only supplies domestic 99Mo 

needs by the irradiation of low enriched uranium (LEU) targets. ANSTO is actively working 
on a project to supply the US with 99Mo in the near future. 

 



●  The US is looking at the possibility to irradiate NRU targets in existing reactors such as 
MURR (University of Missouri, US) or HFIR (Oak Ridge, US), and to reprocess them in 
Chalk River (Canada) for 99Mo recovery. Transport issues are to be investigated. 

 

●  The research reactor MURR (US) has also another project to irradiate and process LEU 
targets for the production of 99Mo from 2013. The goal of the project is to supply 30% to 
50% of the US domestic 99Mo needs. 

 

●  POLATOM (Świerk, Poland) is already manufacturing 99Mo/99mTc generators with bulk 
99Mo supplied by NTP (South Africa) but is also considering a project to irradiate and 
process LEU targets for the production of 99Mo on its site. 

 

●  According to feasibility studies, the FRM-II (Munich, Germany) and the LVR-15 (Rez, 
Czech Republic) reactors should be able to irradiate HEU targets for the production of 
99Mo from 2013 and 2010 respectively. The irradiated targets would be shipped to IRE 
(Belgium) for reprocessing and 99Mo recovery. Transport issues are to be investigated. 

 

●  COVIDIEN is working together with Babcock & Wilcox on a long term project to develop a 
200 kW Aqueous Homogeneous Reactor fueled with LEU in solution for 99Mo production. 

 

● The IAEA initiated in 2005 a Coordinated Research Project (CRP) on Developing 
Techniques for Small-Scale Indigenous Production of 99Mo using LEU or Neutron 
Activation. The countries involved in the project are Chile, Egypt, Kazakhstan, Libya, 
Pakistan, Romania, Argentina, Republic of Korea, India, Poland and the US. 

 

●  The IAEA initiated also two projects to identify new potential 99Mo producers in the supply 
chain. Two coalitions have been established: the EARRC (EURASIA Research Reactor 
Coalition) and the EERRI (East European Research Reactor Initiative).  

 

- The EARRC Isotopes Coalition is a consortium of existing research reactors, 
isotope production facilities and market specialists that can make an important 
contribution to the shortage of 99Mo; the coalition will use the activation route 
98Mo(n,()99Mo with natural and/or enriched 98Mo as target material. The countries 
involved in the project are Kazakhstan, Uzbekistan, Ukraine, Czech Republic, 
Hungary, Canada and the US. 

 
 

- The EERRI initiative has been established in 2008 in line with IAEA efforts to 
improve research reactors utilization through coalitions and networks. The 
production of 99Mo in existing facilities is under consideration. The countries 
involved in the project are Czech Republic, Hungary, Poland and Romania. 

 
6.3. Alternative 99Mo production methods 
 
Several institutions are investigating the possibility of new alternative reactor and accelerator 
sources to produce 99Mo without the use of HEU or LEU targets in the long term [6]. 
 
● The neutron capture process in nuclear reactors by neutron irradiation of natural or 

enriched 98Mo (24.1% natural abundance) targets by the reaction 98Mo(n,()99Mo. 
 

●  The photoneutron process uses a high-powered electron accelerator to irradiate a high-Z 
converter target such as mercury or tungsten. High-energy photons known as 
"bremsstrahlung radiation" are produced by the electron beam as it interacts and loses 
energy in the converter target. The photons can then be used to irradiate another target 
material placed just behind the convertor, in this case 100Mo (9.6% natural abundance) to 
produce 99Mo by the reaction 100Mo((,n)99Mo. 

 

●  The photofission process is similar to the photoneutron process but involves the fission of 
natural uranium which produces fission products as 99Mo by the reaction 238U(n,f)99Mo. 

 
The technical feasibility and the commercial viability of these projects should be 
demonstrated. It is already known that the neutron capture process 98Mo(n,()99Mo is 
characterized by low production yields and is only appropriate for local needs. The other two 
processes need to be evaluated theoretically and experimentally. 



7. Conclusions 
 
From the different 99Mo shortages which occurred over recent years, several lessons were 
learned as: 
 

●  Need for an optimal communication between the main actors in the 99Mo supply chain and 
the final users to foresee the difficult periods and try to minimize the impact of a shortage; 

 

●  Need for an optimal use of the existing reactor irradiation capacities worldwide through a 
coordination by the 'Reactor and Isotopes' Working Group of the Association of Imaging 
Producers and Equipment Suppliers (AIPES);  

 

●  Need for the development of short and mid term backup production capacity, including 
irradiation services and targets processing; security of supply requires overcapacity; 

 

●  Need for the development of new long term diversified production capacity, including new 
technologies if technically and economically appropriate; 

 

●  Need for more efficient scheduling and ordering 99mTc procedures to maximize the number 
of doses available to the greatest number of patients; 

 

●  Need for an optimal coordination of the international efforts by the 'High Level Group' on 
the Security of Supply of Medical Isotopes (HLG-MR) and especially in the establishment 
of a financial support policy for existing and new facilities involved in the supply chain. 

 
For the short term, a positive sign came already with the announcement on 17th February 
2010 of a collaboration between COVIDIEN and IAE POLATOM to bring the MARIA reactor 
in the global 99Mo supply chain: irradiation of HEU targets in the MARIA reactor and 
shipment of the irradiated targets to Petten (Netherlands) for processing and 99Mo 
separation. This limited contribution could represent about 3% of the global 99Mo needs (to 
be confirmed) and will help the supply chain. Two similar projects are under consideration: 
HEU targets irradiations in the LVR-15 (Czech Republic) and FRM-II (Germany) reactors for 
processing by IRE (Belgium) from 2010 and 2013 respectively. Nevertheless, important 
structural changes to the 99Mo world supply still need to happen to secure the 99Mo 
availability in the mid and long term. 
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Abstract 

The aim of this work is the use of neutron activation analysis using k0-standardization 
method to characterize some typical irradiation channels of the Moroccan TRIGA Mark II 
research reactor.  
The two parameters of neutron flux in the selected irradiation channels used for elemental 
concentration calculation, f (thermal-to-epithermal ratio) and α (deviation from the 1/E 
distribution), have been determined as well in the pneumatic tube (PT) as in the carousel 
facility (CR1) using the zirconium bare triple method. 
Results obtained for f and α in two irradiation channels show that f parameter determined in 
this way is different in the carousel facility (CR1) and the PT channel. This can be explained 
by the fact that the CR1 channel is situated in a graphite reflector and is relatively far from 
the reactor core, while the PT is in the core. Parameter α in the CR1 has a positive value, as 
expected, indicating that the neutron spectrum is relatively well thermalized. Parameter α in 
the PT has a negative value, which is very small and cannot significantly influence the final 
results obtained by k0-method. 
The method in our laboratory is validated by analyzing the elemental concentrations of the 
IAEA Standard Reference Material (Soil-7). All calculations were performed using Kay Win 
Software.   
 
 

1. Introduction 
 

Since the k0-Neutron Activation Analysis was launched by SIMONITS and DE CORTE [1], 
many laboratories around the word have implemented this method and use it for the 
multielement analysis various kind of matrices using reactor neutrons [2]. In Morocco, the 
first 2 MW TRIGA Mark II research reactor has been installed in 2008. Since this date, the 
ko-method has been introduced in the NAA laboratory. The installation of this method 
required to well know spectrum characterization in the reactor irradiation site. In k0-based 
neutron activation analysis the evaluation of analytical result is based on so called k0-factors 
that are associated with each gamma ray in the activated sample spectrum. The neutron field 
in a research reactor contains an epithermal component that contributes to the sample 
neutron activation. Furthermore, for elements that they have Wescott’s g-factor different from 
the unity, the HOGDAHL convention should not be applied and the neutron temperature 
should be introduced for application of Wescott formalism [3].  These two phenomena should 
be taken into account in order to preserve the accuracy of k0-method. Three parameters are 
to be considered for the mentioned corrections:  

• The ratio of thermal to epithermal neutron flux (f) 
• The deviation of the epithermal neutron flux from the ideal 1/E shape (α)   
•  The neutron temperature (Tn) 

In principle those three parameters change according to the reactor configuration and 
irradiation position. After major changes of the core configuration of a reactor, the 
redetermination of theses parameters is required when applying k0 method.  In this study, 
only the two first parameters were determined in two typical irradiation sites of our TRIGA 
Mark II reactor, namely the pneumatic transfer tube channel (PT) and Carousel position 
(Lazy Suzan) using the K0 method based on the Kay Win Software. For the validation of the 



analytical procedure, a standard reference material (SRM-Soil-7) was analyzed and the 
experimental and the certified (or assigned) values were evaluated. 
 

2. Theory: 
 

To determine the thermal to epithermal neutron flux ratio (f), epithermal neutron flux shape 
factor (α) for the two selected irradiation positions in our TRIGA reactor, the Zirconium bare 
triple monitor method using ko factors had been used. The use of Zr as a multi-isotopic flux 
ratio monitor has some distinct advantages, as compared with other flux monitors [4]. By 
combining between Zr and Au the (α) factor can be determined.  
 

 
  
The use of Zr combined with Au (197Au-94Zr-97Zr) has been applied due to no true 
coincidence corrections were needed even for small detector-source distances [5, 6]. 
Using the Zirconium bare triple monitor method, (f) is determined from the peak areas from 
the two Zr isotopes as:  
 

 
 
Where Gep and Gth are the correction factors for epithermal and thermal self-shielding, and 
Asp = (peak area)/ (SDCwtc) where: 
S: saturation factor, D: Decay factor, C: Counting factor, w: mass of the target and tc: 
counting time. 
Q0=Io/σ0, with Io is the resonance integral and σ0 is the thermal cross section. 
Similarly, as defined in Equation (1), α can be calculated by adopting: 
 

 
Where: 
 

        
 

And  is the effective resonance energy (eV) for the nuclide 
 

3. Experimental  
 
The CNESTEN’S Triga Mark II Reactor is equipped with two tubes for transferring samples 
to the irradiation position. One tube is used for inserting samples into the pneumatic channel 
from a station located in the NAA Laboratory and the second for inserting samples into the 
carousel facility with 40 channels from the reactor platform. Carousel facility of TRIGA 
reactor rotates during irradiation to prevent different irradiation conditions in all positions 
depending on reactor core set-up. These tubes will be used for the investigation of short-
lived fission products and for studies of the chemical behaviour of major and trace elements. 
From a station located in the reactor hall a sample is transferred manually to the irradiation 
position and back using the so-called “fishing technique”. In this way transport times of 2 to 5 



seconds can be achieved. Also, as mentioned above, after irradiation the sample is manually 
transferred to the HPGe detector for measurement of gamma activities. 

 

Fig. 1: Horizontal cross section of the 2 MW TRIGA Mark II research reactor, Rabat, 
Morocco 

 

The k0-method can be used when the reactor neutron flux characteristics are known to be 
stable as a function of time. Two parameters of neutron flux in the irradiation channels are f 
(thermal-to-epithermal ratio) and α (deviation from the 1/E distribution), which should be 
known very well before implementing the k0-method. Their experimental determinations are 
needed. The “Cd-ratio for multi-monitor” method is recommended for prior monitoring of f and 
α in the irradiation channels. The method is based on a set of N monitors irradiated with and 
without Cd-covers, and measurement of the induced activities on a Ge-detector. All the 
monitors should have a σ(v) ~ 1/v dependence up to ~ 1.5 eV. The recommended monitors 
are: 64Zn, 68Zn, 98Mo, 100Mo, 197Au, 232Th, 238U and 94Zr.  
In our case, we used only irradiation without Cd-covers i.e. “bare” technique with set of 
monitors Al (99.9%)-Au (0.1%) and Zr (99.8%). An Al-Au (0.1%) was in form of wire shaped 
in a circle, while other monitors were thin foils. Theses monitors were irradiated for 30 
seconds in the pneumatic tube system and for 1 hour for the Carousel facility. After 
irradiation, all samples were measured on an absolutely calibrated Canberra HPGe detector 
with 30 % relative efficiency connected to Canberra Inspector. The collected spectra were 
carried out using the Genie 2K MCA and deconvoluted with the Hypermet software.  
 

4. Results and discussions 
 

Results obtained for f and α in two irradiation channels of the CNESTEN TRIGA reactor are 
shown in Table 1. Parameters f and α determined in this way are also used to determine the 
elemental concentrations in various reference materials to verify the k0-method after its 
complete installation. The f parameter determined in this way is different in the carousel 
facility (CR1) and the PT channel. Table 1 shows that parameter f in the CR1 is two times 
higher than in the PT. This can be explained by the fact that the CR1 channel is situated in a 
graphite reflector and is relatively far from the reactor core, while the PT is in the core. 
Parameter α in the CR1 has a positive value, as expected, indicating that the neutron 
spectrum is relatively well thermalized. Such thermalization is desired in the k0-method. 
Parameter α in the PT has a negative value, which is very small and can not significantly 
influence the final result obtained by k0-method. 
 



Table 1: Experimentally determined parameters f and α in two typical irradiation channels at 
thermal power of 250 kW of the TRIGA Mark II reactor at the CNESTEN, Rabat. 

 
Channel f α Set of monitors 

CR1 
36.16 ± 

1.36 
+0.0535 

PT 
18.69 ± 

0.51 
-0.0003 

197Au-94Zr-96Zr 

 
The same experiment was used to calculate thermal, epithermal and fast neutron fluxes in 
the CR1 and the PT. For thermal and epithermal neutrons the reaction 197Au(n,γ)198Au was 
used, while for determination of fast neutrons the threshold reaction 27Al(n,α)24Na was used. 
Results obtained for above mentioned experiments are presented in Table 2. 
 

Table 2: Experimentally determined neutron fluxes (thermal, epithermal and fast) in two 
typical irradiation channels at thermal power of 250 kW of the TRIGA reactor at the 

CNESTEN. 
Channel ϕth (n cm-2s-1) ϕepi (n cm-2s-1) ϕfast (n cm-2s-1) 
CR1 (3.10 ± 0.17) 1011 (8.57 ± 0.57) 109 (3.77 ± 0.24) 1010 
PT (8.48 ± 0.41) 1011 (4.54 ± 0.25) 1010 (3.57  0.18) 1011 

 
In order to study the validation of the k0-method, the natural standard reference material 
(SRM) from the IAEA (IAEA Soil-7) was used. Aliquots of about 120 mg of soil samples were 
sealed in pure polyethylene ampoules. A sample and standard (Al-Au(0.1%) IRMM-530 disk) 
were stacked together and fixed in the polyethylene ampoule in sandwich form and irradiated 
for 2 hours in the carousel facility in channel CR1 and 60 seconds in the pneumatic tube (PT) 
of 250 kW TRIGA reactor. After irradiation the sample and standard were transferred to clean 
5 ml polyethylene vials for measurement. The sample irradiated for 2 hours was measured 
twice on detector DET1, after 1 and 7 days cooling time. The irradiated sample from 60 
seconds was measured four times after 12, 16 and 40 minutes and after 3 hours cooling 
time. Measurements were performed at such distances that the dead time was kept below 
10%. For peak area evaluation, the Hypermet PC ver 5.12 program was used.  Results 
obtained for IAEA Soil-7 from irradiation in the PT and the CR1 are shown in Tables 3 and 4, 
respectively. The results obtained show good agreement with certified or assigned values. 
 
Table 3:  Comparison of k0-INAA data with recommended or informative data for IAEA Soil-7 

Results are in mg/kg and obtained from irradiation in the PT for 60 s. 
Element

. 
Conc. Unc. Recomm. value 95% Confident int. Informative value

Al 46180 1675  44000-51000 47000 
Ca 150400 6436  157000-174000 163000 
K 11740 628  11300-12700 12100 

Mg 11180 702  11000-11800 11300 
Mn 632 22 631 604-650  
Na 2187 93  2300-2500 2400 
Ti 3147 287  2600-3700 3000 
V 71.7 3.7 66 59-73  



Table 4: Comparison of k0-INAA data with recommended or informative data for IAEA Soil-7 
Results are in mg/kg and obtained from irradiation in the CR1 for 2 h. 

Element. Conc. Unc. Recomm. value 95% Confident int. Informative value
As 13.5 0.6 13.4 12.5-14.2  
Au < 0.003     
Ba 105 16  131-196 159 
Br 8.10 0.33  3-10 7 
Ca 158200 5647  157000-174000 163000 
Ce 62.6 2.8 61 50-63  
Co 8.79 0.43 8.9 8.4-10.1  
Cr 70.4 2.9 60 49-74  
Cs 5.32 0.35 5.4 4.9-6.4  
Fe 22740 874  25200-26300 25700 
Hf 4.55 0.20 5.1 4.8-5.5  
K 11340 404  11300-12700 12100 
La 26.1 0.9 28 27-29  
Mn 621 23 631 604-650  
Mo 3.09 0.65  0.9-5.1 2.5 
Na 2150 97  2300-2500 2400 
Nd 24.6 3.4 30 22-34  
Sb 1.31 0.05 1.7 1.4-1.8  
Sc 8.04 0.28 8.3 6.9-9.0  
Sm 4.81 0.17 5.1 4.8-5.5  
Sr < 250  108 103-114  
Tb 0.63 0.06 0.6 0.5-0.9  
Th 7.28 0.29 8.2 6.5-8.7  
U 2.02 0.11 2.6 2.2-3.3  

Yb 2.16 0.08 2.4 1.9-2.6  
Zn 85.6 5.9 104 101-113  
Zr < 302  185 180-201  

 
 

5. Conclusion 
 
The neutron flux parameters such as α and f were calculated for the carrousel facility (CR1) 
and pneumatic tube (PT) irradiation channels at CNESTEN’S Triga Mark II Research 
Reactor. The same experiment was used to calculate thermal, epithermal and fast neutron 
fluxes in the CR1 and the PT. 
These parameters were used in the present study for the determination of elemental 
concentration in a Standard Reference Material (SRM-Soil-7) in order to evaluate the 
accuracy of the method which was found to be good. In the future, the K0-NAA method by 
use of the Kay Win Software will be implemented for a routine analysis of practical samples. 
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ABSTRACT 

 
This paper presents the part of PhD work performed at the TRIGA Mark II Vienna. 
A detailed three dimensional MCNP model of the reactor was developed. The 
neutronics library JEFF3.1 was applied to this model. The model was completed by 
employing the fresh fuel composition experiments and was confirmed by the initial 
criticality, reactivity distribution and thermal flux distribution performed in 1962. To 
analyse the current burned core, burn up and its relevant material composition was 
calculated by ORIGEN2 and confirmed by gamma spectroscopy of six spent Fuel 
Elements FE(s). This new material composition of the current core was 
incorporated into the already developed MCNP model. This paper presents the 
current core calculations employing MCNP5 and its experimental validation 
through criticality and reactivity distribution experiments, performed at the TRIGA 
Mark II research reactor Vienna. The MCNP predicts the criticality of the current 
core on loading of 78th FE in the core which is also confirmed experimentally. Five 
FE(s) were calculated and measured for their reactivity worths. The deviations 
between theoretical results and experimental observations were in range from 3% 
to 17%. 
 

1. Introduction 
The Atominstitute Vienna operates a TRIGA Mark II research reactor since March 1962 at a 
nominal power of 250 kW, used for research and training needs in nuclear technology. The 
reactor is further utilized in the fields of fields of neutron, solid state physics, reactor safety, 
radiochemistry, radiation protection, dosimetry and low temperature physics. It employs a unique 
Uranium-Zirconium-Hydride (U-ZrH) fuel which is a homogeneous mixture of uranium and 
zirconium hydride. Hydrogen is incorporated into the fuel by mixing uranium with zirconium 
hydride. Most of the moderation of the fast fission neutrons in TRIGA reactors is due to this 
hydrogen, which is at the fuel temperature level, rather than at the coolant temperature level. The 
U-ZrH fuel also allows pulse operation of the TRIGA up to 250 MW for 40 milliseconds. Any 
power excursion is reduced automatically within milliseconds, faster than any engineered device 
can operate. Because of its inherent safety, no special containment or confinement building is 
required. 
The reactor core is a cylindrical lattice in which Fuel Elements FE(s), 3 Control Rods CR(s), 
Graphite Elements GE(s), Source Element (SE) and two pneumatic systems are arranged into five 
circular rings (B, C, D, E and F) around the central thimble A. For each fuel element, the fuel 
meat is sandwiched between two graphite end sections that form the top and bottom reflector. An 
annular graphite radial reflector surrounds the core and is supported on an aluminum stand at the 
bottom of the tank [1]. 
 
An extensive and versatile core of the reactor is visible through vertical water shield. The reactor 
is equipped with many experimental facilities inside and outside the reactor core. Outside the 
core, there is annular grooved graphite reflector, four beam tubes, thermal column, and graphite 
collimator while inside the core; there are about 17 irradiation holes to measure the radial and 
axial flux in the core which also include the central channel names as ZBR. The top and side view 
of the reactor can be seen in Figure 1. 



 

Fig 1.  Top (left) and side (right) views of the TRIGA Mark II research reactor, Vienna [1]. 
 
The current TRIGA core is a mixed core of three different types of FE(s) i.e. aluminium clad (or 
102 type), stainless steel clad (or 104 type) and FLIP (or 110 type) FE(s). Bothe 102 and 104 
types of fuel are 20% enriched while the FLIP (Fuel Life Improvement Program) fuel uses 70% 
enriched uranium with a stainless steel cladding. The current core loading is 83 FE(s) with 54 
elements of 102 type, 20 FE(s) of 104 type and remaining 9 FE(s) are FLIP FE(s) [1] and is 
shown in Figure 2 [2].  

 

Fig 2. The current core map of the TRIGA Mark II Vienna, research reactor. 

2. MCNP Model 
The MCNP model, based on the fresh fuel composition, was modified into the current core model. The 
current core model incorporates the burned fuel material composition. This burned fuel material 
composition was calculated by ORIGEN2 and confirmed by gamma scanning of six spent fuel 
elements [2]. This model includes the core components (FE (s), CR(s), GE, SE etc), four beam tubes, 
thermal and thermalising column. The MCNP model of the current core is shown in Figure 3. In this 
model, all 83 FE(s) were divided into 15 groups on the basis of their burn-ups. Therefore MCNP 
assigns different colour to each burn-up group [3]. 



 
Fig 3. Top (left) and side (right) views of the MCNP model of TRIGA Mark II research reactor. 

 
3. MCNP Model Validation 
 
Criticality Experiment: 
To perform this experiment, 10 FE(s), 2 from each ring B, C, D, E and F, were removed from 
the core and placed into the in-tank storage positions. The fuel elements were added to the 
core one by one starting from the B ring outward. After the addition of each fuel rod, the 
signal (counts per second) from a fission chamber indicated the increase in the reactivity. The 
same experimental conditions were applied to MCNP model and calculated the effective 
multiplication factor K-eff of the core after each FE insertion 
 
The experimental observations and its MCNP calculations are shown in Figure 4. The S73d 
(or S73u) represents the neutron count rate when 73 FE(s) are in the core with all three CR(s) 
in fully down (or fully up positions) respectively. Similarly the symbol Sxxd (or Sxxu) is used 
for neutron count rate after each addition of FE. The ratios (Sxxd/S73d and Sxxu/S73u), after 
each addition of FE, were calculated.  

 
Fig 4. The experimental (left) and theoretical (right) results of the reactivity distribution 

experiment of TRIGA Mark II reactor core. 
 
Reactivity Distribution Experiment: 
Keeping the burn-up group approximation and control rod effects into consideration, the five 
FE(s), 10077(in B05), 10198( in D05), 7301(in C01), 2133 (in E16) and 2184( inF20), were 
selected for this experiment. Using the shim rod calibration performed on 29 June 2009, a 
reactivity worth measurement of these FE(s) was performed. This reactivity distribution 
experiment was performed at the core configuration of Figure 2, where each removed fuel 
element was replaced by water during its measurement. The reactivity difference between the 



two positions of shim rod provides the reactivity worth of the measured FE.  The same 
experimental procedures were applied to MCNP current core model to calculate the reactivity 
worth of each FE. The tabular and graphical comparison of measurements and calculations 
are given in Table 1 and Figure 5. 
 

Sr. No. FE No. Exp. reactivity 
worth(cents) 

Theo. Reactivity 
worth (cents)  

%-difference 

1 10077 1.29 1.48 12.8 
2 7301 0.80 0.67 17.5 
3 10198 0.58 0.56 3.4 
4 2133 0.48 0.50 4.0 
5 2184 0.27 0.26 3.7 

Tab 1:  Comparison between measurements and calculations of reactivity worths of FE 
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Fig 5. Calculated and measured reactivity worth of 5 FE(s) 

 
4. Results and Discussions 
 
Criticality Experiment:  
In case of all three CR(s) in the fully up positions, MCNP predicts the criticality of the current 
core with the 78th FE (2109 in D13 position) loading to the core as shown in Figure 4 (right). 
The simulation gives the value of 1.31 cents as positive reactivity upon loading of FE no. 
2109. Experimentally, the brown line, when extrapolated in figure 4 (left side) indicates that 
the current core reaches criticality after the insertion of 78th FE (2019) with all CR(s) in 
completely up positions. This brown curve confirms the positive reactivity insertion as it 
intersects the line just before addition of 79th FE. But this line does not give the reactivity 
value due to experimental limitations. Figure 4 shows good agreement between MCNP 
predictions and experimental observations. 
 
In case of all three CR(s) in the fully down positions, both experimental and theoretical 
results show the difference in reactivity values for each added FE as given in Figure 4. This 
may be because each FE has different fissile material composition and hence has a different 
effect on core reactivity. The measurements confirm the calculations that the core does not 



achieve its criticality on addition of all 83 FE(s) when CR(s) are kept fully out. This is due to 
the shut down margin of CR(s). If the linear fit of the experimental data points (Figure 4(left)) 
is extrapolated, the core may become critical on addition of FE(s) from 87 to 89 depending on 
the initial point of the extrapolation. In case of MCNP results, when a linear fit of the 
theoretical data point is extrapolated, the core will become critical on addition of 88th FE in 
the core assuming that each additional fuel rod will increase the reactivity of the core 
according to the average trend. 
 
Reactivity Distribution Experiment: 
Table 1 and Figure 5 show the comparison of the theoretical and experimental results of the 
reactivity distribution experiment. This experiment was performed with the current core 
configuration as given in Figure 2. Generally, the MCNP results look consistent with the 
experimental results. The calculations are closer to experimental results in outer ring positions 
(i.e. D, E and F) than inner ring positions (i.e. B and C-ring) of the core. It may be due to, 
when FE is inserted into the core, more severe local flux distribution is deformed in inner 
rings than outer rings [4]. The other possible reason of these deviations could be the fact that 
the calculations were performed with fixed control rod positions while, in the experiment, the 
control rod positions were re-adjusted for each measurement of FE. 
 
5. Conclusion and outlook 
The already developed MCNP model employing fresh fuel composition was modified for the 
current core. The current core model contains 83 FE(s) and incorporates the burned fuel 
composition. This model was executed for criticality and reactivity distribution experiments. 
To verify these calculations, both criticality and reactivity distribution experiments were 
performed at TRIGA Mark II research reactor. The calculations and measurements were 
found in good agreement. This model can be applied to calculate the current core parameters 
like feedback reactivity coefficients, effective delayed neutron fraction and radial and axial 
flux distribution of the core. 
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ABSTRACT 
 

The RELAP/SCDAPSIM/MOD4.0 code, designed to predict the behavior of reactor 
systems during normal and accident conditions, is being developed as part of the 
international SCDAP Development and Training Program (SDTP).  
RELAP/SCDAPSIM/MOD4.0, which is the first version of RELAP5 completely 
rewritten to FORTRAN 90/95/2000 standards, uses publicly available RELAP5 and 
SCDAP models in combination with advanced   programming and numerical 
techniques and other SDTP-member modeling/user options.  One such member 
developed option is an integrated uncertainty analysis package being developed 
jointly by the Technical University of Catalonia (UPC) and Innovative Systems 
Software (ISS).  This paper briefly summarizes the features of 
RELAP/SCDAPSIM/MOD4.0 and the integrated uncertainty analysis package, and 
then presents an example of how the integrated uncertainty package can be setup 
and used for a simple pipe flow problem.  

 

1. Introduction  

 
RELAP/SCDAPSIM[1-3], designed to predict the behavior  of reactor systems during normal 
and accident conditions, is being developed at Innovative Systems Software (ISS) as part of 
the international SCDAP Development and Training Program (SDTP)[4,5].   
RELAP/SCDAPSIM uses the publicly available SCDAP/RELAP5[6,7] models developed by 
the US Nuclear Regulatory Commission in combination with proprietary (a) advanced 
programming and numerical methods, (b) user options, and (c) models developed by ISS 
and other SDTP members. RELAP/SCDAPSIM/MOD4.0[3], the latest in the series of SDTP-
developed versions, is the first version of RELAP5 or SCDAP/RELAP5 completely rewritten 
to FORTRAN 90/95/2000 standards. MOD4.0 is described briefly in Section 2.0. 
 
The RELAP/SCDAPSIM/MOD4.0 integrated uncertainty package[8,9] provides the end user 
with a ―user-friendly‖ best estimate system thermal hydraulic and severe accident analysis 
code that be used as part of a formal uncertainty analysis methodology or simply as a 
convenient way to determine the influence of key physical phenomena or user defined input 
quantities on calculational results. The integrated package is being developed jointly by the 
Technical University of Catalonia (UPC) and Innovative Systems Software (ISS). The 
uncertainty package is described in Section 3.0. 
 
The integrated package can be applied to any standard RELAP5 or RELAP/SCDAPSIM input 
model.  The user simply defines the code parameters that are considered to be influential in 
the calculations, defines their associated uncertainty distributions, and the desired output 
quantities with uncertainty bands.  The code then uses the original input model along with the 
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uncertainty input to generate the desired results. An example describing the application of 
the package to flow in a pipe is discussed in Section 4.0.   
 

2. RELAP/SCDAPSIM 
 
RELAP/SCDAPSIM is designed to describe the overall reactor coolant system (RCS) thermal 
hydraulic response and core behavior under normal operating conditions or under design 
basis or severe accident conditions.  The RELAP5 models calculate the overall RCS thermal 
hydraulic response, control system behavior, reactor kinetics, and the behavior of special 
reactor system components such as valves and pumps.  The SCDAP models calculate the 
behavior of the core and vessel structures under normal and accident conditions.  The 
SCDAP portion of the code includes user-selectable reactor component models for LWR fuel 
rods, Ag-In-Cd and B4C control rods, BWR control blade/channel boxes, and general core 
and vessel structures.  The SCDAP portion of the code also includes models to treat the later 
stages of a severe accident including debris and molten pool formation, debris/vessel 
interactions, and the structural failure (creep rupture) of vessel structures.  The latter models 
are automatically invoked by the code as the damage in the core and vessel progresses. 
 
As described in more detail in reference 3, RELAP/SCDAPSIM/MOD4.0 has been completely 
rewritten to FORTRAN 90/95/2000 standards.  This work took 3 years to complete and 
involved the rewriting of more than 300,000 lines of coding but resulted in dramatic 
improvements in the ability to maintain and improve the code.  MOD4.0 also includes 
advanced numerical options and coding that allows the code to run reliably at faster-than-real 
time for complex plant models.  In addition to the integrated uncertainty analysis option, 
MOD4.0 also is used with standardized interfaces for other coupled calculations such as 3D 
reactor kinetics[10] and plant simulation and training Graphical User Interfaces[11-13].  
 

3. Integrated Uncertainty Analysis Package  
 
RELAP/SCDAPSIM/MOD4.0 with the integrated uncertainty analysis package can play an 
important role as part of a formal uncertainty analysis methodology, sometimes called a 
BEPU (Best Estimate Plus Uncertainty) methodology.  This methodology is often used in 
licensing applications.  In such a formal setting, as described in more detail in reference 8, a 
typical methodology might involve the following steps.  
 
a) Selection of the plant. 
b) Selection of the scenario. 
c) Selection of the safety criteria. 
d) Identification and ranking of the relevant phenomena based on the safety criteria. 
e) Selection of the appropriate code parameters to represent those phenomena. 
f) Definition of the Probability Density Functions (PDFs) for each selected parameter. 
g) Performing a number of computer runs with a random sampling of the selected 

parameters according to its PDF.  
h) Processing the results of the multiple computer runs to estimate the uncertainty bands for 

the computed quantities associated with the selected safety criteria. 
 
In this setting, the base input model for RELAP/SCDAPSIM would define the plant and 
scenario while the code models and correlations, in conjunction with the user selected 
modeling options, would describe the relevant phenomena.  The uncertainty package then 
allows the user to (a) select the code parameters, i.e. important correlations, and associated 
input modeling options, (b) define the relevant PDFs, (c) define the number of random 
samples, and (d) select desired computed quantities with associated uncertainty bands.  The 
user can further analyze the results to determine the influence of individual code parameters 
on the desired computed quantities.  
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The integrated code also provides a convenient way to perform sensitivity analyses with any 
input model.  The process is the same as the proceeding methodology except identification 
of the important code parameters and relevant PDFs may be done in an informal way and 
the ranking of the relative importance of the code parameters determined from the analysis of 
the uncertainty results.   
 
The use of the uncertainty package involves three phases or three user options.  The first 
phase or option is the setup phase.  The setup phase involves a single RELAP/SCDAPSIM 
run with the setup option selected.  The setup options allows the user to identify  
 
a) The number of uncertainty runs needed. 
b) Source code parameters and associated PDFs 
c) Input parameters and associated PDFs. 
 
The number of code runs can either be computed by the code or be fixed by the user. In the 
former case, the code uses the Wilks[14,15] formula to determine the appropriate runs.  The 
user can continue a previous set of runs or eliminate runs without starting a new process.  
The package also includes the possibility of adding extra runs, setting a maximum or 
minimum number of runs, and the introduction of the seed to start the random generating 
process. 
 
The uncertainty parameters that can be selected by the user can either be source code or 
input parameters. The source code parameters allow the user to perturb computed quantities 
not normally accessible through input.  For example, source code parameters include: 
 

 Interfacial heat transfer coefficients.  

 Heat transfer coefficients. 

 Critical Heat Flux. 

 Gap thermal conductivity from the gap conductance model.  

 Viscosity. 

 Thermal conductivity. 

 Surface tension. 
 
The input parameters, as the name implies, are parameters that are defined through the 
input model.  Examples might be boundary conditions, loss coefficients, etc.  The package 
allows the user to easily perturb any input quantity by specifying the location in the input file 
(card and word number). 
 
The user can select from a variety of PDFs and then specify the associated characteristic 
parameters for each parameter to be perturbed. For instance when a Normal Distribution is 
desired, the user must specify the mean and the standard deviation.  Four types of PDFs can 
be selected:  
 

 Normal distribution. 

 Uniform distribution. 

 Log-normal distribution. 

 Trapezoidal distribution. 

 
The second phase is the simulation phase.  This phase uses the results from the setup 
phase as well as the base input model to perform all of the desired runs.  Since these runs 
only require the base input model and output files generated in the setup phase, these runs 
can be performed sequentially on a single machine (typical of most transients and models) or 
distributed to different machines or CPUs for transients that might involve hours of problem 
time.  For example, transients involving loss of offsite power and the slow heat up of the 
reactor tank may take hours to evolve.  
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The last phase, post-processing phase, uses data coming from previous phases to build the 
uncertainty bands for the requested uncertainty output quantities. At the conclusion of the 
post-processing run, the code will automatically produce time dependent graphs for each 
requested output quantities including:  
 

 Upper and lower uncertainty bands. 

 Base case value. 

 Difference between upper and lower values at each time step. 
 
The post-processing phase also generates an EXCEL compatible file with the sorted values 
for each required quantity in the input file. From these files, scalar quantities such as time of 
core quench or peak cladding temperature can be obtained with little effort. 
  

4. Example – Application to Flow in a Simple Pipe 
 
The problem that will be analyzed is a very simple one, the flow of water down a vertical pipe 
as shown in the nodalization diagram given in Figure 1.  However, the approach used will be 
the same as one used when modeling a full reactor system or a component of the reactor 
system.  
 
The pipe is arbitrarily divided into five axial fluid volumes with flow resulting from a pressure 
difference and gravity.  The flow will be initially set to zero and the problem will run until 
equilibrium flow and temperature conditions are reached in the fluid and pipe wall. The water 
coming into the top of the pipe has a temperature of 322 K. The temperature of the water in 
the pipe is initially set at 305 K. The wall has an initial temperature of 283 K and has an 
adiabatic boundary condition on the outside.  The pressure at the inlet of the pipe is 1.03 
MPa with outlet pressure maintained at 0.34 MPa. 
 

 
Figure 1 – Nodalization of simple pipe 

 
The temperature of the inner surface of the pipe is shown in Figure 2.  The mass flow 
through the pipe is shown in Figure 3.  The heat transfer coefficients on the inner surface of 
the pipe are shown in Figure 4.  These results show a brief period at the beginning of the 
calculations where there is an initial transient as the stagnant water starts responding to the 
pressure boundary conditions and gravity.  The temperatures at the inner surface show that 
the inner pipe wall surface temperatures also quickly approach equilibrium as the heat 
transfer to the fluid moves to a constant value.  Although the flows reach equilibrium rather 
quickly, the wall temperatures take longer as the pipe wall heats.  The total time to reach total 
thermal equilibrium is approximately 200 s so the conditions are still changing slightly at 10 s 
when the calculations are terminated.  
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Figure 2 – Temperature of the inner surface of the pipe wall 
 

For the purposes of this example, a combination of source and input parameters is selected 
for the uncertainty analysis: 
 

 Source parameters 
o Liquid heat transfer coefficient + 20% 
o Liquid heat transfer viscosity + 2% 
o Liquid heat transfer thermal conductivity + 2% 

 Input parameters 
o Source pressure + 20% 
o Inlet junction area + 20% 

 
The resulting RELAP5 input is shown in Table 1.  The first line in the input, starting with the 

=, is the title of the input.  The lines starting with * are comments.  The line starting with 100 

is a command line selecting the uncertainty setup option. The lines starting with 290 and 291 
are defining the source and then input parameters respectively.  
 

The source input, lines starting with 290, defines the parameter, such as HTC for heat 
transfer coefficient, the range of heat structures where the heat transfer coefficients are to be 

perturbed, and the PDF type and characteristics.  In this case, the Normal Distribution (ND) 

option is selected with characteristics of the mean and standard deviation input. In the HTC 
example, the user can also select the type of heat transfer coefficient, or convective heat 
transfer regime, to be perturbed.  In this example, since the problem only has heat transfer to 
a liquid, a single heat transfer regime is perturbed.  In the most general of cases, all of the 
heat transfer regimes that might occur can be explicitly identified. The input parameter input, 

the lines starting with 291, the pressure in source volume 110 and the junction flow area in 

junction 120 are to be perturbed.  For example, the pressure in source volume is actually 

identified by the line number, 1100201, and word number, 2, in the base input model.  The 
setup run will then automatically generate all of the files necessary to perform the uncertainty 
analysis using a number of runs specified by the Wilks formula for a 95% confidence interval.  
After the necessary runs are completed, a post-processing run is made that generates the 
results shown in Figures 5 and 6.   
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Figure 3 – Mass flow through pipe 
 
Figure 5 shows the results of the uncertainty analysis on the inner surface temperature at the 
top of the pipe.  The pink curve shows the base case result, also shown in Figure 2, with 
upper and lower bounds for a variation in all of the source and input parameters over their 
range of uncertainties.  The red curve represents the variation between the upper and lower 
bound.  As expected, there is a larger variation in the first second as the flow is accelerating 
and the heat transfer coefficients are varying noticeably with time as shown in Figure 4.   
Further analysis of the results would indicate that the most influential uncertainty parameter 
in the first second is the variation in heat transfer coefficient.  Figure 6 shows the results for 
the mass flow.  In this case, the variation is much more significant.  Sensitivity analysis, as 
expected, shows that the variations in source pressure and inlet junction area are the most 
influential in determining the uncertainty in the mass flow through the pipe.  
 

 
 

Figure 4 – Heat transfer coefficients on the inside of the pipe wall 
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Table 1 Input added to RELAP5 base input model to set up the uncertainty analysis 
 

 
 

Figure 5 – Inner pipe wall temperature at top of pipe with associated uncertainty limits 

 
 

Figure 6 – Mass flow through the pipe with associated uncertainty limits 
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ABSTRACT 

The 2-MW TRIGA MARK II research reactor at Centre National de l’Energie, des Sciences et des 
Techniques Nucléaires (CNESTEN) achieved initial criticality on May 2, 2007 with 71 fuel elements. 
The reactor is designed to effectively implement the various fields of basic nuclear research, 
manpower and training and production of radioisotopes for their use in agriculture, industry and 
medicine. This work aims to study the time-dependent neutronics parameters of the TRIGA reactor for 
elaborating and planining of an in-core fuel management strategy to maximize the utilization of the 
TRIGA fluxes, using a new elaborated burnup computer code called “BUCAL1”. The code can be 
used to aid in analysis, prediction, and optimization of fuel burnup performance in a nuclear reactor. It 
was developed to incorporate the neutron absorption tally/reaction information generated directly by 
MCNP5 code in the calculation of fissioned or neutron-transmuted isotopes for multi-fueled regions. 
The use of Monte Carlo method and punctual cross section data characterizing the MCNP code allows 
an accurate simulation of neutron life cycle in the reactor, and the integration of data on the entire 
energy spectrum, thus a more accurate estimation of results than deterministic code can do. Also, for 
the purpose of this study, a full-model of the TRIGA reactor was developed using the MCNP5 code. 
The validation of the MCNP model of the TRIGA reactor was made by benchmarking the reactivity 
experiments. 
1. Introduction 

The Moroccan 2MW TRIGA Mark II research reactor at Centre des Etudes Nucléaires de la Maâmora 
(CENM) achieved initial criticality on May 2, 2007. The reactor was designed to effectively 
implement the various fields of basic nuclear research, manpower training and production of 
radioisotopes for there use in agriculture, industry and medicine. 
For the purpose of modelling the Moroccan TRIGA MARK II research reactor, the general purpose 3-
D Monte Carlo N-Particle transport code MCNP5 (X-5 Monte Carlo Team, 2003) was chosen because 
of its general modelling capability, correct representation of detailed geometry, transport effects and 
continuous energy cross sections. 
The principal thrust of this work is study of the burnup effects on the 2MW TRIGA MARK II research 
reactor parameters. By burnup we mean the following changes in the core: 1) depletion of U235, 2) 
fission products build-up, 3) spectral changes of flux, 4) negligible plutonium and 5) depletion of 
burnable poison.  

                                                 
1 Corresponding author. Tel: +212651235092; Fax:+212537803277; Email: bakkari@cnesten.org.ma 

 



2. BUCAL burnup computer code 
BUCAL1 (B. El Bakkari et al., 2009) is a FORTRAN computer code elaborated by “Equipe de 
Radiation et Systèmes nucléaires (ERSN)” at University ABDELMALIK ESSAÄDI, Morocco.  The 
code is designed to aid in analysis, prediction, and optimization of fuel burnup performance in a 
nuclear reactor. It was developed to incorporate the neutron absorption tally/reaction information 
generated directly by MCNP5 code in the calculation of fissioned or neutron-transmuted isotopes for 
multi-fueled regions. The use of Monte Carlo method and punctual cross section data characterizing 
the MCNP code allows an accurate simulation of neutron life cycle in the reactor, and the integration 
of data on the entire energy spectrum, thus a more accurate estimation of results than deterministic 
code can do. The BUCAL1 strategy consists of using the nuclide inventory, MCNP tally information, 
power density, and other data to determine the new nuclide inventory for a given region of the core at 
a new time step. Then the new inventories are automatically placed back into MCNP input file and the 
case run for a new subsequent time step. 
3. MCNP modelling of TRIGA reactor 
The Triga reactor is a light water cooled, graphite-reflected one, designed for operation at a steady 
state thermal power level of 2000 kW. An outstanding feature of the TRIGA reactor is its proven 
safety, which stems from the large instantaneous negative temperature coefficient of reactivity of its 
U-ZrH fuel moderator-material. The TRIGA core consists of 101 fuel elements, 17 graphite elements, 
central thimble and a pneumatic transfer tube. Elements are arranged in seven concentric rings in 
hexagonal geometry and the spaces between the rods are filled with water that acts as coolant and 
moderator. 
The reactor was modelled in full 3-D details to minimize geometry approximations. The repeated 
structure capability of MCNP was used to create a full core 3-D model of TRIGA. 
The TRIGA lattice can be represented as a hexagonal prism, solids with eight faces. The fuel elements 
were modelled explicitly specifying the detailed structure of the rod to eliminate any homogenisation 
effects. The tapered end fixtures of stainless steel were also modelled with a very little approximation. 
The power level of the reactor is controlled with five control rods: a regulating rod and four shim 
safety rods. The control rods were explicitly modelled along the active length containing three vertical 
sections of boron carbide, fuel follower and void region. The central thimble was considered to be 
filled with water and the pneumatic tube was considered to be void. The graphite dummy elements are 
of the same general dimensions and construction as the fuel-moderator elements, except these 
elements are made of aluminium alloy and filled entirely with graphite.   
The model was extended up radially containing the graphite reflector and lead shield. An annular well 
on the inside diameter in the top of the graphite reflector that provides for the rotary specimen rack 
was also modelled along with the radial and tangential beam ports that serve for experimentations 
around the TRIGA core. To complete the modelling of all reactor facilities the thermal column, which 
is squared assembly located in the side of the reactor shield structure, is also modelled. It is located 
between beam ports NB1 and NB4 and the reactor tank that consists of an aluminium vessel installed 
in the reactor shield structure, this facility serves for the irradiation of large experimental specimens. 
Figures 1 and 2 represent the radial and axial view of MCNP5 model of the 2MW TRIGA MARK II 
research reactor of CENM. 
4. Results and analysis 
The calculations of the system eigenvalues were performed with the “KCODE” option in the MCNP5 
code. The initial source distribution for the keff calculations was given on the fuel meat points. The 
calculations were performed with 5000 cycles of iterations on a nominal source size of 2000 particles 
per cycle in order to decrease statistical error estimates. Initial 50 cycles were skipped to insure 
homogeneous neutrons source distribution. The estimated statistical errors (1σ ) were reduced below 
24 pcm for keff values. Calculations were made using ENDF/B-VII (M B Chadwick et al., 2006) 
nuclear data evaluation. The NJOY99.9 (R E MacFarlane, 2002) system was used to process the 
evaluated data into libraries suitable for use with the MCNP code. To reduce the MCNP time of 
calculation the fuel elements of the core were separated into 7 different groups taken into account of 
their power. Figure 7 shows the fuel distribution in the core and the 7 groups proposed. 



 
 
 

4.1. TRIGA core life time estimation 
The calculation of the keff and its relationship with core burnup is of primary importance to determine 
the core life time. First the excess reactivity for the beginning of the core life was calculated by MCNP 
at 2 MW reactor power and was found to be 6.77$ (keff = 1.04975). Then burnup calculation was 
performed for the TRIGA core without changing the loading pattern to determine the core life of the 
primary fuel cycle and for the primary core configuration. The variation of keff as a function of total 
thermal power produced is presented in Figure 3. 

 
Figure 3. Excess reactivity ($) of TRIGA reactor as a function of burnup (MWh). 

At the initial burnup time a sharp loss of reactivity of 3.52$ is observed which is particularly due to the 
build-up of 135Xe and 149Sm. The concentration of these fission products poisons strongly influence the 
reactivity and eventually reaches equilibrium at about 150MWh and 1500MWh for Xe and Sm 
respectively. The excess reactivity becomes zero at 3360 MWh of reactor operating history which 
correspond to 70 days of continuum operation at full power which is the life time of primary fuel cycle 
for the actually core configuration.  
4.2. Burnup estimation 

The individual burnup (% 235U depletion) of fuel and fuel-follower elements for each of the 7 groups 
(Fig. 7) at the end of the core life time is shown in Figure 4. The maximum value (~ 7 %) of 235U 
depletion is observed for group K which corresponds to the hottest fuel elements of B ring. Then the 

Figure 1. The radial view of the MCNP 
model of TRIGA reactor. 

Figure 2. The axial view of the MCNP 
model of TRIGA reactor. 



235U depletion decreases when passing from the core centre to the core periphery until it reaches a 
value of 2.8 % for fuel elements of Q group. The core average burnup is found to be 4.54 %. 

 
Figure 4. % 235U depletion as a function of fuel groups.  

 

 
4.3. Axial and radial in-core flux distributions 

Typical three-group average neutron radial and axial flux distributions at the beginning of life (BOL) 
and end of life (EOL) of the core for 2 MW power were calculated and plotted in Fig. 5 and Fig. 6, 
respectively.   
For the radial flux distribution. It shown that, the thermal flux peaks in the central thimble and falls 
sharply to ~40% of its initial value in B-ring and the fall continue down to G-ring. In the graphite 
reflector, the thermal flux falls down with ~70% of its G-ring value. Epithermal and fast fluxes peak in 
B-ring and fall down linearly to the outer region. 
Axially, the three-group average neutron fluxes peak at the axial mid-plane of the TRIGA core and fall 
down gradually.  

 
Figure 6. In-core Radial flux distribution Figure 5. In-core axial flux distribution 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Fuel elements distribution for burnup calculation. 

5. Conclusion 

A full 3-D model of the 2MW Moroccan TRIGA MARK II research reactor was elaborated using the 
Monte Carlo code MCNP5. The model was validated by benchmarking reactivity experiments. New 
burnup computer code called BUCAL1 was used in the study of time dependent neutronic parameters 
of the TRIGA reactor. This code was developed by “Equipe de Radiation et Systèmes nucléaires 
(ERSN)” at University ABDELMALIK ESSAÄDI, Morocco. BUCAL1 uses the neutron absorption 
tally/reaction information generated directly by MCNP5 code in the calculation of fissioned or 
neutron-transmuted isotopes for multi-fueled regions. The life time of the reactor was found to be 
3360MWh or 70 days of continuum operation. At the end of the primary life cycle, the average fuel 
burnup was found to be 4.54%. 
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ABSTRACT 
 

The Institute of Radiological Protection and Nuclear Safety (IRSN) acts as 
technical support to French public authorities. Among its duties, one important item 
is to provide help for emergency situations management in case of an accident 
occurring in a French nuclear facility. In this framework, IRSN develops and applies 
numerical tools dealing with containment management issues. Up to now IRSN 
has not got any specific tool for experimental reactors. Accordingly, it has been 
then decided to extend the ASTEC code, devoted to severe accident scenarios for 
Pressurized Water Reactors, to this kind of reactors. This lumped-parameter code, 
co-developed by IRSN and GRS (Germany), covers the entire phenomenology 
from the initiating event up to fission products release outside the reactor 
containment, except for the steam explosion and the mechanical integrity of the 
containment. A first application to experimental reactors was carried out to assess 
the High Flux Reactor (HFR) operator’s improvement proposal concerning the 
containment management during accidental situations. This reactor, located in 
Grenoble (France), is composed of a double wall containment with a pressurized 
containment annulus preventing any direct leakage into the environment. Until 
now, in case of severe accidents (mainly core melting in pool, explosive reactivity 
accident called BORAX), the HFR emergency management consisted in isolating 
the containment building in the early stage of the accident, to prevent any 
radioactive products release to the environment. The operator decided to improve 
this containment management during accidental situations by using an air filtering 
venting system able to maintain a slight sub-atmospheric pressure in the reactor 
building. The operator’s demonstration of the efficiency of this new system is 
mainly based on containment pressure evaluations during accidental transients. 
IRSN assessed these calculations through ASTEC calculations. Finally, a global 
agreement was found with the operator’s conclusions. Globally, it demonstrates 
that ASTEC is a convenient tool for safety assessment and emergency 
management of experimental reactors. Future work is planned to extend modeling 
to core and pool, as to enable simulating the complete accident and predict fission 
products releases. 

 
 
1 Introduction 
 
As technical support to French public authorities, one of the duties of the Institute of 
Radiological Protection and Nuclear Safety (IRSN) is to improve emergency situations 
management in case of an accident occurring in a French nuclear facility. In this framework, 
IRSN develops and applies numerical tools for dealing with containment management 
issues. Up until now, IRSN did not have a specific tool for experimental reactors. 
Accordingly, it has been then decided to extend the use of the ASTEC code [1], devoted to 
severe accident scenarios for Pressurized Water Reactors, to this kind of reactors. A first 



2/5 

application to experimental reactors was carried out to assess the High Flux Reactor (HFR) 
operator’s improvement proposal concerning the containment management during accidental 
situations. The final purpose is to evaluate the radiological releases into the environment. As 
a first step, the pressure evolution in containment has been computed for three severe 
accidents scenarios: core melting under water, core melting in air and the explosive reactivity 
accident called BORAX. This paper describes the ASTEC modelling and presents some 
calculations results demonstrating the capabilities of the code to provide valuable support for 
safety analysis. 
 
2 Overview of the ASTEC code 
 
The ASTEC (Accident Source Term Evaluation Code) integral code is being co-developped 
by IRSN and GRS (Gesellschaft fur Anlagenund Reaktorsicherheit). It simulates the 
complete scenario of a severe accident in a Pressurized Water Reactor, from the initiating 
event up to fission products release outside the reactor containment. ASTEC consists of 
several modules dedicated to specific phenomena: for instance, CPA for the thermal-
hydraulics and aerosol behaviour in containment, ISODOP for the fission products and 
actinide isotope decay, SOPHAEROS for the transport of fission products… They can be 
used in a coupled mode or a stand-alone mode. The validation of the code is based on a 
large number of separated-effects tests and integral experiments [3]. The applications are 
source term evaluation studies, Probabilistic Safety Assessment level 2 studies (PSA-2) and 
accident management studies for PWR. 
As far as research reactors are concerned, some discrepancies exist with power plants, 
especially design, power level and operating mode. Nevertheless, the containment behaviour 
is driven by the same physical phenomena and that is why the code can be applied for 
studying situation management. The CPA module, devoted to thermohydraulics in 
containment, is based on a “lumped-parameter” approach (0D zones connected by 
junctions). Energy and mass equations are solved in each zone, and mass transfers between 
zones are described by momentum equations. CPA is able to take into account all the 
phenomena occurring in containment, especially evaporation, condensation, and heat 
transfers (forced and free convection, radiation, 1D conduction in structures). 
 
3 HFR computations 
 
3.1 HFR description and containment modelling 
The HFR, located in Grenoble (France), operates with a thermal power of 57 MW and 
produces an intense source of neutrons entirely dedicated to fundamental research. The 
core consists of a single fuel element made of 280 plates highly enriched in uranium 235 
(93%) with aluminium cladding. It is cooled and moderated by heavy water. The reactor 
containment building has two walls: an inner concrete wall and an outer metal shell (figure 1). 
The space between these two walls is pressurized at 135 mbar compared to the reactor 
building, which is under slight sub-atmospheric pressure (999 mbar). Until now, in case of 
severe accidents, the HFR emergency management consisted in isolating the containment 
building in the early stage of the accident, to prevent any radioactive products release to the 
environment. The operator decided to improve this containment management during 
accidental situations by using an air filtering venting system able to maintain a slight sub-
atmospheric pressure in the reactor building. 
The HFR containment was modelled using five compartments (figure 1). Two compartments 
have been used for the operation area to model the pool and the storage pool separately, but 
also to take into account possible convection movement. Internal structures made of 
concrete or steel, like the travelling crane, are taken into account. The leakage from the 
pressurized containment annulus to the containment building is given by experimental 
correlations established by the operator. The containment depressurization system is taken 
into account by imposing an outgoing mass flow rate. 
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Figure 1: HFR cross section and ASTEC modelling 

 
3.2 Accidental transient simulations 
Three scenarios were studied with the CPA module of ASTEC: core melting under water, 
core melting in air and the explosive reactivity accident called BORAX. The two containment 
managements have been simulated: current static containment based on the building 
isolation and dynamic containment using an air filtering venting system proposed by the 
operator. Studying the current management and make comparisons with the operator 
calculations was a first step before assessing the efficiency of the new venting system.  
For each transient, operating instructions concerning the containment management are 
taken into account: indeed, the containment annulus pressurization is reduced from 135 to 
70 mbar in order to reduce the leakage mass flow rate from the containment annulus. This 
limits the containment inflation while also allowing sufficient overpressure in the annulus in 
the case of combustion of cold and hot sources. 
 
3.2.1 Core melting under water 
The first scenario is a conventional loss of coolant accident, occurring for example in case of 
a partial or total plugging of the fuel element channels by a moving object. The decay heat is 
released into the water.  
In the case of containment isolation, a fast pressure increase is observed during the first 
stage of the accident, when the leakage from the pressurized containment annulus and the 
steam produced by the decay heat released into the pool are maximal (see the black curve 
on figure 2).  
A good agreement was found with the operator calculations: the depressurization system is 
powerful enough to maintain the containment under sub-atmospheric pressure (see the blue 
curve on figure 2). 
 
3.2.2 Core melting in air 
The second scenario is a loss of coolant accident during the fuel handling. It can be the 
consequence of failures leading to the obstruction of the fuel element reflood. The decay 
heat is released into the air and the concrete. A good agreement was also found with the 
operator results (see figure 2).  
 
The case of a core melting in air inside the reactor cavity has also been studied, even if such 
an accident is totally excluded. A sequence of events leading to the core top uncovering after 
24 hours has been considered. The operator is planning on using this delay to depressurize 
the containment building from 999 to 980 mbar before the core melting in air. The 
calculations highlighted that this operating instruction is required to maintain a sub-
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atmospheric pressure in the containment building during the two first hours of the accident 
while using the depressurization system (see figure 3). 
 
 

 

Figure 2: Containment pressure in case of core melting under water (on the left) and in case of 

core melting in air during the fuel handling (on the right) 

 

 

Figure 3: Containment pressure in case of core melting in air inside the reactor cavity while 

using the depressurization system 

 
3.2.3 Explosive reactivity accident 
The third scenario is a reactivity accident occurring in case of a fast control rod withdrawal. 
The reactivity injection can lead to the cladding melting and generate a steam explosion 
ejecting a large amount of water outside the pool. The pressure peak resulting from this 
massive injection of hot water in the operation area is difficult to evaluate. The quantity of 
steam produced depends on the water mass and the exchange with the air, increased by the 
spray fragmentation and velocity. This phenomenon was modeled using the spray module of 
ASTEC. It was possible to control the quantity of steam produced by simply tuning the 
droplets diameter. Owing to the explosive nature of this accident, the combustion of hot and 
cold sources was also taken into account by injecting an extra energy source. 
A parametric study showed that the initial pressure peak is included within the range of 117 
to 172 mbar, depending on the spray features (water mass and droplets diameter). A sub-
atmospheric pressure is reached in the containment building after 2 to 4 hours with the 
depressurization system (see figure 4). 
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Figure 4: Containment pressure in case of the explosive reactivity accident called BORAX while 

using the depressurization system 

 
4 Conclusion 
 
First application of ASTEC to research reactor has been carried out without modification of 
the code. It deals with the RHF operator’s improvement proposal concerning the containment 
management during accidental situations. Three severe accidents scenarios have been 
simulated: core melting in water, core melting in air and the explosive reactivity accident 
(BORAX). A global agreement was found with the operator’s conclusions. Sensitivity to 
relevant parameters or hypothesis such as the operating instructions in case of accidental 
situations has been stressed by the calculations. The use of such a tool made the safety 
assessment more efficient. Besides, the input deck is now available to simulate the thermal-
hydraulics behaviour of the containment for different accidental situations. All the information 
given by the code can be used for crisis management. Indeed, for each simulated accident, 
new tables can be prepared with results of pressure evolution in the reactor building, useful 
to know the ventilation mass flow rate and then evaluate the consequences on the 
environment. 
The input deck can be extended to core and pool modeling in order to evaluate radiological 
consequences due to the release of FP's. Developments are also planned in ASTEC to 
simulate with a simplified modelling the growth of the bubble during a BORAX accident. 
Furthermore, it demonstrates that ASTEC is a convenient tool for safety assessment and 
emergency management of experimental reactors. 
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The IR-8 pool type research reactor of RRC KI was commissioned in 1981 
for carrying out fundamental and applied researches in various areas of 
science and technique.  MCU-PTR code with the MCUDB50 constants 
library was created to ensure the safe operation of the reactor and for the 
calculation support of experimental research. The MCU-PTR code is 
intended for simulation of neutron transport by means of the Monte Carlo 
method on the basis of evaluated nuclear data taking into account of 
changes in the nuclide composition of materials in interaction with neutrons. 
 
Full-detailed 3D mathematical models of different states of the IR-8 reactor 
were created for precision neutronics calculations with use of MCU-PTR 
code. The code verification for pool and tank type research reactors 
performed based on IHECSBEP Criticality Benchmark Experiments and 
experiments carried out at the IR-8 reactor. The MCU-PTR code is currently 
used for calculations of the IR-8 reactor taking into account of fuel burn-up 
with HEU or LEU, poisoning of the beryllium reflector and burn-up absorber 
in CPS rods. 
 

1.     The IR-8 reactor description 
 
The IR-8 reactor [1] is a pool type research reactor with power up to 8 MW, using water as 
moderator, coolant and top of biological shielding.  
The reactor core consists of 16 IRT-3M type fuel assemblies (FA) with UO2 fuel of 90% 
enrichment. The core and the reflector are installed in the vessel and rested on the support 
grid near the pool bottom. The pool depth is 11 m. All of the 13 CPS rods use boron carbide 
as an absorber. 
 
The reactor has 12 horizontal experimental channels to extract neutron beam (beam tubes) 
for carrying out fundamental and applied researches in various areas of science and 
technique. The IR-8 reactor construction permits possibility installation many vertical 
experimental channels (VEC) for irradiation of fuel, of structural materials and isotopes 
production.  
The main objective of the reactor is to provide a high thermal neutron flux density in the large 
beryllium reflector. 
Now the reactor operates at power up to 6 MW. Main parameters of the IR-8 reactor are 
presented in Table 1 [2].    
 
2.     Программа MCU-PTR 
 
MCU-PTR code [3] is developed for simulation of neutron and photon particles transport by 
analog and non-analog Monte Carlo methods. The simulation is realized on the basis of the 
evaluated nuclear data considering depletion process. 
 
The data bank of the code is MDBPTR50. All necessary characteristics of nuclides being set 
as burnable in initial data are located in BURN part of the data bank. That contains 
approximately 1100 nuclides. 
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Fig 1.   Cross section of the IR-8 core and of the reflector 

 
1 - IRT-3M six-tube FA; 
2 - IRT-3M six-tube FA with 
safety rod; 3 - IRT-3M six-
tube FA with shim-safety 
rod; 4 - IRT-3M four-tube FA 
with an ampoule rig (AR);  
5 - beryllium block with an 
ampoule rig; 6 - beryllium 
block 69×69 mm; 7 - block of 
stationary beryllium reflector; 
8 - beryllium block with 
automatic regulating rod;  
9 – beryllium block with 
experimental channel;  
10 - beryllium blocks with 
plugs; 11 - lead shield;  
12 - beam tubes; 13 – holes 
for experimental channels; 
14 – reactor vessel;  
15 – experimental channels.  

 
 

Power, MW 6,0 
Number of FAs in the core 16 
Core volume, l 47,4 
Mass of 235U in the core with “fresh” FAs, kg 4,35 
Maximum reactivity margin of the core in the partial 
reloading regime , %Δk/k   

 
12,0 

Total reactivity worth of CPS rods, %Δk/k: 
- safety rods 
- shim-safety rods and automatic regulating rod 

 
4,6 

26,3 
Maximum neutron flux with ampoule rigs in the reflector *), 
cm-2·s-1: 

 

• thermal: 
- in 6-3 cell 
- at the face of a horizontal channel 
- in a VEC    

 
4,9·1013 
9,9·1013 
4,8·1013 

• fast (Е>0,5 МeV): 
- in 6-3 cell 
- in VEC 
- in AR (6-4 cell) 
- in AR (7-3 cell) 
- in AR (8-3 cell) 

 
3,3·1013 
1,3·1012 
2,3·1013 
7,7·1012 
2,9·1012 

                      *) Calculation by MCU-PTR code 

 

Tab 1:   Main parameters of the IR-8 reactor with ARs in the reflector 
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3.     Modeling of the IR-8 Reactor  

For full-scale simulation of the IR-8 reactor were originally modeled and tested in calculations 
of the cells with IRT-3M FAs. Calculating geometrical models of FA (fig. 2) within the reactor 
core are completely identical to sizes of IRT-3M FA. Zones of top and bottom ends of the 
FAs and beryllium reflector are presented in homogeneous approach. The set of full - scale 
3-D geometrical models for various variants of IR-8 reactor loadings is created. Cross- and 
longitudinal- sections of one of the IR-8 reactor calculating models are presented on fig. 3, 4 
and 5. 
 

 
   

Fig. 2   Cross-sections of IRT-3M FA’s calculating geometry 
 
Numerical 3-D heterogeneous model of the IR-8 reactor in MCU-PTR code is presented as 
registration zones which structure is described by values of nuclear concentrations of the 
nuclides.  
The main objective of the reactor is to provide a high thermal neutron flux density in the large 
beryllium reflector. So the reactor model contains 30 layers of fuel height; in a layer each 
meat of fuel element has its own registration zone. All fuel is in 2880 registration zones. CPS 
rod’s absorber is divided into 900 zones (30x30). So total number of registration zones in the 
model is approximately 20000. 
Variants of input files represent modeling of different IR-8 reactor operation stages for 
calculating its various conditions taking into account of fuel burn-up, poisoning of the 
beryllium reflector and burn-up absorber in CPS rods. The full - scale numerical 3-D model of 
the IR-8 reactor in MCU-PTR code has about 100000 lines [3]. 
 

4.     Some results  

Verification has been implemented on the basis of benchmarks which are stated in 
IHECSBEP and IR-8 experiments. Deviation of calculated effective multiplication factor from 
results of benchmarks with low-enriched uranium fuel (below 6,5%) [4, v. 4, LCT-053, LCT-
061, LCT-070, LCT-075, LCT-085, LCT-094] is presented on Fig. 6. There are errors of our 
result are shown on the figure also. They are being included experimental error (0,3%) and 
statistical uncertainty of the calculation (0,2%). 
23 bechmarks [4, v. 2, HCT-003, HCT-006, HCT-007, HCT-008] have been calculated to 
prove evaluated nuclear data for high-enriched uranium fuel (80%) (Fig. 7). There are good 
coincidence between MCU-PTR code and MCNP-4a results. Standard deviation of the 
results by MCU-PTR code from experimental data is approximately equal to 0,5 %. Mean 
values of keff over 23 benchmarks are equal to 1,0008±0,0048, 1,0026±0,0072 and 
1,0000±0,0044 for MCU-PTR, MCNP-4a and experimental investigations accordingly. There 
are errors of our result are shown on Fig. 7 also. They are being included experimental error 
(0,44%) and statistical uncertainty of the calculation (0,2%).  
There were studied and numerically reconstructed history of the IR-8 reactor since 1981 
taking into account of fuel burn-up in the core, of 10B burn-up in the CPS rods and the 
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 poisoning of the beryllium reflector of the transmutation products. 
 

Fig. 3.   Cross-sections of the IR-8 reactor 
calculating models with the beam tubes 

 

Fig. 4.   Cross-sections of the IR-8 reactor core 
and of the removable beryllium blocks 
calculating models  

Fig. 5.   longitudinal-sections of the IR-8 
reactor calculating models with ARs in the 
reflector 
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Fig. 6.   Deviation of the calculated values of keff 

from the data in benchmark experiments with 
LEU  

Fig. 7.  Results of calculations of the critical 
experiments with HEU  

 
The IR-8 reactor was operated for 77 cycles until 2010. The calculated results of critical 
states of loadings in the beginning of cycle with Xe-free core and core with equilibrium 
concentrations of Xe are presented in Table 2.  
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The IR-8 reactor core 
# loading # cycle 

Xe-free Xe  
2008-09 69 1.0035 1.0077 

2008-09a 70 1.0060 1.0077 
2008-11 71 1.0043 1.0077 
2009-01 72 1.0041 1.0017 
2009-03 73 1.0023 1.0026 
2009-04 74 1.0024 1.0005 
2009-05 76 1.0060 0.9980 

The average value of k eff 1,0041 1,0037 
 

Tab 2:   The calculated results of k eff   

The calculated and experimental results of the fast neutron fluxes with E> 0.5 MeV in the 
cells of the IR-8 reflector are presented in Table 3. As the neutron-activation detectors used 
metal foils: 54Fe [54Fe(n,p) 54Mn] and 93Nb [93Nb(n,n’) 93mNb]. The calculated results are within 
experimental errors.  

ФE>0.5×10-12 , s-2·с-1·MW -1 

Cell 
Experimental 
channel with Calculation Experiment (Fe / Nb) 

Air 3,87 3,94±0,43/3,85±0,41 
6-4 

АR-1 3,89 4,29±0,51 
Air 1,31 1,34±0,14/1,21±0,13 

7-3 
АR-2 1,27 1,24±0,13 
Air 0,46 0,436±0,052/0,423±0,049 

8-3 
АR mock-up 0,35 0,432±0,045/0,382±0,040 

 
Tab 3:   The fast neutron fluxes in the cells of the reflector 

 

5.     Conclusion 
 
The MCU-PTR code with MDBPTR50 evaluated nuclear data bank MDBPTR50 is developed 
to provide Monte-Carlo simulation of neutron and photon transfer accounting depletion.  
The code hasn’t verificated completely for calculation of pool and tank types research 
reactors with HEU and LEU yet, but critical experiments from international data bank 
IHECSBEP and on experiments, performed in RNC KI were calculated. 
For that purpose the detail full-scale 3D mathematical model of various states of IR-8 reactor 
has been developed. 
MCU-PTR code is used as calculation support for IR-8 and to provide fundamental and 
applied investigations of the reactor. 
 

References 

[1]   Ryazantsev E.P., Nasonov V.A., Egorenkov P.M. et al. Contemporary status and 
        employment perspectives of the IR-8 reactor. International scientific conference  
        «RESEARCH REACTORS IN XXI CENTURE».MOSCOW, June 20-22, 2006. 
[2]   Erak D.Y., Nasonov V.A., Taliev A.V et al. Main parameters of the IR-8 reactor with 
       ampoule rigs in the reflector. Pre-print IAE-6613/4, М., 2009. 
[3]   Nasonov V.A., Alexeyev N.I., Erak D.Y. et al. Development of the calculation- 
       experimental methods of determining the parameters of neutron flux distribution in the 
       IR-8 reactor of RRC KI for fundamental and applied researches. 
       Pre-print IAE-6579/4, М., 2009. 
[4]   International Handbook of Evaluation Criticality Safety Benchmark Experiments,  
       NEA/NSC/DOC(95)03, September 2008 Edition. (vol.1-vol.6) 
[5]   International Handbook of Evaluation Reactor Physics Benchmark Experiments,  
       NEA/NSC/DOC(2006)1, March 2009 Edition. 



COUPLED 3D NEUTRONIC AND THERMOHYDRAULIC 
CALCULATIONS FOR A COMPACT FUEL ELEMENT WITH 

DISPERSE UMo FUEL AT FRM II 
 

H. BREITKREUTZ, A. RÖHRMOSER, W. PETRY 
Forschungsneutronenquelle Heinz Maier-Leibnitz (FRM II), Technische Universität München 

85747 Garching – Germany 
 
 

ABSTRACT 
 

The newly developed X² program system is intended to be used for high-detail 3D 
calculations on compact research reactor cores. Using this system, the efforts to 
calculate scenarios for a new fuel element for  FRM II using disperse UMo (8wt% 
Mo, 50% enrichment) are continued. By now, a radial symmetric core model with 
averaged built-in components for the D2O tank is used. 
 
Two different scenarios are compared: The minimum fuel density of 7.5 g U/cm³ 
and 8.0 g U/cm³ with 60 days cycle length. In addition, two “flux loss compensating” 
scenarios based on 8.0 g U/cm³ with 10% higher power / longer reactor cycles are 
regarded. 
 

 
1. Introduction 
1.1 FRM II, Disperse UMo 
 
The core of FRM II consists of only one single fuel element, a compact core with 113 
evolute shaped fuel plates. Currently, a disperse U3Si2-Al fuel with densities up to  
3.0 g U/cm³ is employed. The degree of enrichment is 93% (HEU). In terms of the 
RERTR program, cores with a higher uranium density and consequently lower 
enrichment are studied. For this, disperse UMo-Al (8 wt% Mo) is a promising 
candidate. For the particular geometry of the FRM II compact core, this would allow a 
decrease of the enrichment down to 50% (MEU). 
 
FRM II performed general feasibility calculations for a compact core of this type [13] 
and is also engaged on the experimental side of the development of the new fuel [3]. 
 
The general conditions for the fuel conversion of FRM II are: 
 

• In all aspects the new core has to be as save as the current one  

• The achievable cycle length must be at least 60 days at 20 MW power (today’s 
value) 

• The neutron flux and quality have to be as high as currently (only marginal 
losses)  

• Any conversion to lower enrichment has to be economically reasonable, i.e. 
operation costs increase only marginally 

 
In the framework of this paper, it will be discussed how some of these requirements 
can be met using disperse UMo. The approaches are straight-forward, all design 
parameters are inherited directly from the current fuel element. In addition, two 
hypothetical scenarios to compensate the flux loss by a higher reactor power or a 
longer cycle length are given.  
 



 
1.2 The X² program system 
 
The X² program system is a new, coupled calculation system developed at FRM II. It 
couples the Monte Carlo code MCNPX (currently version 2.7.B) [1], the CFD code 
CFX  (ANSYS, version 12) [2] and the burn-up program MonteBurns [4]. It is 
specialised on the simulation of compact research reactor cores. 
 
The code system was validated by a code-to-code comparison on the results of the 
current fuel element of FRM II as calculated by [7,8,9] as well as comparisons to 
measured data as far as available [10]. All calculations are conducted in 3D as far as 
possible. Oxide layers, burn-up and heat distributions can be considered. The 
principal program flow of X² is shown in fig. 1. More details on the implementation in 
X², the choice of codes and the application to FRM II can be found in [11,12]. 
 

 
Fig 1: X² program flow 

 
2. Scenarios 
 
As mentioned before, two different main conversion options are considered. The 
minimum uranium density at 50% enrichment to guarantee a reactor cycle length of 
60 days with disperse UMo is 7.5 g U/cm³. A higher density of 8.0 g U/cm³ permits 
further installations in the reactor or compensation for reactor degradation. It is 
obvious that a higher uranium density will worsen the neutronic and thermohydraulic 
properties of the core. Therefore, two “loss compensating” scenarios with a higher 
total power (22 MW instead of 20 MW) or a longer cycle length (66 d / 60 d) are 
discussed.  
 
Figure 2 shows the predicted control rod driveway of FRM II for ulterior unchanged 
conditions compared to the current situation. The technical limit is a control rod 
position of +41 cm. The steeper slope at the very begin of the cycle (BOL) compared 
to the current situation originates from the lower excess reactivity due to the 
increased parasitic absorption from 238U in the fuel. For the case of 8 g U/cm³ at 20 



MW, the slope generally rises slower due to the higher remaining 235U density during 
the cycle. The general steepening towards EOL is explained by the lower control rod 
reactivity worth as the rod position approaches it upper limit. 

Fig 2: Predicted control rod driveway for different scenarios 

 
An overview of the results of all four conversion scenarios and a comparison to the 
current situation can be found in table 1. 
 
 
2.1 7.5 g U/cm³ 
 
Earlier calculations [13] already identified 7.7 g U/cm³ as the density to reach the 

same ∆ρ after 52 days of operation. Now, in a series of calculations, 7.5 g U/cm³ 
were identified as the minimum uranium density of disperse UMo to achieve a cycle 
length of 60 days. Despite the fact that the use of this minimum density leaves no 
room for optimisation of the reactor usage or compensation of the flux loss and 
reactor degradation, it has the less disadvantageous neutronic and thermohydraulic 
properties: 
 
The maximum heat flux density rises to 401 W/cm² (up 5% from calculation for 
current situation), the maximum power density in the active zone rises by 7%. The 
maximum wall temperature rises only slightly by 1.5 K. The main drawback is a drop 
of the maximum neutron flux by 6.7%, as well as a drop of 6.2% of the cycle neutron 

yield in the BOL thermal flux maximum, ∫ ⋅=
T

dttrrCNY
0

),()(  φ . 

 



However, experience with the current fuel element has shown that it is not only 
beneficial but necessary to have some reactivity reserve at the end of the cycle, 
which would not be the case with 7.5 U g/cm³. 
 
 
 
2.2 8.0 g U/cm³ 
 
FRM II has always regarded 8.0 g/cm³ U-density as the most realistic solution for 
50% enriched disperse UMo [13]. Therefore this scenario was analysed in greater 
detail and two options to compensate the resulting flux loss were studied. It is 
obvious that the flexibility gained by a higher uranium density has to be paid-off by 
less fortunate thermohydraulic and neutronic properties, amongst others a higher flux 
loss. 
 
2.2.1 20 MW / 60 d 
 
20 MW power and 60 days cycle length is the current situation at FRM II and the 
targeted minimum after the conversion of FRM II. 
 
In the case of 8 g/cm³ uranium, the maximum heat flux density rises 6.5% to          
407 W/cm². Wall and fuel temperatures are slightly higher than in the 7.5 g U/cm³-
case but comparable. The maximum flux drops even more, -7.7%, as well as –7.1% 
for the cycle neutron yield in the flux maximum. The higher fuel density causes 
considerably higher local burn-up,  2.13 . 1021 fissions/cm3. This is 7.6% higher than 
in the current situation and 4.4% higher than in the 7.5 g U/cm³-case. 
 
 
2.2.2 20 MW / 66 d 
 
Increasing the cycle length is one option to compensate the flux loss caused by the 
higher uranium densities. However, an increase in the cycle length is limited by the 
maximum burn-up the fuel can handle.  
 
Obviously, thermohydraulic properties remain unchanged from the 60 days case. The 
10% extra cycle length overcompensates the loss in the cycle neutron yield by about 
2%. However, a 8% higher local burn-up than with 60 days cycle length has to be 
handled, now 2.30 . 1021 fissions/cm3 in the maximum. Considering the present 
developments, it is rather unlikely that the fuel can withstand such a high a burn-up. 
 
 
2.2.3 22 MW / 60 d 
 
The third option, an increased reactor power while the cycle length is kept at 60 days, 
is of course the most welcome option but poses by far the highest burdens. As 
before, the very high burn-up has to be handled, but in addition higher demands on 
the cooling system have to be satisfied. The power increase would also require 
additional time- and labour-intensive licensing procedures for the reactor. 
 
The power increase can be observed directly in all important thermohydraulic 
parameters: The maximum heat flux density at the plate surface has risen to         



449 W/cm², 17.4% more than now. Compared to today’s situation, the increase of the 
fuel temperature is 11.7 K, the maximum wall temperature rises by 7.1 K to 96.7°. 
According to 10% more power, the water heats up by 17.5 K instead of 15.9 K. The 
burn-up after 60 days is comparable to that after 66 days at 20 MW, 2.34 . 1021 
fissions/cm3 (matching within estimated statistical uncertainty). In this scenario, the 
loss in CNYmax is overcompensated by about 2.5%. From the point of view of the 
users of FRM II, the situation remains unchanged from today if this scenario can be 
realised, which is very unlikely due to the implications discussed above. 
 
 
2.3 Compact comparison 
 

Quantity Current 7.5g 8g 8g/66d 8g/22MW 
Neutronic properties 
Max. burnup EOL [fis./cm-3] 1.98 . 1021 2.04 . 1021 2.13 . 1021 2.30 . 1021 2.34 . 1021 
Max. thermal flux [cm-2 s-1] 6.40 . 1014 5.97 . 1014 5.91 . 1014 5.91 . 1014 6.48 . 1014 
Cycle neutron yield [cm-2] 3.25 . 1021 3.05 . 1021 3.02 . 1021 3.31 . 1021 3.33 . 1021 
CNYmax compared to current  -6.2% -7.1% +1.8% +2.5% 
Thermohydraulic properties 
Tmax fuel [°C] 102.9 108.2 108.2 108.2 114.6 
Tmax wall [°C] 89.6 91.1 91.8 91.8 96.7 
Tavg outlet [°C] 52.9 52.9 52.9 52.9 54.5 
qmax wall [W cm-2] 382 401 407 407 449 

Tab 1: Comparison of calculated neutronic and thermohydraulic properties (at BOL if not quoted otherwise) 

 
The numbers quoted in tab. 1 apply to begin of live (BOL). The reactor model is axial 
symmetric and includes burn-up of the control rod. Temperatures were calculated by 
using UMo material data from Lee et al. [5], ranging from about 75 W/m K for 8g U/cc 
at room temperature to about 170 W/m K for 3.75g U/cc at 100°C. Due to lack of 
knowledge, no change of the thermodynamic properties of the fuel due to burn-up 
was included. A constant coolant inlet temperature of 37°C was assumed. Burn-up 
zones were chosen according to Röhrmoser et al. [6]. No oxide layer was taken into 
account as the data is for BOL. 
 
 
3. Conclusions 
 
It is apparent that 8g U/cc-22MW-60d is the most desirable scenario from the point of 
view of the scientists using the neutron source as it actually implies no change for 
users and instrument operators, but it is also the most demanding with respect to fuel 
qualification and reactor operation and very unlikely to be feasible. A scenario with         
8g U/cc-20MW-60d produces the same cycle-neutron-yield without posing the 
burdens connected to an increase of the reactor power but still suffers from the very 
high burn-up of the fuel which is probably not achievable. However, if the current 
standard of 4 cycles per year should be kept, the shorter reactor down-times (-20%) 
will imply high demands on the operational team of the reactor. Accordingly, if 
feasible at all, only a fractional compensation of the flux loss due to the conversion 
seems to be a realistic option. 
 
The two straightforward scenarios, a conversion without increase in cycle length and 
reactor power, deliver the most disadvantageous performance. Of those two, 8g 



U/cc-20MW-60d is the most likely scenario, although it even underperforms 7.5g 
U/cc-20MW-60d. The latter leaves no room for increased reactor usage, neither does 
it contain any reactivity reserves to compensate reactor degradation due to aging or 
other flux depressing effects. Therefore, for a future-proof operation of FRM II using 
50% enriched disperse UMo, a minimum uranium density of 8 g U/cm³ is required. 
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ABSTRACT 
 

Small reactors design is one of the main activities of AREVA TA. At the time, 
AREVA TA main projects are oriented towards research reactors and reactors for 
military naval propulsion. Due to differences in the physics and performances to 
meet, each kind of small reactor leads to specific modelling needs. 
Many computing tools have been developed in order to successfully carry out these 
projects. These schemes are mainly based on the use of TRIPOLI, MCNP, 
APOLLO2 and CRONOS2 codes. In that framework, a multi-purpose pre/post 
processing tool named CHARM is being developed by AREVA NP in partnership 
with AREVA TA in order to integrate small reactors specification. CHARM is used to 
elaborate APOLLO2 input data while various dedicated tools are used to 
automatically generate TRIPOLI and MNCP input data. These 3D numerical 
models need a very accurate spatial description to perform specific calculations. As 
an example, for the JHR design, after calculating 3D burn up by APOLLO2/MOC 
models, the data is fed back into a TRIPOLI model used for safety analyses.  
This paper presents our methodology for the small core design and 3 examples: 
− The calculation scheme for the JHR (Jules Horowitz Reactor) neutronic studies. 

These design studies are a recent illustration of combined use of both 
deterministic and probabilistic codes, 

− The use of CHARM, with the modelling of a JHR core. The purpose of CHARM-
V2, based on Open Cascade Technology, is to provide a pre/post processing 
tool for APOLLO2/MOC, TRIPOLI4 and MCNP solvers, 

− The depletion Monte Carlo calculation of a MTR core. 
 

1. Introduction 
AREVA TA (ex-TECHNICATOME) has a great experience in small-size reactors based on 
enriched uranium cores, moderated with light or heavy water: for instance, materials and test 
reactors along with propulsion reactors (both military and civil).  
Historically, AREVA TA was created in 1972 following the merging of two CEA units 
(Commissariat à l’Energie Atomique), one specialized in material and test reactors and the 
other in propulsion reactors for the French Navy. 
 
In these areas, our main projects are: 
− Material and test reactors: …, ORPHEE, OSIRIS, PAT, CAP, RNG, RES, RJH-JHR 

(these two are still in progress), 
− Propulsion reactors: “Le Redoutable”, “Le Triomphant”, “Rubis” and “Barracuda” class 

submarines, Charles de Gaulle aircraft carrier. 
Our activity is also dealing with other nuclear reactor projects. 
 
It is noticeable that we have been and remain the operator of many nuclear facilities: 
− Test reactors, now all shutdown: PAT, CAP , RNG 
− 1 test reactor under construction, nearing completion: RES 
− Critical mock-up: AZUR  
This point is a very important fact for the core and reactor design capability (direct feedback 
of reactor operation). 



To achieve the high performances required, design of these reactors needs concerted action 
between many engineers in different technological and physical fields: mechanics, fuel and 
materials behaviours, command-control, instrumentation, thermal hydraulics, neutronics… 
All these technical fields are the basis of our activity. 
 
Performances required for a material test reactor (MTR) are significantly different from these 
dedicated to a naval propulsion reactor (NPR), though many characteristics are common: 
− The small size of the object that implies an appropriate treatment of the core-reflector 

interface and neutron leakage, 
− High level of both security and availability requirement, 
− Need of a high flexibility level in terms of experimental devices accommodation ability for 

MTR’s and in terms of fast and frequent power transients for NPR’s, 
− The use of uranium fuel up to 20% U235 enrichment (LEU), 
− The fluctuations required for the operating time of the core, 
− Small series manufacturing. 
 
To summarize, in comparison with power reactors like EPR, these small cores: 
− Are more neutronically coupled (lesser needs for an online in-core survey), 
− Needs higher uranium enrichments combined with a wide variety of burnable absorbers, 
− Have more core-reflector interface effects,  
− Require higher flexibility when in operation.  
 
The purpose of this paper is to introduce the way we use neutronic codes for core design 
activities, in a strategy using both deterministic and stochastic codes. 
 
2. Calculation schemes and codes 
Due to differences in required performances, each type of small reactor leads to specific 
modelling needs. The following method is used to carry out our projects: 
− Analysis of key values: fluxes, range of power, energy (life length), flexibilities, … 
− Choice of the most reliable computing schemes and/or development (calculation codes, 

cross section libraries). 
 
In terms of implementation, this method leads: 
− To rely on both deterministic codes (APOLLO, CRONOS) and probabilistic codes 

(TRIPOLI [NPR, MTR], MCNP [MTR]) with associated advantages meaning respectively 
sturdiness on burn up calculations on the first hand and refinement in geometric 
description and better flexibility for what concerns calculated quantities (neutron and 
gamma heating, flux perturbation in experimental devices, ...) on the other hand, 

− To use probabilistic codes at step 0 or in probabilistic depletion calculations using 
deterministic codes input (codes getting material balance from deterministic calculation 
objects) or in depletion calculations with ORIGEN and MONTEBURNS, 

− To use machine human interface (MHI) allowing to generate the main part of datasets for 
the different codes from a single description of geometries and materials and also to 
analyze the results. 

 
To illustrate these various issues, we give below three examples: 
− The calculation scheme for the JHR (Jules Horowitz Reactor) neutronic studies, 
− The use of the CHARM MHI, with the modelling of a JHR core, 
− The depletion Monte Carlo calculation of a MTR core. 
 
3. First example: Jules Horowitz Reactor – calculation scheme  
The JHR core design studies [1] are a recent illustration of combined use of both 
deterministic and probabilistic codes and of implication of CEA teams in the MTR design 
projects.  
 



In the beginning of the project, the CEA established the JHR-dedicated 3D regular geometry 
core calculation scheme HORUS3D/N V1 [1][6] based on the APOLLO2[4] and 
CRONOS2[3] codes. 
 
This calculation scheme was an 
opportunity for us to study 
various shapes of regular cores. 
Taking this into account, we 
were then convinced to be able 
to find a control rod 
management and a refuelling 
strategy that would bound the 
3D power factor, whatever the 
shape is. Step 0 Monte Carlo 
calculations allowed us to 
quickly find an optimum core 
shape which is an irregular 
geometry (close to a regular 
one) required by the high level 
of flux performances. 
 
Then the CEA developed a new 2D calculation scheme included in HORUS3D/N V2 [2]. This 
scheme is based on APOLLO2/MOC [7] solver in general geometry, including interface 
capabilities with the 3D Monte Carlo TRIPOLI4 code [8]. 
 
After calculating the 3D burn up and depletion with APOLLO2/MOC models, the composition 
data are fed back into a TRIPOLI4 model. To deal with axial phenomenon, this scheme 
includes a CRONOS2 3D calculation of the nearest regular core. 
 
The latest release of the HORUS3D/N V3.0 [13] contains APOLLO2 MOC 2D calculation 
scheme for fuel assembly and reflector in general geometry. It also contains major 
developments of a 3D calculation scheme based on CRONOS2 code including capabilities 
for irregular geometries. 
 
Those schemes are combined with several pre and post-processing tools such as: 
− SILENE[5] to generate mesh calculation for APOLLO2/MOC,  
− Object-Oriented PYTHON modules [10] to couple calculation schemes with the SALOME 

platform[12] and CHARM[14] 
 
Furthermore, reactor performances such as flux level in the experimental devices were also 
performed by a dedicated MCNP based model. Starting from a database, a FORTRAN tool 
converts MOC output libraries into MCNP material format and generates MCNP input files at 
each depletion step. 
 
4. Second example: pre and post-processing tool CHARM 
CHARM-V2 is a Pre Post Processor for APOLLO2/MOC, TRIPOLI4 and MCNP based on an 
Open Cascade technology [12]. The CHARM project is developed by AREVA NP in 
collaboration with an AREVA TA partnership to integrate small reactor modelling needs. 
 
Currently, this tool is embedded in many projects dedicated to experimental reactor and 
naval propulsion. The main advantages of this tool are listed as follow: 
− A multipurpose user friendly graphical interface to design geometry, meshes, material 

association, to configure score and tally and also to visualize results projected onto 
geometry, 

− A common geometry for APOLLO2/MOC, TRIPOLI4 and MCNP, 



− A suitable XML file format describing exactly a CHARM study which can be easily 
modified by a script for parametric studies, studies are also saved in HDF file format as 
for a SALOME study, 

− A batch mode to automatically generate numerous input data. 
 
CHARM has commonly been used to generate parametric geometries including more than 
30,000 meshes. 
 
JHR modelling 
This tool has been used for modelling the Jules Horowitz Reactor (Figure 1). 

 
Figure 1: JHR modelling with GUI CHARM-V2 

 
The making of a JHR input data with CHARM-V2 can be divided into two items: 
− First the design of physics geometry, 
− Then the configuration of mesh algorithms. 
 
The main steps to model JHR are described below. 
 
Step 1: Creation of the 
assemblies 

 
Figure 2: Modelling of different cores elements (isolated 

experimental device, experimental devices, fuel elements) 
 

Isolated experimental device Empty fuel element 

In-core experimental devices 

In-reflector experimental device



Step 2: Creation of the 
aluminium matrix, 
 
Step 3: Introduction of fuel 
elements and experi-
mental devices, 

 
Figure 3 and 4: Modelling of aluminium matrix and full core 

 
Step 4: Creation of void 
reflector and experimental 
cells. Creation of an 
overall reflector by an 
over draw with experi-
mental cells, 

 
Figure 5: Modelling of complete reflector 

 
Final step: Insertion of core and reflector to model the whole JHR (Figure 1). 
 
Display results 
In his stage of development, CHARM-V2 allows us to get give the mesh and geometry for 
the APOLLO2 MOC scheme. 
Results obtained from these files are presented with the MED format of the SALOME [12] 
platform in figure 6. 
 

Figure 6: Visualization of the JHR thermal flux, APOLLO2-MOC 
 
5. Third example: Monte Carlo burn up code 
This example deals with a running project of material and test reactor design. 
The objective is to design a MTR dedicated to scientists and operating teams of power 
reactor to come on. Several core configurations are studied. One of them fulfils the following 
conditions:  
− Orthocylindric shape (68 cm x 68 cm), 
− Fuel type: pin, 
− Annular core with central and external reflector (graphite), 
− With a key performance in thermal neutronic flux of 1013 n./cm2/s in natural convection. 



In the preliminary design study, AREVA TA have combined approaches: 
− one uses a deterministic calculation scheme with APOLLO2-CRONOS2, 
− the other uses a probabilistic calculation scheme based on MONTEBURNS [15] with 

MCNP [9]/ORIGEN [16] chained runs, and the pre-post treatment developed in the 
AREVA reactor framework, 

− we are analyzing the results obtained by both methods with the depletion effect for the: 
o Possibilities for experimental devices, 
o Choice of the fuel type, 
o Fuel assembly design, 
o Core and reflector geometries. 

 
As an illustration, some of the neutronic parameters for different cores (a, b, c) are listed 
below: 
− Safety parameters: power peak, 
− Thermal flux performances, 
− Neutronics in operation: the example of reactivity during a standard week. 
 
Power peak: The following figure shows a view of a core and the associated power map at 
step 0: 

Figure 8: a-b cores Figure 9: c core 
 
The heat zone of the core is located around the central reflector, close to internal 
instrumentation (white areas in the right picture), which is due to thermalization peaks in 
water. 
 
Thermal fluxes: This figure presents the evolution of the thermal fluxes in time, using 
Monteburns: 
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Figure 10: a-b cores – Thermal fluxes in evolution 

 
As it can be seen on the figure below, the flux is slightly the same, in BOC (Beginning Of 
Cycle) and EOC (End Of Cycle) with a small increase with the irradiation, in order to 
compensate for vanishing U235. 



Figure 11: c core – Thermal fluxes at step 0 and associated heat map 
 
The flux shape is as expected with the two reflector effects identified: 
− An overflow in graphite reflector zone (left from yellow on figure 10), 
− A rise on the outer core. 
 
Example of reactivity during a standard week: This figure represents the xenon reactivity 
under the following operational conditions: 
− 5 days a week (Monday to Friday), 
− Half a day at full power, 
− Then half a day: shutdown. 
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Figure 12: xenon reactivity in a standard week 
 



So the capability of using such reactor switch on during the day (full power) and switch off 
during the night is highlighted as the Xenon peak has disappeared each time the reactor is 
switched on again. 
 

6. Conclusion 
 
AREVA TA carries out the design of the small reactor cores with both deterministic and 
probabilistic calculation schemes to improve the reached performances and safety analysis. 
 
During these projects, benchmarks between the two schemes have been realized and have 
been demonstrated revealed good agreements for all neutronic common parameters.  
 
The results of these benchmarks allow us to use both probabilistic and determinist codes for 
core design in a faster, more efficient and safer way. 
 

7. Acknowledgments 
 
AREVA NP for the CHARM development. 
The CEA for TRIPOLI, APOLLO, CRONOS and the associated developments and reports. 
Others members of AREVA TA neutronic teams: 
− Of JHR project : L. Tillard, L. Manifacier, S. Czernecki, C. Edon, F. Attale (AREVA NP), 

S. Milesi, N. Bonhomme (AREVA NP) 
− R&D project: J. Tixier, E. Duchemin. 



8. References 
 
1. G. Willermoz., V. Brun,, J. Di-Salvo, C. Döderlein: “New Developments for the Horowitz 

Reactor's neutronics modeling and validation”, PHYSOR 2002, Seoul, Corea. 
2. N. Huot, A. Aggery, D. Blanchet, C. D'Aletto, J. Di Salvo, C. Döderlein, P. Sireta, and G. 

Willermoz: “The JHR neutronics calculation scheme based on characteristics method”, 
In Mathematics and Computation, Supercomputing, Reactor Physics and Nuclear ans 
Biological Applications, on CD-ROM, Avignon, France, sept 12-15 2005. 

3. J.J. Lautard, S. Loubière, and C. Fedon-Magnaud: “CRONOS, a modular computational 
system for neutronic core calculations”, In IAEA topical meeting, Advanced calculational 
methods for power reactors, Cadarache, France, 1990. 

4. S. Loubière, R. Sanchez, M. Coste, A. Hébert, Z. Stankovski, C. Van Der Gucht, and I. 
Zmijarevic: “Apollo2 Twelve Years Later”, In International Conference on Mathematics 
and Computation, Reactor Physics and Environmental Analysis in Nuclear Applications, 
volume 2, pages 1298_1315, Madrid, Espagne, September 27-30 1999. 

5. Z. Stankovski: « La java de silène : A graphical user interface for 3d pre & post 
processing », In Joint International Conference on Mathematical Methods and 
Supercomputing for Nuclear Applications, Saratoga Springs, NY USA, October 6-10 
1997. 

6. G. Willermoz, A. Aggery, D. Blanchet, C. Chicoux, J. Di Salvo, C. Doderlein, D. Gallo, F. 
Gaudier, N. Huot, S. Loubière, and B. Noël: “Horus3D code package development and 
validation for the JHR modelling”, In Physor 2004, The Physics of Fuel Cycles and 
Advanced Nuclear Systems : Global Developments, on CD-ROM, Chicago, Illinois, april 
25-29 2004. 

7. A. Aggery, C. d'Aletto, J. Di Salvo, R. Sanchez, S. Santandrea, M. Soldevila, and G. 
Willermoz: “The characteristics method applied to a MTR whole core modelling”, In 
PHYSOR 2004 - The physics of Fuel Cycles and Advanced Nuclear Systems : Global 
Developements, on CD-ROM, Chicago, Illinois, april 25-29 2004. 

8. J. Both, B. Morillon, and J. Nimal: “A survey of tripoli-4”, In 8th International Conference 
on Radiation Shielding, pages 373_380, Arlington, Etats-unis, april 24-27 1994. 

9. J.F BRiesmeister: “MCNP- A General Monte Carlo N-Particle Transport Code”, Version 
4C, LANL 13709-M, March 2000. 

10. T. Bonaccorsi, J. Di Salvo, A. Aggery, C. D'aletto, C. Döderlein, P. Sireta, G. Willermoz, 
and M. Daniel: “Development of a multi-physics calculation platform dedicated to 
irradiation devices in a material testing reactor”, In Physor 2006 American Nuclear 
Society Topical Meeting on Advances in Nuclear Analysis and Simulation, on CD-ROM, 
Vancouver, Canada, September 10-14 2006. 

11. Open Cascade: “Open cascade, simulation integrator”, http://www.opencascade.org/, 
2009. 

12. Open Cascade: “Salome : The open source integration platform for numerical 
simulation”, http: // www. salome-platform.org , 2007. 

13. C. Döderlein, T. Bonaccorsi, C. D'Aletto, J. Di Salvo, O. Guéton, L. Lamoine, F. Moreau, 
G. Naudan, P. Siréta., “The 3D neutronics scheme for the development of the Jules-
Horowitz-Reactor”, International Conference on the Physics of Reactors”, Interlaken, 
Switzerland, September 14-19, 2008 

14. Charm: “Speed up the design of nuclear power plants using OPEN CASCADE software 
components”, http://www.opencascade.com/customers/successmain/areva_charm/ 

15. D.I Poston, H.R. Trellue: “User’s Manual Version 2.0 Monteburns”, September 1999, LA-
UR-99-4999 

16. A.G. Croff: “A user’s manual for the ORIGEN2 computer code”, ORNL/TM-7175, July 
1980 



               RELAP ANALYSIS OF THE  BR2 LOSS OF FLOW TEST A 
 
                                 C.  P. TZANOS, B. DIONNE, J.  MATOS 
                             Nuclear Engineering, Argonne National Laboratory 
                                                       Argonne, Illinois  60439 
 
                                                     ABSTRACT 
 
To support the conversion of the BR2 research reactor to low-enriched uranium (LEU) fuel and 
extend the validation basis of the RELAP code for the safety analysis of the conversion of 
research reactors from highly enriched (HEU) fuel to LEU, the simulation of a number of tests 
performed in 1963 at BR2 has been undertaken. These tests are characterized by loss of flow 
initiated at different reactor power levels with or without loss of pressure. This work presents the 
RELAP analysis of Test A/400/1 and comparison of code predictions with experimental 
measurements for peak cladding temperatures during the transient at different axial locations in 
an instrumented fuel assembly. The test simulations show that accurate representation of the 
pump coastdown characteristics, and of the power distribution, especially after reactor scram, 
between the fuel assemblies and the moderator/reflector regions are critical for the correct 
prediction of the peak cladding temperatures during the transient. Detailed MCNP and ORIGEN 
simulations were performed to compute the power distribution between the fuel assemblies and 
the moderator/reflector regions. With these distributions the agreement between computed and 
measured peak cladding temperatures is good. 
 
Introduction 
 
In 1963, a number of loss of flow  tests were performed at the Belgian research reactor BR2 to 
demonstrate that the reactor can normally operate safely at the maximum heat flux of 400  
W/cm2, and to determine the maximum heat flux at which safe reactor operation can be 
maintained [1]. These tests are characterized by loss of flow initiated at different reactor power 
levels with or without loss of pressure. The A series of tests was performed at a maximum heat 
flux of 400 W/cm2, and was initiated by a loss of flow followed by the opening of a by-pass valve 
that establishes a flow path connecting the cold and hot legs of the primary system. The series 
C and F of tests were performed at a maximum heat flux of 600 W/cm2. Test C was the most 
severe test in terms of the peak cladding temperatures reached during the test, while test F was 
the most severe test in terms of safety limitations arising from coolant boiling. To support 
analyses to be performed with the RELAP code [2] for the safety analysis of the BR2 conversion 
from HEU fuel to LEU, it has been planned to analyze tests A, C, and F. These analyses will 
provide validation information for the use of RELAP in the BR2 analyses, as well as for other 
research reactors operating at conditions similar to those at BR2. This work presents the 
analysis of Test A/400/1 [3], which, for brevity, in this paper will be referred as Test A. 
 
BR2 is a water-cooled thermal reactor moderated by water and beryllium. Normally, the coolant 
flows from the top of the core to the bottom.  The beryllium moderator is a matrix of hexagonal 
prisms each having  a central bore that contains either a fuel assembly, a control or regulating 
rod, an experimental device, or a beryllium plug. Each fuel assembly is composed of six 
concentric fuel plates divided by aluminum stiffeners into three sectors. The fuel is an Al-U alloy 
with uranium enriched 90% in U235. The cladding is aluminum. The main dimensions of the fuel 
plate are: active(fuel) length of 762 mm, active  thickness of 0.5 mm, total thickness of 1.27 mm, 
and total length of 965 mm.   
 



Cladding temperatures where measured on the outer surface of the outer plate (plate number 
six) of an instrumented assembly  at five axial locations in the middle of one of the three sectors 
of this assembly.  One of the thermocouples was located at the mid point from the bottom to the 
top of the active length, and the other thermocouples were placed at 150 and 300 mm above 
and below the mid point.    
 
The RELAP Model  
 
A RELAP5-3D model (RELAP5-3D, Version 2.4.2ie) was developed that is based on an original 
RELAP model provided by BR2 [4]. This RELAP5-3D model simulates the primary system loop, 
the reactor vessel, the components inside the vessel, the shroud cooling system and the reactor 
pool. The primary system is represented by one loop, one pump, and one heat exchanger. The 
pressurizer is represented by a time dependent volume that sets the pressure boundary 
condition. The shroud cooling system provides heat removal by circulating water in the gap 
between a shroud surrounding the reactor vessel and the reactor vessel. The flow paths inside 
the reactor vessel include: four channels for the instrumented assembly; one channel for the 
remaining fuel assemblies; one channel for the plugged assembly positions, the control rod flow 
paths, and the cooling path of the in-vessel irradiation (experiment) locations; and one channel 
for the by-pass flow (flow in the gap between assembly blocks, between assembly blocks and 
the reactor vessel, and through holes in beryllium blocks). Because the explicit simulation of 
each fuel plate in each sector of the assembly imposes a very long computation time, it was 
determined that it was adequate to split the instrumented assembly into four channels: three 
channels for a portion of the instrumented sector, and one for the remaining of the instrumented 
assembly. The three channels of the instrumented sector were: one for the gap between the 
sixth fuel plate (instrumented plate) and the Be block; one for the gap between the fifth and sixth 
plate, and one for the gap between the fifth and fourth plate. 
 
Analysis and Results 
 
The drivers of the Test A transient were [3]: shutting off the power to the main pumps at 5.35s 
from the time of test initiation; reactor scram on a loss of flow signal at 7.7 s; and opening of the 
bypass valve. This valve  started to  open at 22 s and was completely open at 35.6 s.   
 
A set of pump homologous curves were provided by BR2, as well as a set of pump coastdown 
measurements (flow versus time)[3]. To improve the agreement between measured flow versus 
time and the flow predicted by the homologous curves, the pump friction torque was modified 
after 12 s and a valve was added in the primary system, which was closed after about 20 s at a 
rate that brought the predicted flow to a good agreement with the measured flow. The 
homologous curves with the modified pump friction torque and the added valve were used for 
the prediction of the flow during the Test A transient. 
 
During Test A, the cladding temperature peaks immediately after the pump is shut off, then it 
comes down significantly as the reactor power drops, and then a second peak is reached 
around the time when the flow in the fuel channels reaches a zero value and then reverses.  
Simulations with a varying slope of the pump coastdown curve at the initiation of pump 
coastdown show that the first peak of the cladding temperature is sensitive to the value of this 
slope. 
 
RELAP simulations of Test A had been performed at BR2 [4] using the decay heat curve of the 
ANS79-1 standard [5]. The predicted cladding temperature at the second peak was about 75°C  
higher than the measured temperature. Simulations at ANL produced quite similar results.  In 



research reactors, a significant fraction of the photons generated by radioactive material in the 
fuel plates are transported and absorbed in the moderator/reflector region.  RELAP simulations 
using a rough estimate of the decay heat split between fuel plates and the moderator/reflector 
region gave a good agreement between predicted and measured peak cladding temperatures. 
Simulations with significant perturbations in the flow coastdown curve, the fuel channel heat 
transfer coefficient, and in the heat removed by the shroud cooling system had a minor impact 
on the predicted temperature for the second peak.  Based on these results, MCNP and 
ORIGEN simulations were performed to determine the heat generation in the fuel and in the 
moderator/reflector regions after reactor scram. These simulations are discussed in Ref. 6.  The 
power distributions determined in these simulations at steady state, as well as after reactor 
scram, were used in the final analysis of Test A.  
 
In the original RELAP model provided by BR2, the instrumented assembly was represented by 
an average fuel plate, and five axial nodes where used in the active (fuelled) region of the fuel 
plate. Before proceeding to the final analysis, a number of sensitivity analyses were performed 
with the “average-plate” model and the above mentioned rough estimate of the decay heat split 
between fuel plates and the moderator/reflector region. 
 
To assess the impact of the number of axial nodes on the predicted peak cladding 
temperatures, simulations where performed using five, ten and twenty axial nodes in the active 
region of the fuel plate. These simulations show that the predicted peak cladding temperature 
depends on the number of axial nodes, and increasing the number of axial nodes in the average 
fuel assembly did not affect the predicted peak cladding temperature in the instrumented 
assembly.  Because the computation time increases with the number of axial nodes, in the 
following simulations twenty nodes where used in the active region of the fuel plates of the 
instrumented and average assembly. Assuming that the predicted peak cladding temperature 
would increase with the number of nodes (over twenty nodes) at the same rate as it increased 
from ten to twenty nodes (conservative assumption), then the predicted peak cladding 
temperature with a very large number of nodes would be about 3.3°C higher than that predicted 
by the twenty-node simulation. The sensitivity analyses also showed that  the correction of the 
flow to match the measured flow coastdown, and the opening of the bypass valve had no 
significant effect on the predicted  cladding temperature at the time of the second peak.  
 
The results presented below are based on the power distributions determined from the MCNP 
and ORIGEN simulations of Ref. 6 mentioned earlier. Figure 1 shows measured and predicted 
temperatures for Test A at the locations of 300 mm (thermocouple TC11), 150 mm 
(thermocouple TC12), 0.0 mm (thermocouple TC13), and -150 mm (thermocouple TC14) from 
the mid-height of the active-fuel section of the instrumented plate. No measurements are 
available for Test A for the location of -300 mm. Table 1 summarizes the peak cladding 
temperatures at the location of each thermocouple and the time these peak values are reached 
from the initiation of the test. At steady state, the predicted peak cladding temperature for the 
instrumented plate is 6°C lower than the measured temperature. At the other thermocouple 
locations the difference between predicted cladding temperatures and measurements is smaller. 
The BR2 reference [3] for Test A states that the effective time of reactor shutdown was 7.5 s.  
The plots of the experimental data show that the first peak occurred a few fractions of a second 
earlier than the effective reactor shutdown time. This discrepancy may be due to uncertainties in 
data recording. The maximum discrepancy between measured cladding temperatures at the first 
peak and predicted temperatures is about 9°C. This is the temperature at the location of 
thermocouple TC13. The predicted peak cladding temperature of the instrumented plate 
(123.6°C, at the location of thermocouple TC14) is only 3.7°C higher than the measured 
temperature. As mentioned earlier, sensitivity analyses show that the predicted cladding 
temperature at the first peak is very sensitive to the slope of the pump coastdown curve 



immediately after the pump is shut off. For example, for a linear pump coastdown curve that 
goes to zero in 2 s, the predicted peak cladding temperature (first peak) of the instrumented 
plate is 176°C.  
 
The predicted time of the second peak in cladding temperatures is slightly longer than the 
measured time. The maximum discrepancy between predictions and measurements is 1.7 s. 
The predicted maximum cladding temperature at the time of the second peak, at the 
thermocouple locations, is 110.1°C. This is 1.4°C lower than the measured temperature 
(thermocouple TC14).  The maximum discrepancy between predicted and measured 
temperatures at the time of the second peak is about 17°C at the location of thermocouple 
TC12. RELAP predicts that the maximum cladding temperature occurs about 19 mm above the 
location of thermocouple TC14, and is 0.8°C higher than that at the location of TC14.   
 
The flow rate in the instrumented channel, reaches a zero value at 42.7 s, about 5 s later than 
the cladding temperature peaks in plate six, and then is reversed.  During the time that the flow 
remains at near zero values the heat generated in the instrumented fuel plate is transferred to 
the beryllium block by local natural convection. The flow reverses very nearly at the time the 
coolant temperature reaches its maximum value at the bottom of the channel (bottom of active 
fuel). 
 
In the channel between plates five and six, the flow reverses at 35.1 s from the initiation of the 
test. The temperature at the bottom of the channel reaches a maximum value at 35.0 s, and the 
cladding temperature peaks at 38.3 s, that is, 3.2 s after flow reversal. Around the time of flow 
reversal, this channel, which is bounded by two fuel plates, behaves differently than the 
instrumented channel, which is bounded by a fuel plate and a beryllium block that is colder than 
the coolant. Around the time of flow reversal, the natural circulation patterns in these channels 
(instrumented, and channel between plates) are different.  
 
Summary and Conclusions 
 
To support the safety analysis of the BR2 research reactor for conversion to LEU fuel and 
extend  the validation basis of the RELAP code for the safety analysis of the conversion of other 
research reactors from HEU fuel to LEU,  the BR2 Test A was analyzed with RELAP. During 
this test, the clad temperature peaks immediately after the pump is shut off. It comes down 
significantly as the reactor power drops, and a second peak is reached around the time when 
the flow in the fuel channels reaches a zero value and then is reversed. The RELAP simulations 
show that the value of the first peak is sensitive to the slope of the pump coastdown curve at the 
initiation of pump coastdown, while that of the second peak is sensitive to the power distribution 
between the fuel assemblies and the moderator/reflector regions. Test A simulations where 
performed with power distributions computed from detailed MCNP and ORIGEN analyses that 
provide the decay heat distribution between the fuel and moderator/reflector regions. With these 
distributions the agreement between computed and measured peak cladding temperatures is 
good. 
 
At steady state, the maximum discrepancy between measured and predicted cladding 
temperatures is 6°C. At the first peak, the maximum discrepancy between measured and 
predicted cladding temperatures is 9°C, while this discrepancy for the peak cladding 
temperature of the instrumented plate is only 3.7°C. The maximum discrepancy between 
predictions and measurements for the time of the second peak in cladding temperatures is 1.7s. 
The predicted maximum cladding temperature at the time of the second peak is 1.4°C lower 
than the measured temperature. The maximum discrepancy between predicted and measured 
temperatures at the time of the second peak is 17°C. 



 
References 

1. G. Stiennon, et.al., “Experimental Study of Flow Inversion in the Belgium Reaction BR2,” 
Proceedings of the Third International Conference on the Peaceful Use of Atomic 
Energy, Geneva, 31 August – 9 September, 1964. 

      2.  RELAP5-3D Code Development Team, “RELAP5-3D Code Manual,” INEEL-EXT-98-
00834, 2005. 

3. Data of Loss of Flow Tests Performed at BR2 in 1963, Personal Communication with 
Edgar Koonen of BR2, April 2009. 

4.  Personal Communication with Simone Heusdains of BR2, April 2009. 
5. ANSI/ANS-5.1-1979, “Decay Heat Power in Light Water Reactors”, 1979. 
6. B. Dionne, C. P. Tzanos, and J. Matos, “Detailed BR2 Steady State and Decay        

Power Distributions During 1963 A/400/1 Flow Test,” The 2009 International Meeting on 
Reduced Enrichment for Research and Test Reactors, Beijing, China, November 1-5, 
2009. 

 
Table 1.  Peak Cladding Temperatures (°C) and  Time (s)  
 Steady State First Peak Second Peak 
 Measured Predicted Measured Predicted 
 

Measured Predicted 
Time Temp Time Temp Time Temp Time Temp 

TC11 41 41.5 7 42.2 7.5 43.2 41.4 81.1 41.7 69.5 
TC12 53.8 54.4 7.3 54.3 7.5 59.2 39.7 95.8 40.5 79 
TC13 89.5 91 7.3 95.2 7.5 104.3 37.9 113.5 39.1 100.9 
TC14 113.1 107 7.2 119.9 7.5 123.6 36.2 111.5 37.9 110.1 
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Figure 1.  Measured and predicted cladding temperatures 
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ABSTRACT 
 

The FiR 1 reactor, a 250 kW TRIGA reactor, has been in operation since 1962. 
The current operating licence expires at the end of the year 2011. An application 
for a new operating licence will be submitted to the authorities by the end of the 
year 2010. The documents needed for the application will be prepared or revised 
during 2010.  
The long term strategy for FiR 1 has been updated. The continuation of the 
development of Boron Neutron Capture Therapy (BNCT) cancer treatments is con-
sidered nationally and internationally important and even ethically necessary. 
Development of linear accelerators to substitute reactors as a neutron source for 
BNCT have started. Meanwhile development of BNCT to an established treatment 
for several cancers requires FiR 1 as a demonstration and reference facility at 
least until the end of year 2023.  
Upgrades for continuing and improved service into the 2020’s are under considera-
tion. These include planning for renewal of the instrumentation in the midway of the 
new licensing period. Preparations for a power upgrade during the next licensing 
period will also be made. Doubling the power to 500 kW will allow increasing the 
capacity for BNCT treatments by more than a factor of three, meeting the 
prospects of increased demand for these treatments, while still keeping the current 
capacity for radioisotope production, education and training.  
For the power upgrade two options are considered. The first option is to replace 
the old aluminium clad fuel still constituting close to half of the reactor core with 
new steel clad fuel suitable for higher power use. The other option is to use less 
new steel clad fuel by using old aluminium clad elements in low power density 
parts of the core. This option was already preliminarily studied in 2000 and now 
more detailed reactor physics and thermal hydraulics calculations using the most 
advanced codes in use at VTT will be performed to evaluate this option.  
The modelling work will be performed by the young generation of reactor physicists 
at VTT and will thus educate a next generation of experts familiar with the TRIGA 
reactor. They are needed already on the ground that part of the current reactor 
personnel will retire during the next licensing period. 

 
 
1. Introduction 
 
FiR 1 -reactor is a TRIGA Mark II type research reactor manufactured by General Atomics 
(San Diego, CA, USA). The FiR 1 started operation in 1962, reactor power was increased in 
1967 from 100 kW to 250 kW, and in 1982 the reactor instrumentation was renewed. In 
1996-1997 the reactor building was completely renovated and the ventilation and reactor 
cooling systems were replaced. The main purpose to run the reactor is now the Boron 
Neutron Capture Therapy (BNCT). The BNCT work dominates the current utilization of the 
reactor. The weekly schedule allows still three days for other purposes such as isotope 
production, neutron activation analysis and training. [1] 
 
FiR 1 has a special irradiation facility for BNCT [2]. The neutron moderator block of the 
BNCT station is used as an epithermal neutron source to treat brain as well as head and 



neck tumour patients [3,4]. BNCT control and patient preparation rooms were built during the 
renovation in the 1990’s. The FiR 1 core loading was made asymmetric in order to increase 
the intensity in the BNCT neutron beam without changing the 250 kW maximum steady state 
power. Further improvement of the treatment quality and capacity by either shortening the 
treatment time or increasing the therapeutic effect of the BNCT neutron beam would require 
upgrading of the reactor power used in the treatments. In evaluations performed by VTT 
doubling of the power from 250 kW to 500 kW has been set as a target. 
 
The current operating license of the reactor expires at the end of the year 2011. An applica-
tion for a new operating licence has to be submitted to the authorities at least one year 
earlier, which means by the end of the year 2010.  
 
A long term strategy has been worked out for FiR 1 by VTT and its proprietor the Ministry of 
Employment and the Economy supported by an independent survey of an outside consultant 
[5]. According to the survey most actors in state administration, education and research con-
sider the continuation of the development of BNCT nationally important and even ethically 
necessary. Developments of linear accelerators to substitute reactors as a neutron source for 
BNCT have started. The prospect is that in the future such a facility will be constructed at the 
Helsinki University Central Hospital. Meanwhile development of BNCT to an established 
treatment for several cancers requires FiR 1 as a demonstration and reference facility at 
least till the end of year 2023.  
 
Based on the strategic needs of the BNCT treatment service and development VTT aims to 
apply for a license to operate the reactor till the end of year 2026. Before end of that period 
the needs for the reactor will be re-evaluated. The goal in BNCT treatment development is to 
be able by that time to treat all the patients with an accelerator based neutron source. In that 
case the remaining needs of short lived radioisotopes as well as education and training will 
dictate the future of the reactor. 
 
For the new 15 years operation license period improvements in the reactor will be required 
and are proposed. It is estimated that the reactor control instrumentation has to be renewed 
latest half way in the new period. The current instrumentation electronics is from 1982; the 
control rod drives have been refurbished in 2006 to 2009. It is also proposed that for 
increased production capacity and improved reliability the rest of the aluminium clad fuel 
from year 1962 will be replaced with steel clad fuel – if funding will be available for this. Both 
these plans are under discussion with the licensing review authority STUK. 
 
The importance of reliable operation is emphasised by the needs of the tight, inflexible 
schedules of the BNCT treatments. Once the boron carrier infusion has been given the irra-
diation has to start within a half an hour time window three to three and a half hour after start 
of the infusion. If a treatment has to be postponed the expensive infusion is lost. 
 
 
2. Renewal of the operating licence 
 
The current operating license expires at the end of the year 2011. An application for a new 
operating licence has to be submitted to the authorities at least one year earlier, which 
means by the end of the year 2010. All the documents needed for the application will be 
prepared or revised during the year 2010. During the following year (2011) the documents 
will be checked by the authorities and at the end of the said year the new license should be 
granted by the Government. 
 
A license to operate a nuclear facility is applied for with a written application addressed to the 
Government. Nuclear energy matters belong to the Ministry of Employment and the 
Economy, former the Ministry of Trade and Industry. Reactor operation in general is under 
the supervision of the Radiation and Nuclear Safety Authority (STUK). The nuclear waste 



management, however, is mainly under the supervision of the Ministry of Employment and 
the Economy. 
 
2.1 Documents for the new licence 
 
Finland has a new modified nuclear energy act and decree. In practice, however, the docu-
ments needed in the operating license application are still nearly the same as ten years ago, 
when the licence was last time renewed.   
 
The application shall include naturally the basic facts about the nuclear facility. The supple-
mentary documents to the application are described in Table 1. They are mainly rather short 
and they give only a general description about the nuclear facility in question.  
 

1. DETAILS OF THE SITE 
2. THE QUALITY AND MAXIMUM AMOUNTS OF THE NUCLEAR MATERIALS 
3. AN OUTLINE OF THE TECHNICAL OPERATING PRINCIPLES AND OTHER 

ARRANGEMENTS WHEREBY SAFETY HAS BEEN ENSURED 
4. A DESCRIPTION OF THE SAFETY PRINCIPLES THAT HAVE BEEN 

OBSERVED, AND AN EVALUATION OF THE FULFILMENT OF THE 
PRINCIPLES 

5. A DESCRIPTION OF THE MEASURES TO RESTRICT THE BURDEN CAUSED 
BY THE NUCLEAR FACILITY ON THE ENVIRONMENT 

6. THE EXPERTICE AVAILABLE TO THE APPLICANT AND THE OPERAING 
ORGANIZATION 

7. PLANS FOR ARRANGING NUCLEAR WASTE MANAGEMENT 

Tab 1:  Supplementary documents to the application for an operating license. 
 
When applying for an operating license the applicant must also submit more detailed docu-
ments to the Radiation and Nuclear Safety Authority (STUK). These documents are listed in 
Table 2. During earlier application processes the demand for a probabilistic safety analysis 
was removed from the list by STUK. 
 

1. THE FINAL SAFETY ANALYSIS REPORT 
2. A PROBABILISTIC SAFETY ANALYSIS 
3. A QUALITY ASSURANCE PROGRAMME FOR THE OPERATION OF THE 

NUCLEAR FACILITY 
4. TECHNICAL SPECIFICATIONS 
5. A SUMMARY PROGRAMME FOR PERIODIC INSPECTIONS 
6. A DESCRIPTION OF THE ARRANGEMENTS FOR PHYSICAL PROTECTION 

AND EMERGENCIES 
7. A DESCRIPTION ON HOV TO ARRANGE THE SAFEGUARDS THAT ARE 

NECESSARY TO PREVENT THE PROLIFERATION OF NUCLEAR WEAPONS 
8. ADMINISTRATIVE RULES FOR THE NUCLEAR FACILITY 
9. A PROGRAMME FOR RADIATION MONITORING IN THE ENVIRONMENT 
10. AGEING MANAGEMENT SYSTEM 

Tab 2:  Documents to be submitted to the Radiation and Nuclear Safety Authority. 

 
When the Radiation and Nuclear Safety Authority is going through the updated documents, 
in some cases it may return documents to the licensee for new revisions. Finally the docu-
ments will be satisfactory and the Radiation and Nuclear Safety Authority will grant its 
acceptance and will send its statement to the Ministry of Employment and the Economy. The 
Ministry presents then the application to the Government for decision. 
 



3. Upgrading the reactor for continuing reliable and improved operation 
 
Upgrades for continuing and improved service into the 2020’s are under consideration. 
These include planning for renewal of the instrumentation in the midway of the new licensing 
period. Preparations for a power upgrade during the next licensing period will also be made. 
Doubling the power to 500 kW will allow increasing the capacity for BNCT treatments by 
more than a factor of three, meeting the prospects of increased demand for these treat-
ments, while still keeping the current capacity for radioisotope production, education and 
training.  
 
With increased power the patient irradiations would become shorter bringing increased 
patient comfort and positioning accuracy, as well as more optimised irradiation timing with 
rapid kinetics boron carriers. Increased power would on the other hand allow to use an 
attenuating lithium filter for hardening of the neutron spectrum in the beam for deeper treat-
ment penetration.  
 
3.1 Instrumentation renewal 
 
The reactor power control instrumentation at FiR 1 is from 1982. The frequency of compo-
nent failures is increasing all the time. The instrumentation is maintained by replacing the 
failed components in house or by sending whole subunits for maintenance at the manufac-
turer in Hungary. It is estimated that operation of the reactor beyond 2016 will require a total 
renewal of the current instrumentation. This would include the nuclear channels and the 
control electronics. 
 
3.2 Renewal of part of the fuel with possibility for higher operating power 
 
When FiR 1 started operation in 1962 its licensed power was 100 kW. In 1967 the power was 
increased to 250 kW but already then parts of the required modifications were designed for 
1000 kW. In 1996-97 the reactor building and the reactor cooling system were completely 
renovated. The cooling system was rated for 400 kW with most of the parts capable for even 
higher power. So no major changes to the cooling system are foreseen. Required changes 
and improvements in instrumentation are relatively easy to realise. Current control rods will 
be sufficient for safe and reliable power control of the reactor. 
 
There are several other TRIGA Mark II reactors in the world operating at 500 kW or higher 
power. A straight forward method for a power upgrade will be replacing those aluminium clad 
fuel elements which still remain in the reactor core since the start-up of the reactor in 1962 
with new steel clad elements. The steel clad elements are used in many countries and can 
be licensed also in Finland for high power operation of a TRIGA. The need is for 40 to 50 pcs 
of new fuel elements which would be a major investment requiring special funding. 
 
The other option is to use less new steel clad fuel by using old aluminium clad elements in 
low power density parts of the core. This option was already preliminarily studied in 2000 and 
now more detailed reactor physics and thermal hydraulics calculations using the most 
advanced codes in use at VTT will be performed to evaluate this option. 
 
The power upgrade will require a licensing from the Radiation and Nuclear Safety Authority 
(STUK). This will be dealt with separately from the operation licence renewal.  
 
 
 
 
 
4. Benefits of the renewals to the services of the reactor and to the educa-

tion of new experts in nuclear energy 



 
The current weekly operation schedule with two days allocated for BNCT treatments gives a 
maximum annual capacity of 92 patient irradiations (the reactor being available 46 weeks / 
year). Little over half of that is used today. The treatment organization [6] has set the goal to 
increase the number of patient irradiation within the next five years to over 200 irradiations 
annually. To meet this demand without a power increase nearly all operation days of the 
reactor should be allocated to BNCT. The isotope production as well as the education and 
training activities would suffer. In practise, to keep the isotope production viable, two shift 
operation would be required during two days a week. 
 
The power increase will allow a new weekly schedule with a capacity for seven patient irra-
diations per week, three days with two patients and one morning for one. This would mean a 
yearly capacity of 322 patient irradiations. The capacity for isotope production, two half days, 
would be the same as today without need for two shift operation. The reactor would be 
available for education and training half day a week making together 23 days which is equal 
to the current utilization. 
 
The renewal of the control electronics will ensure high availability and reliable operation of 
the reactor even in the future high capacity and high utilization situation. 
 
The upgrading activities will create also new general knowledge on reactor physics, nuclear 
fuels and reactor instrumentation at VTT. Involving the young generation of researchers in 
these activities gives additional opportunities for their education and thus strengthens the 
position of VTT as one of the important European nuclear research organizations. The con-
tinuing operation of the FiR 1 research reactor is important also in general for the nuclear 
energy sector in Finland. 
 
 
5. References 
 
1. Auterinen I, Salmenhaara S.E.J, The 250 kW FiR 1 TRIGA Research Reactor - Interna-

tional Role in Boron Neutron Capture Therapy (BNCT) and Regional Role in Isotope 
Production, Education and Training, Research Reactors: Safe Management and 
Effective Utilization - Proceedings of an international conference held in Sydney, 
Australia, 5-9 November 2007, Proceedings of an International Conference organized 
by the International Atomic Energy Agency (IAEA), IAEA-CN-156, 2008. 
http://www-pub.iaea.org/MTCD/publications/PDF/P1360_ICRR_2007_CD/datasets/I.H.%20Auterinen.html 

2. Auterinen I. Experience with a modern BNCT facility at the 250 kW FiR Triga research 
reactor. Utilization Related Design Features of Research Reactors : A Compendium. 
IAEA Technical Reports Series : 455. International Atomic Energy Agency (IAEA), pp. 
253 – 274, 2007. 

3. Joensuu H, Kankaanranta L, Seppälä T et al. Boron neutron capture therapy of brain 
tumors: clinical trials at the Finnish facility using boronophenylalanine. Journal of 
Neuro-Oncology, vol. 62 (2003), p. 123 - 134. 

4. Kankaanranta L, Seppälä T, Koivunoro H et al. including Kotiluoto P, Auterinen I. 
Boron neutron capture therapy in the treatment of locally recurred head and neck 
cancer. International Journal of Radiation Oncology Biology Physics, vol. 69, 2, ss. 475 
– 482, 2007. 

5. Auterinen I, Salmenhaara S.E.J, Current utilization and long term strategy of the 
Finnish Triga research reactor OF THE FINNISH TRIGA RESEARCH REACTOR 
FIR 1. RRFM 2009 Transactions. IAEA, ss. 412-416. RRFM 2009, 22 -25 March 2009, 
Vienna, Austria, 2009. 
http://www.euronuclear.org/meetings/rrfm2009/transactions.htm 

6.  Boneca Corp., www.boneca.fi . 



KEEPING RESEARCH REACTORS RELEVANT: 
A PRO-ACTIVE APPROACH FOR SLOWPOKE-2 

 
L.R. COSBY 

Nova Nuclear Support Inc. 
6945 South Village Drive, K4P 0A3 Ottawa, Ontario – Canada 

 
L.G.I. BENNETT, K. NIELSEN, R. WEIR 

Department of Chemistry and Chemical Engineering, Royal Military College of Canada  
PO Box 17000 Stn Forces, K7K 7B4, Kingston, Ontario – Canada 

 
 

ABSTRACT 
 

The SLOWPOKE is a small, inherently safe, pool-type research reactor that was engineered 
and marketed by Atomic Energy of Canada Limited (AECL) in the 1970s and 80s. The 
original reactor, SLOWPOKE-1, was moved from Chalk River to the University of Toronto in 
1970 and was operated until upgraded to the SLOWPOKE-2 reactor in 1973. In all, eight 
reactors in the two versions were produced and five are still in operation today, three having 
been decommissioned. All of the remaining reactors are designated as SLOWPOKE-2 
reactors. 
 
These research reactors are prone to two major issues: aging components and lack of 
relevance to a younger audience.  In order to combat these problems, one SLOWPOKE-2 
facility has embraced a strategy that involves modernizing their reactor in order to keep the 
reactor up to date and relevant. 
 
In 2001, this facility replaced its aging analogue reactor control system with a digital control 
system.  The system was successfully commissioned and has provided a renewed platform 
for student learning and research.  The digital control system provides a better interface and 
allows flexibility in data storage and retrieval that was never possible with the analogue 
control system.  
 
This facility has started work on another upgrade to the digital control and instrumentation 
system that will be installed in 2010.  The upgrade includes new computer hardware, 
updated software and a web-based simulation and training system that will allow licensed 
operators, students and researchers to use an online simulation tool for training, education 
and research.   
 
The tool consists of: 
 

• A dynamic simulation for reactor kinetics (e.g., core flux, power, core 
temperatures, etc). This tool is useful for operator training and student 
education;  

• Dynamic mapping of the reactor and pool container gamma and neutron 
fluxes as well as the vertical neutron beam tube flux.  This research 
planning tool is used for various researchers who wish to do irradiations 
(e.g., neutron activation analysis, neutron radiography or in-pool mixed 
field irradiations); and 

• On-line viewing of archived data (temperatures, neutron flux, rod position, 
etc). 

 
This modernized digital control system, along with new tools for training, education and 
research will ensure a viable platform for teaching and research while at the same time 
reduce vulnerability due to an aging control system. 



  
1. Introduction 
 
SLOWPOKE (Safe LOW POwer c(K)ritical Experiment) is a small, inherently safe, pool-type 
research reactor that was engineered and marketed by Atomic Energy of Canada Limited 
(AECL) in the 1970s and 1980s. The SLOWPOKE-2 research reactor at the Royal Military 
College (RMC) in Kingston, Ontario was commissioned in 1985. A neutron beam tube was 
later installed to allow for neutron radiography (a non-destructive imaging technique).  The 
reactor has been used for teaching and research for the past 25 years. 
 
The reactor core sits inside a sealed reactor container in a pool of regular light water, 2.5 m 
diameter by 6 m deep, both of which provide cooling via natural convection.  The core is an 
assembly of 198 low-enriched uranium fuel pins, 22 cm diameter and 23 cm high, 
surrounded by a fixed beryllium annulus and a bottom beryllium slab. Criticality is maintained 
by adding beryllium plates in a tray on top of the core.  
 
The reactor produces neutrons and gamma rays that are used in many areas of research.  
The main uses for the research reactor are: 
 

• Neutron activation analysis (e.g., material identification, composition, etc.);  
• Radioisotope production (e.g., tracer elements and other radioisotopes); 
• Neutron radiography (e.g., non-destructive testing of aircraft control surfaces);  
• In-pool mixed field irradiations (e.g., gamma/neutron radiation for advanced material 

design and testing); and 
• Teaching, training, and other research and custom applications. 

 
2. A proactive approach for SLOWPOKE-2 
 
An unplanned, forced, or otherwise inadvertent reactor shutdown or power reduction is a 
significant event for a nuclear power plant or research reactor. So significant is such an event 
that nuclear reactor organizations are willing to proactively invest resources to reduce these 
occurrences to a minimum [1]. One of the ways to reduce these events is to have a robust 
maintenance regime that will maximize system reliability, availability and maintainability.   
 
At this facility, there is an ongoing effort that has seen the successful replacement of aging 
reactor components over the last decade and improvements in operational practices. Two 
recent areas of interest have been the reactor control/instrumentation system and 
training/simulation.  
 
The next generation upgrade to its digital control and instrumentation system will be installed 
in 2010.  The upgrade includes new computer hardware, updated software and a web-based 
system that will allow licensed operators, students and researchers to use an online tool for 
training, education and research.   
 
2.1 Control and instrumentation system upgrade 
 
In 2001, this facility replaced its aging analogue reactor control system with a digital control 
system called the SLOWPOKE Integrated Reactor Control and Instrumentation System 
(SIRCIS) [2].  The system was successfully commissioned and has provided a renewed 
platform for reactor operation, student learning and research work.  
 
As part of the SIRCIS-2010 upgrade, the control rod portion of the reactor head has been 
redesigned to remove redundant mechanical parts and provide a simplified mount for the 
control rod motor and optical encoder that provides rod position. 
 



The upgrade to digital control offers many advantages over the outdated analogue system 
such as: 
 

• Fewer mechanical parts meaning less downtime for maintenance 
• Improved features such as 

o Gravity based control rod insertion 
o Core high temperature shutdown 
o More accurate flux control; 

• Automated features such as calculate excess reactivity and flux hours; 
• A modern dynamic user interface;  
• Improved digital data logging (flux, rod position and core temperatures); and 
• Fault tolerance and graceful degradation: 

o Redundant remote display; 
o Redundant digital storage;  
o Hot swappable input device;  
o Triple redundant main power supply. 

 
Figure 1 shows the three generations of control system used at the facility. 
 

 
Figure 1: Analogue control system (1984), SIRCIS digital control (2001), SIRCIS digital control (2010) 

 
2.2 Advanced simulation, research and training tools for SLOWPOKE-2 
 
A new software-based tool has been developed for the SLOWPOKE-2 that consists of:  
 

• Dynamic reactor simulation; 
• Dynamic flux mapping; and 
• Data analysis 

 
This tool is web based and allows operators, students and researchers access over a 
secured network.  

2.2.1 Dynamic reactor simulator for training 
 
As part of the 2001 upgrade work, a software based SLOWPOKE simulator was created for 
training and demonstration. The simulator is normally run in a stand-alone mode that closely 
emulates the real operating environment. There is a hardware component to the simulator 
(e.g., control rod drive, key switches, etc) that connects to a dynamic simulation of reactor 
kinetics (e.g., core flux, power, core temperatures, etc). This simulator has been upgraded to 
integrate the latest changes to the digital control system and will be used for system 
validation/verification efforts as well as operator training. 
 
In addition to the stand-alone simulator update, a completely software-based simulation has 
been created and is available to researchers and students over the World Wide Web while 



using a secure connection to the simulation server. Once the SIRCIS 2010 update is 
complete, this software will be released for the use of facility personnel. 
 

 

 
Figure 2: SIRCIS simulator showing instrumentation tab 

 
Figure 2 shows the instrumentation tab of the web-enabled simulator.  

2.2.2 Dynamic flux mapping  
 
When researchers use the SLOWPOKE-2 reactor, they are generally interested in the 
neutron and gamma ray fluxes. The flux fields in the reactor core, outside the reactor 
container and at the neutron beam tube image plane, are complex and dependent on many 
factors such as geometry, materials, shielding, shimming and distance from the core (both 
radial and axial). 
 
Most irradiations in the core use inner and outer irradiation sites with reasonably well-
established neutron fluxes. However, for advanced material research and other projects, the 
gamma/neutron flux outside the core is not well characterized such that a researcher can 
easily select the best site for experimentation. 
 
Previous research projects and computer models have characterized fluxes at these other 
sites; however, until now there has been no single repository of data that could be used to 
visualize the fluxes with any degree of clarity or certainty. 
 
This portion of the software provides researchers with a real-time computer tool that will 
allow the prediction of the neutron and gamma fluxes at a specific location within the reactor. 
This will facilitate and expedite research activities.  

 



 
Figure 3: Flux map interface showing core profile 

 
The primary interface for the flux map is shown in Figure 3 where a profile of the core is 
shown. The user can move the cursor to any position and predict the flux that is also 
dependent on the reactor power level. The user can also create and explore a 3D contour 
model of the fluxes. 

2.2.3 Data Analysis 
 
Data from SIRCIS is archived digitally and available for review by facility operators and 
researchers. This tool allows for the electronic review of: 
 

• Event logs 
• Flux, rod position and temperature data 
• Excess reactivity logs 
• Operating hours 
• Error logs 

 
The ability to search and review data from operations and research remotely is a significant 
advantage to facility users.  
 
3. Conclusion 
 
This modernized digital control system, along with new simulation and training tools, will 
ensure a viable platform for teaching and research while at the same time reduce 
vulnerability due to an aging control system. 
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ABSTRACT 
 

In this paper the main features of the reliability database being developed at Ipen-
Cnen/SP for IEA-R1 reactor are briefly described. Besides that, the process for 
collection and updating of data regarding operation, failure and maintenance of 
IEA-R1 reactor components is presented. These activities have been conducted by 
the reactor personnel under the supervision of specialists in Probabilistic Safety 
Analysis (PSA). The compilation of data and subsequent calculation are based on 
the procedures defined during an IAEA Coordinated Research Project which Brazil 
took part in the period from 2001 to 2004. In addition to component reliability data, 
the database stores data on accident initiating events and human errors. 
Furthermore, this work discusses the experience acquired through the 
development of the reliability database covering aspects like improvements in the 
reactor records as well as the application of the results to the optimization of 
operation and maintenance procedures and to the PSA carried out for IEA-R1 
reactor. 

 
 
1. Introduction 
 
The development of a reliability database for the research reactors located at Ipen-Cnen/SP 
started in 2001 when Brazil took part in an IAEA Co-ordinated Research Project (CRP). The 
IAEA CRP was entitled “CRP to Upgrade and Expand the IAEA Reliability Database for 
Research Reactor PSAs” and had participants from eleven Member States: Argentina, 
Australia, Austria, Brazil, Canada, Czech Republic, India, Indonesia, Republic of Korea, 
Romania and Vietnam. The main objective of this CRP was to generate a new version of 
IAEA reliability database to supersede IAEA-TECDOC-930 [1], since it had a broader scope 
providing guidance on a wider range of issues pertaining to reliability data for the 
Probabilistic Safety Analysis (PSA) of research reactors. However, this new version, which 
was concluded in 2005 and sent to the IAEA for a final review, has not been published yet.  
 
In the case of Brazil, a specific reliability database for IEA-R1 reactor continued being 
updated and improved. IEA-R1 is a 5 MW pool type reactor, cooled and moderated by light 
water, and it uses graphite and beryllium as reflectors. First criticality was achieved on 
September 16, 1957 and the reactor has been operating regularly and safely for over 50 
years. For this period, it has been intensively used for basic and applied research, training 
and production of radioisotopes. 
 
In this work the current stage of IEA-R1 reliability database is presented, and the main 
results regarding the compilation of component failure data, accident initiating events and 
human errors are discussed. These results are based on the facility records from January 
1999 to December 2007, which means a nine-year-observation period. 
 



The main features of the reliability database are described in section 2. A brief explanation of 
the process for collection and updating of data regarding operation, failure and maintenance 
of IEA-R1 reactor is presented in section 3. The methods used for the compilation of data are 
explained in section 4. This work also covers the main applications of the reliability data in 
the safety analysis of IEA-R1 reactor as well as in the improvement of operating and 
maintenance procedures of the facility. These aspects will be discussed in section 5 followed 
by the conclusions in section 6. 
 
 
2. Main Features of the Reliability Database of IEA-R1 Reactor 
 
The reliability database of IEA-R1 reactor consists of a set of connected Microsoft Excel 
spreadsheets (input data and output/final data) with necessary information: 
• to generate estimates of component failure rates/probabilities of failure on demand 
and accident initiating events frequencies; and 
• to compile human error evidences related to reactor operation and maintenance. 
 
The generation of these data aims to give support to several technical areas of Ipen-
Cnen/SP for the development of reliability and safety analyses of the local research reactors 
or other similar facilities. 
 
The information gathered in this database mainly covers: 
 
Component Technical/Engineering Data.  Technical characteristics of IEA-R1 reactor 
components are stored in the database (type, size, rating, fluid, manufacturer, model, 
location, etc.). For the definition of component boundaries, the criteria defined by the reactor 
personnel are followed. Also, the guidance given in IAEA-TECDOC-636 [2] and some 
definitions in OREDA Handbook [3] should be considered. 
Component Operational Data.  Records of continuous operating times between 
consecutive interruptions (either planned shutdowns or not) and the number of demands of 
the components per reactor operation are stored in the database. In addition, cumulative 
operating times and number of demands are also computed. In some special cases, the 
operating time is recorded using one of the installed "timers" and the number of demands is 
recorded by "counters". 
Component Maintenance Data.  Every maintenance activity (preventive, corrective or 
predictive), concerning each reactor component, is recorded in the database. Some details 
such as: description of the work done, execution time, and so on, are also registered. For 
IEA-R1, these data may be extracted directly from the maintenance database already 
developed by the Reactor Maintenance Division personnel. 
Component Failure Data.  All component failures are reported and verified in order to 
identify their causes, effects on system / subsystem, actions taken and recovery time. The 
database stores, whenever possible, the exact times of failure occurrence and detection as 
well as the time of component restoration to service. Component failure modes are identified 
and coded according to Table III of IAEA-TECDOC-930 [1]. 
Data Analysis.  Part of the data stored in the database can be processed in order to 
generate estimates of component reliability parameters. The approach implemented in this 
database is based on the assumption that failure times are exponentially distributed. It 
generates an estimate of the constant failure rate (that is the inverse of the “mean time to 
failure”) associated to each time-related component failure mode. The analysis includes the 
calculation of a 90% confidence interval estimate (uncertainty limits) for each component 
failure rate or probability of failure on demand. The MLE (maximum likelihood estimator) for 
the failure rate / probability of failure on demand is calculated. The Chi-Square distribution is 
used to derive the confidence bounds for the mean of these parameters. The algorithms to 
calculate these estimates are implemented in a Microsoft Excel spreadsheet which was 
developed during the IAEA CRP. 



Accident Initiating Events and Human Errors Data.  Occurrences identified as accident 
initiating events precursors and/or human errors are stored in the database in order to be 
investigated and properly grouped. 
 
3. Process for collection and updating of data related to operation, failure and 
maintenance of IEA-R1 Reactor 
 
Although IEA-R1 reactor has been operating for over fifty years, it has not been possible to 
completely restore its operational experience since many records of the past history of this 
facility had information which was incomplete or dubious. Besides that, some important 
modifications occurred in IEA-R1 in the past. In 1976 the reactor cooling system was 
duplicated whereas in 1997 a few changes were accomplished in order to increase its power 
level from 2 MW to 5 MW and to extend its operating cycle to continuous 64 hours per week. 
Therefore, it was agreed with the reactor personnel to consider the restoration of the records 
from the year of 1999. 
 
The process for collection and updating of data regarding IEA-R1 reactor will be described 
below. These tasks have been conducted by the reactor personnel under the supervision of 
specialists in reliability engineering and PSA. Data on abnormal / unusual occurrences are 
extracted from the following sources: logbooks, reactor start-up checklist, reactor shutdown 
checklist, reactor operation datasheets, corrective maintenance datasheets, etc. 
 
Considering the proposed content of IEA-R1 reliability database, two different forms have 
been introduced to collect input data: (1) Form-1 used for the identification and analysis of 
abnormal / unusual occurrences during reactor operation and maintenance; (2) Form-2 used 
to record operating times and number of demands of the main reactor components. 
 
3.1. Identification and analysis of abnormal/unusual occurrences during IEA-R1 

reactor operation and maintenance 
 
To fill in the spreadsheet used for the identification and analysis of abnormal / unusual 
occurrences, the following procedures and criteria are adopted: 
• Data on abnormal / unusual occurrences extracted from logbooks or from other 
documents are first assessed and then classified according to the event type: component 
failure, accident initiating event, human error, common cause failure and maintenance 
activity. 
• Occurrences related to inadvertent reactor shutdown (SCRAM) are taken into 
consideration in order to record the number of demands of the Reactor Protection System. 
• Occurrences related to inadvertent reactor shutdown (SCRAM) due to loss of offsite 
power (LOSP) are recorded so as to estimate the number of demands of the emergency 
power supply systems. 
• Failures detected upon preventive maintenance or in a shutdown state of the reactor 
may be compiled if there is evidence that these failures will be revealed in the next 
operational phase of the component. 
• Further screening can be done to exclude component failures that have no significant 
impact on reactor safety, and to include component failures related to safety systems and 
their support systems. 
• Failures in which the direct cause is a human error are not taken into account for 
component failures rates, but are modelled separately. 
• Occurrences classified as potential accident initiating events (or initating events 
precursors) are reproduced in a separate datasheet to verify their association with the 
events listed in IAEA Safety Standards Series No. NS-R-4 [4]. 
• Each item failed is assigned a component type code according to standardized 
codification set by IAEA [1]. Examples: fission counter - ACF; ionisation chamber - ACI; 
sensor pool water level - ALR; sensor pressure difference - APD; sensor conductivity - AQC; 
radiation monitoring alarm unit - ARU; sensor temperature - ATA; diesel generator, 



emergency ac - DGA; etc. This task requires special attention to assure that the identified 
failure corresponds to an item within the component boundaries. 
• Component boundaries are defined according to the guidelines provided in IAEA-
TECDOC-636 [2]. Whenever the boundaries presented in reactor maintenance reports differ 
from the boundaries recommended in [2], specific definitions of reactor maintenance 
personnel are preferably adopted. 
• Each failure record is assigned a failure mode code according to standardized 
codification set by IAEA [1]. Examples: failure to function - F; degraded failure - B; spurious 
function - K; failure to run - R; open circuit - I; erroneous signal - N; etc. 
• All the results should be carefully checked before being incorporated into the 
database. 
 
3.2. Recording the operating times and number of demands of the main IEA-R1 

reactor components 
 
The operating times of IEA-R1 components are mainly derived from the records found in the 
datasheets generated during each reactor operation. Timers and counters are installed in a 
few important components, which are: control console, primary and secondary circuits 
cooling pumps, cooling tower fans, Ventilation and Air Conditioning (VAC) system fans, 
diesel generator groups and instrument air compressor. As a whole seventeen timers and 
three counters are installed in IEA-R1 in order to record exact operating hours and number of 
demands of these main components. In the case of the other components the operating 
times and number of demands are estimated based on either the values recorded in the 
reactor operation datasheets or the timers and counters of the main components. 
 
In Figure 1 some examples of tables summarizing the annual totals calculated from the 
collection of operating times and number of demands of the main IEA-R1 components. 
 

Reactor Reactor Number of Reactor Reactor Number of Loss of Mean Values
Year Operating Operating Reactor Operations - Operations - SCRAMs Off-Site Power

Time (hours) Time (hours) Operations High Power Low Power (LOSP)
1999 2445:57:30 2445,96 65 49 16 26 9 2.445,96 65,00 26,00 9,00
2000 2705:06:00 2705,10 69 57 12 21 17 2.575,53 67,00 23,50 13,00
2001 1923:42:00 1923,70 55 49 6 23 7 2.358,25 63,00 23,33 11,00
2002 1767:15:30 1767,26 73 50 23 10 8 2.210,50 65,50 20,00 10,25
2003 1606:11:00 1606,18 54 44 10 35 4 2.089,64 63,20 23,00 9,00
2004 2491:48:00 2491,80 77 46 31 17 8 2.156,67 65,50 22,00 8,83
2005 2873:56:00 2873,93 57 49 8 22 14 2.259,13 64,29 22,00 9,57
2006 2735:07:00 2735,12 70 50 20 38 19 2.318,63 65,00 24,00 10,75
2007 1440:27:00 1440,45 42 30 12 20 3 2.221,06 62,44 23,56 9,89
Total 19989:30:00 19989,50 562 424 138 212 89

Operating 
hours/ year

Operations/ 
year

SCRAM/ 
year

LOSP/ year

 
 

Year

No. of Demands Operation Data 
Sheet (hours) Timer (hours) No. of Demands Operation Data 

Sheet (hours) Timer (hours) No. of Demands Operation Data 
Sheet (hours) Timer (hours) No. of Demands Operating Time 

(hours)
No. of Demands Operating Time 

(hours)
1999 71 2544:03:00 2544,05 27 1101:49:00 1101,82 34 1327:00:00 1327,00 17 665,65 33 1739,79
2000 83 2834:37:00 2834,62 36 1284:35:00 1284,58 39 1477:03:00 1477,05 27 1219,55 29 1540,23
2001 71 2004:26:00 2004,43 59 1540:08:00 1540,13 16 378:15:00 378,25 21 834,65 28 1071,38

2002/b.t. 16 407:58:00 407,97 16 383:20:00 383,33 0 0:00:00 0,00 5 183,05 6 200,28
2002/t. 52 1419:32:00 1595,50 15 462:04:00 466,48 26 885:41:00 894,44 9 406,24 29 950,11
2003 58 1646:32:30 1930,58 8 282:17:00 286,65 38 1161:40:00 1275,69 9 557,94 35 1558,04
2004 94 2602:52:00 2725,50 58 1722:03:00 1746,71 23 711:23:00 727,80 8 485,49 39 2139,27
2005 63 2962:45:00 3058,67 19 1109:08:00 1057,34 114 1581:34:00 1872,78 6 356,05 43 2545,12
2006 85 2814:52:00 2939,04 42 1267:46:00 1314,91 83 1355:51:00 1307,99 0 0,00 49 2678,40
2007 45 1481:00:00 1567,49 19 272:44:00 282,69 44 1149:48:00 1177,41 2 0,15 33 1451,63
Total 637 20718:37:30 21607,85 299 9425:54:00 9464,65 417 10028:15:00 10438,41 104 4708,77 324 15874,26

Heat Exchanger
B

Heat Exchanger
A

Control Console Primary Circuit Pump B101-A ( CP-BOM-01) Primary Circuit Pump B101-B (CP-BOM-02)

 
Figure 1 - Operating times and Number of Demands of IEA-R1 Reactor Components 

 
 
4. Compilation of collected data to estimate component reliability parameters 

and other failure event frequencies 
 
The compilation of collected data is developed in a spreadsheet that is a calculation report to 
generate final data concerning component failure rates / probabilities of failure on demand. 
This calculation report (or intermediate spreadsheet) uses both data on abnormal / unusual 
occurrences mentioned in subsection 3.1 and data on operating times / number of demands 
described in subsection 3.2. 
 



In this calculation report the components are codified according to their types based on the 
three letter coding system standardized in IAEA-TECDOC-930 [1]. Besides that, this 
calculation report contains detailed technical descriptions of the analyzed component types 
and can be cross-referenced with the reliability parameters data table. 
 
The data collected and reported in this study cover major components of the following IEA-
R1 reactor systems: Reactor Core; Reactor Cooling System – Primary and Secondary 
Circuits; Instrumentation and Control System; Electrical Power Supply System; Ventilation 
and Air Conditioning System; Instrument Air System; etc. 
 
Considering the observation period from January 1999 to December 2007, 557 failures of 
108 different component types were compiled. The total operating time of IEA-R1 reactor 
during that period was 19989,5 hours. Mean values of component failure rates / probabilities 
of failure on demand and respective confidence intervals are calculated using the algorithms 
developed during the IAEA CRP and are compiled in a spreadsheet which format is 
presented in Table 1. Examples of the technical descriptions of IEA-R1 components are 
shown in Table 2. 
 
Data stored in the IEA-R1 database can also be used to estimate the frequencies of accident 
initiating events and to assess occurrences related to human errors during the operational 
and maintenance procedures. During the nine-year-observation period from 1999 to 2007, 
over 350 events were identified as initiating events precursors. Among these events, 82 
occurrences might have evolved to the initiating event "fuel cooling channel blockage". 
Based on these evidences, the estimated initiating event frequency is 4,1 x 10-3/hr, since the 
total operating time of the reactor during the observation period is 19989,5 hours. In addition, 
38 human errors were identified and grouped according to event types: failure to follow 
procedures or maintenance error (26); error of commission (9); and design error (3). Among 
these 38 events related to human errors, at least 25 could also be classified as precursors of 
accident initiating events. The scope of this database does not include quantitative derivation 
of human error data. 
 
 
5. Application of the results to safety aspects of IEA-R1 Reactor 
 
It is important to mention that enhancement of accuracy and quality of reliability data has 
already been observed along these years at IEA-R1 reactor. In this sense, some factors 
presented a major contribution: more detailed descriptions of the abnormal/unusual 
occurrences or failures; more precise data on component failure times or failure detection 
times; records of exact operating times and number of demands obtained from timers and 
counters installed in the main reactor components; and more detailed descriptions of 
corrective maintenance activities including information on their durations. Besides that, there 
were changes in format and content of the records in logbooks and other operation 
datasheets aiming to include the information necessary to compose the reliability database. 
 
Furthermore, component failure data resulting from this work was applied in the Probabilistic 
Safety Analysis (PSA) of IEA-R1 reactor. A master dissertation covering a partial PSA of IEA-
R1 reactor was developed at Ipen-Cnen/SP and concluded in 2009 [5]. This work addressed 
the detailed analysis of the two main accident initiating events identified in the Safety 
Analysis Report of this facility, which are flow channel blockage and loss of coolant due to 
rupture of primary circuit boundary. 
 
 



Reactor
Component 
Population

Cummulative 
calendar time

Cummulative 
operating 

time
Demands

Failure 
mode

Failures
Failure 

rate
Failure 

probability

Code Component type description Code # hs hs # # 1/h 1/demand 5% 95%
ACF01 Fission Counter BR01 2 2,16E+04 F 12 5,55E-04 - 3,20E-04 9,00E-04
ACF01 Fission Counter BR01 2 2,16E+04 B 7 3,24E-04 - 1,52E-04 6,08E-04
ACF01 Fission Counter BR01 2 2,16E+04 I 1 4,63E-05 - 2,37E-06 2,20E-04
ACI01 Ionisation Chamber - 

compensated
BR01 3 2,16E+04 F 3 1,39E-04 - 3,78E-05 3,59E-04

ACI01 Ionisation Chamber - 
compensated

BR01 3 2,16E+04 B 1 4,63E-05 - 2,37E-06 2,20E-04

ACI01 Ionisation Chamber - 
compensated

BR01 3 2,16E+04 N 1 4,63E-05 - 2,37E-06 2,20E-04

ACI02 Ionisation Chamber - non 
compensated

BR01 5 6,00E+04 F 2 3,34E-05 - 5,93E-06 1,05E-04

ALR01 Sensor - pool water level -
float type

BR01 1 7,88E+04 K 4 5,07E-05 - 1,73E-05 1,16E-04

ALR02 Sensor - pool water level -
ultrasonic type

BR01 3 2,37E+05 F 1 4,23E-06 - 2,17E-07 2,01E-05

ALR02 Sensor - pool water level -
ultrasonic type

BR01 3 2,37E+05 N 3 1,27E-05 - 3,46E-06 3,28E-05

APD01 Sensor - pressure 
difference

BR01 4 3,15E+05 F 1 3,17E-06 - 1,63E-07 1,50E-05

AQC01 Sensor - conductivity 
(water re-treatment)

BR01 2 1,58E+05 N 1 6,34E-06 - 3,25E-07 3,01E-05

AQC02 Sensor - conductivity 
(water treatment)

BR01 4 1,58E+05 B 1 6,33E-06 - 3,25E-07 3,00E-05

90% Confidence 
bounds

 
Table 1 - Example of the IEA-R1 Component Reliability Database 

 
Component 

Code
Description

Component Type / Name: Fission chamber
System: Instrumentation and Control System

Component "Tag": IC-CAF-01; IC-CAF-02; IC-CAF-03; IC-CAF-04
Population: 4

Location: reactor core
Manufacturer: IPEN / IST Imaging & Sensity Tec

Component characteristics: model WL-6376A; 93% enriched U
Operating  duty: 1 fission chamber functioning (reactor core), 3 standby

Component boundary: sensor and cabling (excluding components installed in the control console)
Linked components: ICC02 (safety channels)

Component Type / Name: Ionisation chamber - compensated (linear channel)
System: Instrumentation and Control System

Component "Tag": IC-CIC-01; IC-CIC-02; IC-CIC-03
Population: 3

Location: reactor core
Manufacturer: Westinghouse / IST Imaging & Sensity Tec

Component characteristics: WL-7741 (CIC-01); WL-23084 (CIC-02/03)
Operating  duty: 1 ionisation chamber functioning (reactor core), 2 standby

Component boundary: sensor and cabling (excluding components installed in the control console)
Linked components: ICC01 (linear channel)

ACI02 Component Type / Name: Ionisation chamber - non compensated (safety channel)
System: Instrumentation and Control System

Component "Tag": IC-CNC-01; IC-CNC-02; IC-CNC-03; IC-CNC-04; IC-CNC-05
Population: 5

Location: reactor core (CNC-01/02/04/05); basement (CNC-03)
Manufacturer: Westinghouse (CNC-01/02/04); Ipen (CNC-03); IST Imaging & Sensity Tec (CNC-05)

Component characteristics: model WL-6937 (CNC-01/02/04/05); HOM-CARREI-N16 (CNC-03)
Operating  duty: 3 ionisation chamber functioning, 2 standby

Component boundary: sensor and cabling (excluding components installed in the control console)
Linked components: ICC02 (safety channels); N-16 channel ; EPH01 (high power voltage)

Component Type / Name: Sensor - pool water level - float type
System: Instrumentation and Control System

Component "Tag": IC-MDS-01
Population: 1

Location: reactor pool
Manufacturer: NIVETEC

Component characteristics: NPR-EXD; series 600-010-304
Operating  duty: continuous functioning

Component boundary: sensor, transmitter and local power supply
Linked components: control room indicating instrument; URS01 (Scram circuit)

Component Type / Name: Sensor - pool water level - ultrasonic type
System: Emergency Core Cooling System

Component "Tag": RE-MDS-01; RE-MDS-02; RE-MDS-03
Population: 3

Location: reactor pool; retention tank
Manufacturer: CONTROL LEVEL / INCONTROL

Component characteristics: model ES-9063A4048AZ
Operating  duty: 2 sensors in continuous functioning; 1 stand-by

Component boundary: sensor, transmitter and local power supply - excluding indicators RE-INN-01 (emergency room), RE-INN-
02 (control room) and RE-INN-03 (laboratory) installed in the control room

Linked components: UIE02 (indicating instrument); URS01 (Scram circuit)

ACF 01

ACI 01

ALR 02

ALR 01

 
 

Table 2 - Example of the IEA-R1 Component Technical Description Database 



6. Conclusions 
 
The reliability database being developed at Ipen-Cnen/SP has brought some benefits to IEA-
R1 reactor besides arising the interest of the reactor management staff in subjects related to 
safety assessment and reliability analysis. 
 
Prior to this database project, the operational and maintenance records found in the facility 
had not contained the necessary information to estimate failure rates or other reliability / 
availability parameters of the reactor components. Then, some effort was required to 
introduce new forms to be fulfilled by the reactor staff so as to serve to the purpose of 
generating plant specific reliability data. In fact, the involvement and commitment of 
supervisors and senior operators for the past nine years have been essential to obtain more 
reliable records to update the database. Actually, the research work being carried out at Ipen-
Cnen/SP has shown that it is fundamental to promote an integration of data collection 
activities with the existing organizational features and administrative routines of the facility in 
order to minimize the efforts and to provide good quality data. 
 
It is important to mention that the safety aspects concerning the observed component failures 
or human errors have been discussed more often in the periodical meetings held in the 
facility. In these debates, it has been possible to notice that few events could compromise the 
reactor safety. Even so, the results obtained may contribute significantly to the improvement 
of operational procedures as well as to the optimization of the maintenance programme of 
the reactor. 
 
In this work the following important aspects were not addressed although they are being 
considered by the specialists involved in the reliability database: 
• promotion of a practice in the facility to proceed a root cause analysis to investigate 
failures or to assess the effectiveness of the corrective actions. Some corrective 
maintenance records indicate that the symptoms of the failures rather than the causes have 
been addressed; and 
• elaboration of a software to manage the database. In this case, a relational database 
is being planned by a specialist who will be in charge of implementing its future updates and 
making it available to local computer network users. 
 
Finally, the database developed for IEA-R1 has to be specifically used in the applications of 
this reactor. However, some data may be applied to other facilities if the components are 
analogous or the operational conditions are alike. In this way, it is expected that all the 
experience acquired with this research work can be directed toward the project of a new 
multipurpose reactor being carried out in Brazil. 
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ABSTRACT 
 

A survey of operational related problems with the 17 years old computerized reactor 
instrumentation for the TRIGA reactor Vienna and a failure database, based on 47 
years of operation, is given. 
 
The TRIGA reactor Vienna became critical on March 7, 1962. At that time, the 
reactor operated with the original General Atomics (GA) electronic tube-type 
console. In 1968 this console was replaced by a transistorized instrumentation which 
worked until 1992. In 1990 it was decided to replace this aged instrumentation by a 
state of the art console.  The new computerized reactor instrumentation was ordered 
in 1990 from GA and installed and tested during summer 1992. The reactor was first 
critical after a two months shut-down period on November 10, 1992. During the last 
17 years of operation, a number of failures occurred which made the reactor 
inoperable for about 100 days in total. The instrumentation design originates from 
the mid eighties and most of the electronic equipment especially the console 
computer and the Data Acquisition Chamber (DAC) computer was already outdated 
at the time of installation. Due to the rapid development in data acquisition 
technology, the problem of spare part availability becomes imminent, and led to the 
decision to replace the existing instrumentation after 17 years. All relevant 
documents especially all reactor logbooks have been securely stored since 1962, as 
they contain valuable data not only about normal operation but also about abnormal 
occurrences such as automatic reactor shut downs, failure of equipment and 
maintenance procedures. All these abnormal occurrences have been classified 
according to a classification proposed at an IAEA Research Reactor ageing meeting 
in 2008. 

 
 
1. Introduction 
 
The TRIGA Mark II research reactor at the Atominstitut, Vienna – Austria operates since 
March 1962. Up to now there are nearly 50 years of successful operation. It is obvious that 
over this long period several events concerning different systems of the reactor occurred. 
These events are recorded in the reactor logbooks. During a vacation job [1], the logbooks 
were digitized in a “MS access database”, and according to IAEA standards, the events were 
categorized in 9 groups: 

 Reactor block, fuel and internals 
 Cooling systems 
 Confinement/containment 
 Instrumentation and controls 
 Electrical distribution 
 Auxiliaries 
 Experimental facilities 
 Documentation and configuration management 
 Other (non-SSC) 



An additional category “Service” was added by the “Atominstiut”. 
 
As result a list with ~ 4500 entries was created. For obvious reasons, such a list is not easy 
to evaluate. Therefore the purpose of this report is to prepare a clear overview over the 
different events – categories and their shares of total events using more intuitive charts. 
Further a look at the chronologic distribution of most significant events is prepared. 
Practically most of the information can be obtained from the charts. The text will only point 
out major facts and give some examples of most common events. 
 
 
2. Main categories – overview 
 
In total there occurred 4483 events in the last 47 years. Fig 1 shows the percentage shares 
of the different main categories of the total events. It is easy to see, that about half of the 
events occurred in the Instrumentation and Controls group. With distance the second biggest 
category are the Service events with 18% followed by Electrical distribution (10%) and 
“Reactor block, fuel and internals” with 6%. The sum of the remaining categories is about a 
third of the total events. 
 

 
Fig 1. Main categories - percentages 

 
A first impression of the chronological distribution can be taken from Fig 2. The light green 
bars show the total number of events that happened in the respective year. Beside it there 
are several bars, describing the shares of the different categories. Noticeable is that most of 
the peaks appear in connection with a significant raise of the events in a specific category. 
For example in the years 1981 and 1982 around 175 problems happened with the electrical 
distribution where normally not more than 5 events per year could be found.  
 
In this paper we will focus on two main groups “Instrumentation and Control” with 54% and 
the “Service” group with 18%. More details to the other groups can be found in the 
presentation.  



 
Fig 2. Main categories chronology 



3. Instrumentation and control 
 
With a total of 2408 events, the Instrumentation and Controls group is the largest share 
(54%) of total events. The most important subcategory is Reactor protection with a share of 
61% of instrumentation and controls events, where different scrams (fuel-, pool temperature, 
reactor power monitoring) were the most common events. In the subsections of this chapter, 
a more detailed investigation of the chronology of reactor protection events, corresponding to 
the 3 instrumentation periods, is carried out. Radiation monitoring with a share of 16% 
includes hard- and software problems as well as maintenance tasks of the radiation alarm 
system. The instrumentation sub category (14%) contains events related to rebuilding and 
calibrating the different measurement channels. 

 
Fig 3. Instrumentation and controls – sub categories 

 
Several reactor protection peaks occurred in 1980 and 1982. Further some smaller peaks in 
the years 1970/1971, 1980/1981 and 1996 are identified, where unusual many problems with 
the radiation monitoring facility came up. 
 
Compared to the 2nd and 3rd instrumentation period the 1st period (March 3, 1962 – May 30, 
1968) was relatively short. With a total of 14 reactor protection events over 6 years, a mean 
value of 2 with a standard deviation at the same dimension is obtained. Unnecessary to say, 
nothing can be concluded from this information. The longest period was the 2nd one which 
covers the period from June 26, 1968 to July 1, 1992. Here we have as an average 33 
reactor protection events per year with a relatively high standard deviation of 29 events 
because of the unevenly chronological order. The 3rd period, from August 6, 1992 to 
September 31, 2009 with total 658 reactor protection events has a mean value of 36 events 
per year with a standard deviation of 20 events and shows similar results to the 2nd 
instrumentation period.  
 
All these problems, which made the reactor inoperable for about 100 days in the 3rd period, 
could be solved by the efforts of the operator. Since the beginning of the last year more 
problems with the NM-1000 and the DAC occurred. These problems have the origin in the 
ageing of electronic components. Therefore, it was decided to replace the existing 
instrumentation after 17 years. The new instrumentation should be state of the art and spare 
parts should be available for at least 10 years.  

Reactor protection 



4. Service 
 
With a total of 800 events the Service group is the second biggest. The relative shares of 
subcategories can be taken from Fig 4. The biggest part with 39% is taken by “Distilled water 
auxiliary supply” with common events like cleaning of the distillery and regeneration of the 
ion exchanger. Nearly all problems with the osmosis and distil facility occurred between the 
years 1984 and 1993. 13% are maintenance works at the ion exchanger and primary filter 
like changing the ion exchanger or replacing the filters in the primary and secondary cooling 
circuit. Typical service company works were crane audits or various works at the reactor hall 
or service and exchange of pumps. Problems with experimental facilities (11%) were 
rebuilding of the beam tubes or maintenance of other experimental facilities. Another 
common event was the exchange of filters of the ventilation system or various bulb 
exchanges (control-, tank-, hall bulbs).  

 
Fig 4: Instrumentation and controls – sub categories 

 
From the chronological point of view it can be said that at the beginning of operation some 
problems with the ion exchanger and primary filter occurred, later, as mentioned above, there 
was a decade with an unusual high amount of events concerning “Distilled water auxiliary 
supply”. Starting with 1969 the tank was cleaned every two to three years. 
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ABSTRACT 

 
During the past several years, ageing of research reactor facilities continues to be an 
important safety issue. Despite the efforts exerted by operating organizations and regulatory 
authorities worldwide to address this issue, the need for an improved strategy as well as the 
need for establishing and implementing a systematic approach to ageing management at 
research reactors was identified. This paper discusses, on the basis of the IAEA Safety 
Standards, the effect of ageing on the safety of research reactors and presents a proactive 
strategy for ageing management. A systematic approach for ageing management is 
developed and presented together with its key elements, along with practical examples for 
their application. 
 
1. Introduction 

Ageing is defined as a general process in which characteristics of systems, structures and 
components (SSCs) gradually undergo degradation with time and use. Ageing management is 
the engineering, operation, and maintenance activities and practices aimed at monitoring, 
preventing, and timely detecting and mitigating this degradation. Research reactors experience 
two kinds of ageing effects: Physical ageing (i.e. gradual deterioration in their physical 
characteristics); and Obsolescence (i.e. becoming out-of-date in comparison with current 
knowledge, standards, and technology). 

 
According to the Research Reactors Database [1], about 70 % of existing operating research 
reactors have been in operation for more than 30 years, with many of them exceeding their 
original design life. The majority of these reactors are challenged by the negative impacts of 
SSCs ageing. In this regard, it is worth mentioning that ageing of the SSCs continues to be 
one of the primary causes of research reactor incidents [2]. Over the years, research reactor 
operating organizations and regulatory authorities have acquired significant experience in 
dealing with ageing related problems. However, feedback from IAEA safety review missions 
showed the need for implementation of a systematic approach to research reactor ageing 
management [3]. 
 
In addressing this need, and in supporting application of the IAEA Code of Conduct on the 
Safety of Research Reactors [4], a Safety Guide on ageing management of research 
reactors was developed [5]. It provides guidance on establishing a proactive strategy to 
ageing management and develops a systematic approach to research reactor ageing 
management, as well as, on managing of obsolescence, as presented in the following 
sections. 
 
2. Ageing and safety of research reactors 
Ageing degradation may result in a reduction or loss of ability of SSCs to function within their 
acceptance criteria. Physical ageing reduces safety margins provided in the design of SSCs. 
If reductions in these margins are not timely detected and adequate mitigation actions are 
not taken, research reactor safety could be compromised. 
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Defence in depth is achieved by multiple physical or functional barriers. Ageing degradation 
may affect one or more of these barriers (e.g. due to corrosion of the fuel cladding material, 
reactor pool liner, or piping of the primary cooling system). Physical ageing may also 
increase the possibility of common cause failures (i.e. simultaneous degradation of physical 
barriers and redundant components) which could result in the impairment of one or more 
levels of protection provided in the frame of the defence in depth principle. An effective 
ageing management programme should provide for maintaining the defence in depth through 
incorporation of good design and engineering features which ensure adequate safety 
margins. This includes use of design, technology and materials of high quality and reliability, 
and performance of different operating activities in accordance with approved operating 
procedures. 

 

Service conditions are major contributors to ageing of SSCs, through chemical and physical 
processes that affect material properties or functional capabilities. The service conditions are 
associated with normal operation conditions (e.g. stress/strain, temperature, pressure, and 
chemistry regime), anticipated operational occurrences (e.g. power excursion and power-flow 
mismatch) and environmental conditions (e.g. high humidity or presence and use of 
chemically active liquids and gases). These conditions lead to degradation of SSCs through 
one or more of the following ageing effects and mechanisms: 

– A change in physical properties (e.g. swelling, chemical decomposition, and changes 
in material strength, ductility, resistivity); 

– Irradiation and thermal embrittlement;  

– Fatigue, including thermal fatigue; 

– Corrosion, including galvanic corrosion, corrosion erosion and corrosion assisted 
cracking;  

– Wear (e.g. fretting) and wear assisted cracking (e.g. fretting fatigue). 

 

Limiting values for service should be included in the operational limits and conditions (OLCs) 
[6]. Examples include limiting conditions on maximum temperature of the fuel cladding, high (or 
low) pressure in cooling lines and across filters, high vibration levels of primary cooling pumps, 
and limits on water coolant chemistry parameters such as conductivity and pH. 

 
3. Proactive strategy for ageing management  
Ageing management of SSCs should be implemented proactively (i.e. with foresight and 
anticipation) throughout different stages of research reactor lifetime, including design, 
fabrication, construction, commissioning, operation, and decommissioning. 
 
The design and any modifications of a research reactor or associated experimental devices 
should facilitate inspection and testing aimed at detecting ageing mechanisms and their 
degrading effects on SSCs, while maintaining the principle that radiation exposure of 
inspection personnel should be kept as low as reasonably achievable. In the design of a 
research reactor, consideration should be given to the use of advanced materials (and their 
production processes) with greater ageing resistant properties (e.g. materials of high 
resistance to corrosion, or high strength). Considerations should also be given to the 
maintenance requirements and need for material testing programmes including surveillance 
specimens dedicated to monitoring of ageing degradation, and to the use of compatible 
materials, especially those used for welding. 
 
The service conditions and information on possible ageing mechanisms should be properly 
taken into consideration during the design, fabrication and construction of the SSCs. 
Baseline data, including manufacturing and inspection records of SSCs as well as records on 
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their shipment and storage conditions should be collected and documented. During the 
construction process, surveillance specimens for specific ageing monitoring programme 
should be installed in accordance with the design specifications. The commissioning process 
should also be used to strengthen ageing management programme. Commissioning tests and 
verifications should cover identification of hot spots in terms of temperature and dose rate, 
measurements of vibration levels of rotating machines such as pumps and fans, and 
characterization of thermal insulation or electrical isolation. All parameters which can influence 
ageing degradation of the reactor SSCs should be tracked throughout the reactor lifetime. 
 
For implementation of an effective ageing management programme during the research 
reactor operation phase, the following factors should be taken into consideration, in a 
proactive manner: 

– Minimization of human errors that may lead to premature degradation, through 
continuing training, and enhancement of the safety culture and sense of ownership; 

– Optimal operation of the SSCs to slow down the rate of ageing degradation; 

– Proper implementation of maintenance and periodic testing activities in accordance 
with the OLCs, design requirements and manufacturer’s recommendations; 

– Follow-up of possible degradation trends in SSCs between successive periodic 
testing;  

– Use of adequate and qualified methods of non-destructive testing and ageing 
monitoring for early detection of flaws possibly resulting from intensive use of 
equipment; 

– Appropriate storage of spare parts and consumables susceptible to ageing, to 
minimize degradation while in storage and to control their shelf life properly; 

– Feedback of operating experience (both reactor specific operating experience and 
generic, including operating experience from similar research reactors and industrial 
plants) to learn from relevant ageing-related events. 

 

It is also important to identify and account for possible changes in operational conditions (e.g. 
radiation levels, coolant flow distribution and velocity, and vibration level) that could cause 
accelerated or premature ageing and failure of some SSCs, in the event of upgrading of 
reactor power, installation of new experimental device or changes in the utilization 
programme, and replacement of SSCs. 

 
4. A systematic approach for ageing management 

A systematic approach to ageing management for research reactors should include the 
following main elements: 

– Screening of SSCs for ageing management review; 

– Minimization of expected ageing degradation; 

– Monitoring, detecting, and trending of ageing degradation; 

– Mitigation of ageing degradation; 

– Continuous improvement of the ageing management programme. 

 
A methodology based on importance to safety should be applied for screening of SSCs for 
ageing management. For efficiency, similar components (e.g. pumps, valves, small diameter 
piping, and electrical cables) that operate in comparable service conditions (e.g. pressure, 
temperature, and water chemistry) could be grouped. The list of SSCs important to safety 
should have been identified in the design stage. This list should be reviewed for 
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updating/completeness (or developed if it was not performed in the design stage). For each 
of these SSCs, the screening process should be performed to identify the elements that in 
case of a failure could lead directly or indirectly to the loss of a safety function. This list 
should be reviewed to identify specific elements for which ageing degradation has the 
potential to cause SSCs failure. Justification should be provided for excluded elements.  
 
In order to minimize the effects of ageing degradation, preventive actions should be applied.  
These actions should be determined in the design stage and applied through the reactor 
lifetime. They include establishment of appropriate operating and service conditions, routine 
maintenance programme that includes periodic replacement of components and 
consumables, and when necessary, change of SSCs design and materials. The preventive 
actions should be continuously improved with account taken of relevant operating 
experience.   
 
Reactor operating parameters that can be predictive of ageing degradation should be 
routinely monitored. These parameters include, for example, control rod drop time, water 
chemistry parameters, temperature, flow rate and pressure. These parameters should be 
continuously monitored, either online or periodically (in this case, the frequency of 
measurement should be defined in the OLCs). Records of these measurements should be 
maintained, assessed and trended in order to predict the onset of ageing degradation in a 
timely manner.  
 
Routine operating activities should be used to detect ageing degradation. Examples of these 
activities include observation of the conditions of SSCs (e.g. leaks, noise, and high vibration) 
during routine walkdowns to the reactor facility. Sampling of water coolant for chemical or 
radiochemical analysis is another important routine activity that could provide for detection of 
ageing degradation of some SSCs such as fuel cladding. Non-destructive testing is an 
efficient way to detect ageing degradation through application of visual, surface, and 
volumetric examinations. These examinations allow for detection of scratches, wear, cracks, 
corrosion, or erosion of surfaces, as well as near-to-surface and deep flaws or 
discontinuities. Ageing degradation can also be detected by checking the performance of 
SSCs. These checks should be part of the routine maintenance and inspection activities. The 
results of periodic testing performed to verify compliance with OLCs should be evaluated to 
detect and correct the operating and environmental conditions before they give rise to 
significant consequences for safety. 
 
Actions for mitigating ageing degradation include modifications of operating conditions and 
practices that may affect the rate of ageing degradation. The most common actions for 
mitigation of ageing degradation are replacement, refurbishment, and modification of SSCs. 
Replacement of SSCs is performed to achieve the original design intents or service 
objectives. Implementation of refurbishment and modification projects should be subjected to 
justification, project management, and procedures for design, construction and 
commissioning equivalent to those applied to the reactor itself [7]. The projects with safety 
significance require safety analysis and authorization from regulatory authorities. References 
[8 and 9] provide the specific experience acquired by many research reactor operating 
organizations and regulatory authorities from planning, management and implementation of 
refurbishment and modification projects. 
 
The effectiveness of the ageing management programme should be periodically reviewed for 
continuous improvements in the light of current knowledge and experience acquired from the 
facility and other similar facilities. In addition, evaluation of cumulative effects of ageing on 
safety of research reactors should be treated as ongoing process and should be assessed in 
periodic safety reviews, which are used to determine whether the research reactor or 
individual SSCs can be operated safely for a specific period of future operation. Periodic 
safety reviews are also used to provide inputs for improvement of the scope, frequency, and 
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procedures for maintenance, surveillance, and inspection, for updating of the reactor safety 
analysis, and for modifications of operating conditions or design. 
 
In order to support implementation of the approach discussed above, records should be kept 
to provide for identification and evaluation of failures caused by ageing effects, prediction of 
future performance of SSCs, and decisions on the type and timing of preventive maintenance 
actions as well as for identification of new emerging ageing effects before they jeopardize the 
safety, reliability, and service life of the reactor. These records should include baseline 
information consisting of data on the design and conditions at the beginning of life service, 
reactor operating records covering service conditions, availability testing and failure data of 
SSCs, and maintenance records. 
 
5. Management of obsolescence  

During the lifetime of a research reactor, advances will occur in technology which may lead to 
difficulties in getting spare parts. Installation of new components may also lead to changes in 
failure modes (e.g. modern instrumentation contains microprocessors that have different 
failure modes from those of their older components). Changes in safety requirements and 
regulations and advances in knowledge may necessitate important modifications of the 
existing facilities. This includes, for example, improvement in the physical segregation of 
SSCs or in the resistance of the facility against the effects of internal and external hazards. 
Research reactor safety and operating documents may also become outdated or even 
obsolete. Periodic updating of such documents is needed to maintain their conformity with the 
actual status of the reactor facility and to take into account feedback from operating 
experience. Updating of these documents is also necessary when modification of existing (or 
installation of new) experimental devices is being performed. 

 

Similar to the management of physical ageing, actions to manage obsolescence for research 
reactors should also be performed in a proactive manner before occurrence of any decline in 
reliability or availability of the reactor. Table 1 presents possible obsolescence conditions and 
recommended ageing management actions. 

 

Table 1: Obsolescence conditions and recommended ageing management actions 

Condition Ageing management actions 

 

Changes in technology  - Ensure systematic identification of useful service life and 
anticipated obsolescence; 

- Prepare modification projects for future replacement of 
obsolete SSCs; 

- Provide spare parts for the planned service lifetime or 
identify alternative suppliers. 

Changes in safety 
requirements and regulations, 
and advances in knowledge 

- Ensure compliance with current safety standards and 
regulations; 

- Consider modification of SSCs important to safety, as 
required. 

Documentation becoming out 
of date 

- Establish and implement an effective integrated 
management system. 
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6. Conclusion 
Effective ageing management for research reactors could be accomplished by integrating 
existing operating programmes including maintenance, periodic testing and inspection, as well 
as applying good operational practices, using the results of research and development, and 
incorporating lessons learned from operating experience, performing periodic safety reviews as 
a central tool to confirm continued safe operation of the reactor. Nevertheless, it is important to 
recognize that effective management of ageing requires the use of a systematic approach that 
provides for minimizing in a proactive manner the ageing degradation, as a consequence of 
service conditions, monitoring, trending and early detecting SSCs degraded conditions, and 
timely implementing the necessary mitigation measures. 
 
Refurbishment and modernization projects of research reactors are important activities for 
ageing management. These projects should not only be limited to pure replacement of 
systems and components, or to improve reactor availability and meet the users’ requests but 
should also be performed to ensure compliance with the up-to-date safety requirements and 
criteria, including the IAEA Safety Standards. 
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ABSTRACT 

 
This paper presents an established program for inspection of nuclear research reactors to 
ensure that systems and techniques are in accordance with regulatory requirements and to 
provide protection for the health and safety of the public.  The inspection program, implemented 
from the time a facility gets licensed, remains in effect through operations, shutdown, 
decommissioning, and until the license is terminated.  The program establishes inspection 
methodology for operating, safeguards, and decommissioning activities.  Using a performance-
based approach, inspectors focus their attention on activities important to safety.  Inspection 
procedures allow the inspectors to assess facility safety and compliance to applicable 
requirements.  A well designed inspection program is an integral part of the mechanism to 
ensure that the level of performance in the strategic areas of reactor safety, radiation safety, 
and safeguards is acceptable and provides adequate protection of public health and safety. 
 
U.S. Inspection Program 
 
The general policy for regulation of Research and Test Reactors (RTR) is described in the 
Atomic Energy Act of 1954, as amended, Section 104.c which states: 
 
"The Commission is directed to impose only such minimum amount of regulation of the licensee 
as the Commission finds will permit the Commission to fulfill its obligations under this Act to 
promote the common defense and security and to protect the health and safety of the public and 
will permit the conduct of widespread and diverse research and development." 
 
This general policy is reinforced by the U.S. Nuclear Regulatory Commission (NRC) inspection 
program which performs a basic mission of determining whether a licensee’s reactor is 
acceptably safe and meets current regulatory requirements and commitments.  The program 
establishes inspection methodology for operating, safeguards, and decommissioning activities 
and conditions.  Using a performance-based approach, inspectors focus their attention on 
activities important to safety. Performance-based inspection emphasizes observing activities 
and the results of licensee programs over reviewing procedures or records.  For example, an 
inspector may identify an issue through observing a facility activity in progress, monitoring 
equipment performance, or the in-facility results of an activity (e.g., an engineering calculation), 
and then let the observation lead to evaluation of other associated areas. Discussions with 
facility personnel and reviewing documents should be used to enhance or verify performance-
based observations. This approach is designed to emphasize observation of activities. 
 
While the licensee is responsible for facility safety and compliance with regulatory requirements, 
the NRC inspector is responsible to independently assess the licensee's fulfillment of his/her 
responsibilities.  Advice or recommendations are not to be given to the licensee. 
 



The U.S. research reactors are classified according to their maximum thermal power which 
determines the frequency and depth of the inspection program 
 
Class I  
 

• Thermal power is 2 Megawatts or more 
• Inspection effort consists of 10 modules (inspection procedures) 
• Entire program is repeated annually (2 one-week visits annually) 

 
Class II 
 

• Thermal power is less than 2 Megawatts 
• Inspection effort is one module with 11 sub-topics 
• Program is completed over a two year interval (2 one-week visits over two years) 

 
Class III  
 

• Permanently shut down (Possession Only License or Actively Decommissioning) 
• Inspection effort is one module 
• Inspected once every three years 

 
Safeguards Inspections 

 
• Licensees are required to implement an NRC approved physical security program 

tailored to the safeguards categories of material that the licensee may possess.  In 
addition, licensees must report inventory and transactions at regular interval.  The 
security portion of the RTR inspection program and the inspection frequency use a 
graded approach based on the amount of Special Nuclear Material on-site and type of 
fuel used - Highly Enriched in Uranium (more than 20% U-235) (HEU), or Low Enriched 
in Uranium (less than 20% U-235) (LEU).   

 
Non-Routine and Reactive Inspections 
 

• OSHA Industrial Safety 
• DOT Transportation Requirements  49 CFR 172-178 
• IP 86730 - Transportation of Radioactive Materials 
• IP 86740 - Inspection of Transportation Activities  
• Event/Accident root cause analysis (special inspections) 
• Decommissioning Plan and License Termination Plan 
• Worker allegations 
• Public meetings  
• Escalated enforcement 
 

Inspection Procedures 
 
As a general rule, inspections should be conducted in accordance with inspection procedures. 
Inspection procedures identify requirements that the inspector considers while evaluating the 
associated area. These requirements may not be the same as NRC requirements placed on a 
specific licensee. As such, it is not implied or intended that inspection program requirements are 
to be levied on the licensee. Any attempt to force inspection program requirements on the 



licensee constitutes misinterpretation of NRC inspection philosophy and misuse of inspection 
requirements. 
 
It is not possible to anticipate al the unique circumstances that might be encountered during the 
course of a particular inspection and, therefore, inspectors are expected to exercise initiative in 
conducting inspections, based on their expertise and experience, as needed, to assure that all 
the inspection objectives are met. 
 
Inspection Procedure Format 
 

• Each inspection procedure follows a common format which includes: 
 

– Objective 
– Inspection requirements 
– Inspection guidance 
– Specific guidance 
– Resource estimate 
– References 

 
• The inspection procedure is designed to confirm that the licensee’s programs are 

consistent with the regulatory requirements. 
 

• Examples of regulatory requirements are: 
 

– Code of Federal Requirements (CFR) Title 10 Parts 20, 50, 61, 71, and 73 
– Operating License (OL) / Technical Specifications (TS) 
– Confirmatory Action Letters (CAL) 
– Licensee commitments in Security Plan, Emergency Plan, and Reactor Operator 

Requalification Plan. 
 

• Additional statements are found in the Final Safety Analysis Report, in national 
consensus standards (ANSI 15), and NRC NUREGs and Regulatory Guides. 

 
Inspection Planning and Conduct 
 

• Select the inspection procedures to be used for the appropriate Class of RTR. 
 
• Schedule the inspection with licensee management.  The NRC generally announces 

inspections at RTR, and for the most part does not conduct unannounced / surprise 
inspections). 

 
• Review the appropriate material, such as previous inspection reports, licensee’s TS and 

FSAR.  Note any open issues.  The results of past inspections, events evaluations, and 
inspector and management reviews shall be used to determine the focus of the 
inspection.   

 
• Interviewing skills and careful records review may indicate an unanticipated program 

weakness.  Take the time to determine the safety significance of the unanticipated 
issues at the expense of completing the routine IPs. 

 



• Note taking is very important for maintaining official verifications of document review in 
the inspection report.  For example, the inspector will need to record the full name, 
revision number, and effective date of each procedure, policy, report, or letter that was 
reviewed. 

 
• An entrance meeting helps in scheduling the inspection time.  Inspectors should hold an 

entrance meeting with the senior licensee representative who has responsibility for the 
areas to be inspected.   

 
• An exit meeting sums up the preliminary results.  At the conclusion of an inspection, 

inspectors must discuss their preliminary findings with the licensee’s management at a 
scheduled exit meeting. 

 
Inspection Reports 

 
• Communicating inspection observations is an integral and important part of every 

inspection, whether done daily during the course of an inspection, or periodically with 
status meetings.  A final inspection report must be issued to clearly communicate 
inspection results to licensees, NRC staff, and the public.  The final report should 
describe the inspection scope, including the inspection procedure used, identify how the 
inspection was conducted (i.e., the methods of inspection), what was inspected, the 
criteria used to determine whether the licensee is in compliance, and describe the 
observations and findings.  Whenever possible, an observation should be related to a 
requirement or commitment.  Findings are an assessment of the significance and 
context of the observations.  The inspection report should clearly relate how the finding 
relates to the observations, whether the finding is neutral, positive, or negative, and how 
significant the finding is.  A report with no negative findings is acceptable.  It is NRC 
policy that the licensee is encouraged to identify and permanently fix any program 
weaknesses.  Safety significant program weaknesses will be characterized as Inspector 
Follow-up Items, Unresolved Items, or Violations.  The goal is to formally issue routine 
inspection reports within 30 days and special inspection reports within 45 days. 

 
Enforcement 
 

• Program weakness at U.S. RTR are assigned a severity level (Severity Level I-IV) in the 
inspection report to identify its safety significance: 

– Actual Safety Consequences 
– Potential Safety Consequences 
– Impacting the Regulatory Process 
– Willfulness 

 
• The level also determines the amount of the monetary fines and extent of corrective 

actions to be taken by licensee management.  
 

• Violations may be written against individuals as well as facilities. 
 

• Enforcement guidance and requirements are found in 10 CFR 2 and the NRC 
Enforcement Manual.  The format for violations in the inspection report is provided in the 
Manual. 

 



Civil Penalty Flow Chart 
 
 

 

 
 
 
Figure 1 -  This graphic represents the NRC’s graded approach to dealing with violations, both 
in terms of addressing their significance and developing sanctions. 
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Abstract 

 
1995 the last sharing and compiling the existing knowledge about of the Research Reactor 
(RR) Ageing and the respective Fighting took place during a well attended conference at 
Geesthacht, Germany, documented in a bulky conference report. In 2008, the International 
Atomic Energy Agency has initiated another collecting and evaluating in order to make the 
recent experience in that field available to the entire RR Community. In this respect, RR 
operators, plant and system fabricators, and authorities as well as independent experts 
have been approached worldwide for providing contributions and fortunately about every 
second member of the RR Community replied. 
 

The paper is going to inform on the experience gained by the contacts and communication, 
the replies as well as the non-replies, underlying motives as problems, and mainly, some 
statistical evaluation of the findings. The respective IAEA data base being accessible to all 
members of the RR Community will be briefly characterised in structures and contents.  
 
 

1.       INTRODUCTION, HISTORY OF THE INITIATIVE 
 
15 years ago, in 1995 a conference on RR Ageing took place, commonly organized by the 
German Research Center GKSS and the IAEA and hosted by the GKSS at Geesthacht1. It had 
been attended by more than 100 participants. 
 
Parallel to preparing that conference the IAEA supported by an International Working Group 
plus a Symposium at Chalk River and 
a Seminar at Bangkok prepared a 
respective TECDOC dealing with the 
Management of Research Reactor 
Ageing2.  
 
In the period between 1995 and 2009, 
the IAEA has supplemented the 
documents dealing with the Ageing & 
Ageing Management of Research 
Reactors either directly or indirectly 
(for the related terms dealing in parts 
with ageing see Fig.1); some examples 
of valid documents are: 
 
• IAEA-TECDOC-448   “Analysis and Upgrade of I&C Systems for the modernization of 

RRs” (1988) 

                                                 
1 The proceedings have been published as GKSS 95/E/51 containing 31 contributions from RRs + 10 other 
(authorities, RR-groups) 
2 IAEA-TECDOC-792 ”Management of Research Reactor Ageing“, issued 1995 

Fig.1: Fighting Ageing and closely related activities 
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• IAEA-TECDOC-1263    “Application of non-destructive testing and in-service 
inspection to research reactors” (2001) 

• Technical Report Series No. TRS-443      “Understanding and Managing Ageing of 
Material in Spent Fuel Storage Facilities” (2006) 

• Technical Report Series No. TRS-418  “Corrosion of Research Reactor Aluminium Clad 
Spent Fuel in Water” (2004) 

• IAEA-SSS No. NS-G-4.2   “Maintenance, Periodic Testing and Inspection of RR Safety 
Guide” (2006) 

• IAEA-Nuclear Energy Series No. NP-T-5.4    “Optimization of RR Availability and 
Reliability: Recommended Practices” (2008) 

• IAEA SS Draft Safety Guide DS 412  “Ageing Management for Research Reactors” 
(2008) 

 
2. STRUCTURE OF THE INITIATIVE 
 
End of 2008 the IAEA invited some experts for a brainstorming on what can be done to 
intensify the fighting of ageing at RRs. In evaluating the existing rules and the numerous 
parallel initiatives such as on Modernisation & Refurbishment 3 and Availability and 
Reliability4 as well as considering that the IAEA has renewed the general guiding for 
Managing of Research Reactor Ageing already5, the expert group came to the conclusion that 
a actual compilation of the actual knowledge and experience of the RR operators with ageing 
effects and the respective curing might be a very helpful effort for 
 

• Making all existing knowledge in that field available to all members of the RR 
community, and 

• Making - by approaching these members under the initiative - all operators aware of the 
importance of considering and fighting ageing. 

 

Such compilation of what the community knows in total and what was assumed having 
substantially grown during the 15 years after the last appraisal would support understanding 
of ageing and channelling the necessary support to the most important subjects. It was never 
understood to reduce the importance or replace the systematic fighting of ageing at an RR and 
the application of the comprehensive compilation of tools and systematics contained in the 
IAEA guides, standards, and TECDOCs.  
 . 
The expert group recommended inviting all members of the RR community (operators, 
authorities, independent technical experts, RR industry (plant designers/suppliers, component 
manufacturers)) for contributing with their experience and applied methods to the intended 
compilation, planned as a data bank accessible to every member of the RRC via the 
INTERNET. For the necessary systematics of the information a template and a scheme for 
categorizing the ageing issues were created. This scheme consisted of 76 RR systems 
structured into 9 system groups (reactor block & fuel, cooling, confinement, I&C, power 
supply, auxiliaries, experimental facilities, documents & configuration management, others 
(staff, codes, etc.) and 13 Ageing Mechanisms which were: 
 

(A) Radiation induced change of properties 
(B) Temperature induced change of properties 
(C) Creep due to stress / pressure 

                                                 
3 Meeting at Delft 10/2006, published as IAEA-TECDOC-1625 08/2009 
4 IAEA-Nuclear Energy Series No. NP-T-5.4  “Optimization of RR Availability and Reliability: Recommended 
Practices” (2008) 
5 The 1995 IEAE-TECDOC-792 (Management of Research Reactor Ageing) has been replaced by the IAEA 
Draft Safety Standard  IAEA-DS412  (Ageing Management for Research Reactors) in 2007 



(D) Mechanical displacement / fatigue / wear from thermal cycling, flow induced vibration, . 
(E) Material deposition 
(F) Flow induced erosion 
(G) Corrosion 
(H) Damage due to power excursions 
(I)  Flooding – deposition and chemical contamination 
(J) Fire – effects of heat, smoke, or reactive gases 
(K)  Obsolescence / technology change 
(L)  Changes in requirements / acceptable standards 
(M)  Others (time dependent, to be named) 
 

The members of the RR community were asked to report on the issues by selecting the 
category, writing a short report comprising the issue and the mitigating or corrective actions, 
and providing a suitable contact address, all in English language. 
 
3. TEN MONTHS OF WORK FOR THE INITIATIVE 
 
Subsequently the main findings of that endeavour and the experiences from working for the 
initiative are depicted. 
 
First the gross figures of the initiative:  
o 133 RRs approached (+ 28 authorities / industrial suppliers etc.) 
o 77 RRs replied (+ 6 authorities / industrial suppliers) 
o 367 ageing issues reported distributed over 62 out of the 76 different systems 
 
All the related contacts were made by Email; without that tool the entire initiative would have 
been impossible6. Numerous Emails became necessary to get a final version of a completed 
template; the record in number of Emails per one completed template has been 55 (forward + 
backward). Altogether the number of different versions of completed templates at my PC 
arrived at 851, just to illustrate what it means to work for the IAEA and the RR community. 
On average, every template had a revision rate of 4.5 times.  
 
Why are such initiatives so demanding, for the contributor as well as for the receiving party? 
To me a contributor faces one or more of the following problems: 
The language: Having read 851 templates in 10 month I am quite aware of the problem 
which many operators have to read bulky IAEA documents or understand the instruction sheet 
of an IAEA template. Thus, there are special thanks to all those contributors who mailed 
completed templates despite major language problems. And I hope I could transfer most of 
them to versions acceptable to the author and understandable to the community. However, the 
IAEA should not underestimate the language issues when expecting that their numerous 
guides and standards are considered adequately. 
The template: Many contributors interpreted the binding template as some hint on how to 
proceed. Some drafted there own template to overcome the biding limitations. Many did not 
reply to the specific items listed there. And sometimes the template, that has to be admitted, 
was not suitable, e. g. for authorities and their contributions. 
The advisor: Frequently it took quite some efforts to convince an operator to complete a 
template for a rather unknown advisor, telling him the specific problems of his plant 

                                                 
6 It should be mentioned here that the author expected a list of Email-addresses of the RR operators being 
available at the IAEA. This expectation was completely wrong. The search for suitable addresses and contact 
persons was a substantial effort at the beginning of the work and continued to be a problem as such addresses are 
ageing fast as well, e. g. by changing everything except the RR (the name of the operator, the provider, the 
names of staff, etc.). Older publications are of rather limited support, too. 



originating from its age. This reaction was understandable and accepted but created 
supplementary efforts. 
The ‘secrets’: Opposite to other institutions the nuclear facilities have been trained over 
decades to report on their problems always and completely, even when the problem could be 
cured easily before it became a risk. However, ageing issues are frequently in the grey area 
between need to report (e. g. to the supervising authority) and the demand to keep the RR in 
operation for clients or the own research tasks for a certain period. Certainly – also learned 
from the completed templates – budgets for fighting / curing ageing issues are not available 
easily. Thus, the decision for frankly reporting on the issues might have been not an easy-one 
at many plants and some operators have decided against publishing their experience, e. g. on 
problems long ago7.  
The effort: Completing a template was a simple task: 15 minutes for an US operator, 2 – 5 
hours in case of language problems. Only very few were allowed to give up during the 
revision period or withdraw their input as the specific problem could not be accepted as 
caused by ageing. 
 
In summing up, I consider language problems8 and keeping ‘secrets’ secret have been the 
major reasons for not replying or rejecting the request. Also, the (too) frequent approaches by 
the IAEA and authorities make operators less willing to participate in just another initiative. 
 
4. ABOUT RESULTS 
 
Replying of every second institution that had been approached seems to be  
a rather positive result 
and allows – besides 
the valuable 
experience as reported 
in any specific case – 
some statistical 
considerations. The 
number of reported 
cases available for 
statistics is 367 which 
have been filled into 
the system – 
mechanism matrix of 
76 systems × 13 
mechanisms (about 
1000 elements) and 
looked at in terms of 
the frequency of the 
named mechanisms 
(Fig. 2) as well as 
systems and system groups (Fig. 3). 
 

                                                 
7 The author recommends the IAEA to consider approaching the authorities at those countries which operate RRs 
prior to starting such initiatives in order to avoid hiding experience with ageing due to the described conflict of 
interests 
8 The author admits that statistical evaluations for the different regions (continents) did not show a major 
difference in the reply rate from the region, opposite to what the language problem seems to suggest. The lowest 
response rate was from the US RRs. 

 
 
 
 
 
 
 
 
 
 
 

 

 

A=Radiation induced                E=Material deposition           J=Fire consequences 

B=Temperature induced          F=Erosion                                 K=Obsolesc./techn.change 

C=Creep due to stress…           G=Corrosion                             L=Requir./standard changes 

D=Mech.displ./fatique/wear  H=Damage ← power exc.       M=other (staff, PSA, …) 

                                                      I =Flooding consequences 

 

 Fig.2: Frequency of named Ageing Mechanisms 
                blue: nominated systems ( out of 76) per mechanism     
                red:   total named issues (out of 367) per mechanism 
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From Fig. 2 one gets the most frequently named mechanisms being obsolescence / 
technological change (92 out of 367) and corrosion (70 out of 367), whereas damages from 
power excursions, flooding & fire are of no importance obviously. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Frequency of named single systems (columns) and system groups (coloured areas) 
 
 

Fig. 3 shows that the most named systems are Primary Cooling (38) and Reactor Protection 
(24), followed by Secondary Cooling and Control Console (22 each). This is of special 
importance as all these systems are safety relevant. Fig. 3 adds the information that among the 
system groups, Reactor Block /Fuel (97) dominates the nomination against I&C (90) and 
Cooling (70). 
 

 
 
Fig. 4:  Age distribution of approached (participating and non-participating) RRs per half decade 
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As known to everybody in the RR-community, the RRs worldwide are really old mostly. This 
is also reflected by Fig. 4, showing the age distribution of the participating (and non-
participating) RRs. The average age (status October 2009) of the approached 133 RRs was 
39.5 years past first criticality, the respondents had 38 years since, the non-responders 42. 
 
An analysis of 
the average 
thermal power 
of all RRs 
having been 
involved in 
the initiative 
resulted in 
13.48 MW per 
approached 
RR. The 
average power 
of those 
having replied 
is very nearby 
(13.21 MW). 
Further Fig. 5 
clearly 
indicates that 
there is no 
dependence of the reply rate from the power of the RR, the power being also a measure for 
the number of staff at the plant generally. 
 
5. THE TECHNICAL MEETING AT THE IAEA 
 
Thirty operators9 presented their reported ageing issues at a Technical Meeting in Vienna10 
early October; in these cases the ageing was illustrated in real detail, far beyond the contents 
of the completes templates11.   
 
At that meeting the increasing shortening of lifetime of modern I&C systems has been 
emphasized by some participants. Having been already an all-time-problem item this decrease 
of lifetime by e. g. non-deliverable spare parts becomes even more concerning. On the other 
hand, projects for renewal of control consoles for certain RR-types such as TRIGAs or 
recently SURs12 might be a way out for some of the low power reactors. Generally, the short 
lifetime of some systems and the early termination of spare part supplies are contradictory to 
the long life of most of the RRs. The statistics of the contributions shows that obsolescence is 
already the most frequent ageing mechanism (see Fig. 2) and I&C systems are the second 
most mentioned system group (see Fig.3). Also it should be mentioned that the specific 
support by the IAEA in this field is a rather aged document.13 

                                                 
9 Beyond the 30 contributions on sole ageing at RRs there were 10 more contributions under the headline of 
Modernization & Refurbishment at RRs as well as some general contributions  
10 A completed template was a pre-condition for getting invited to the Technical Meeting 
11 The contributions are foreseen to be published by the IAEA in a revised edition of TECDOC -1625: Research 
Reactor Modernisation and Refurbishment which contains the results of a workshop held at the HOR at Delft, 
The Netherlands in October 2006 only for the time being 
12 SUR stands for Siemens UnterrichtsReaktor  
13 IAEA-TECDOC-443, Analysis and Upgrade of Instrumentation and Control Systems fort he Modernisation of 
Research Reactors, Vienna (1988) 
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Fig. 5: RR power dependence of replies  



 
 
6. THE DATA BASE & CONCLUSIONS 
 
The importance of the collection of the experience on ageing is however not in the statistics. It 
is contained in the created data base. Reporting on how the ageing problem has been 
discovered / detected, how the consequences have been handled, how budget constraints had 
influenced curing, whether external help has been needed, whether the treatment of the ageing 
issue was part of a broader context on dealing with ageing at the plant14 and how the 
authorities have been involved15. All those features are reported for 367 cases, and 
additionally there is always a contact person (with Email address) for more information.  
 
The data base is aimed as a living document16. The access to the data base has been restricted 
to members of the research reactor community17, to avoid misuse of the contained information. 
But frequent use as well as frequent updates and supplements (without being pushed, 
squeezed and tortured by persons as the author) are what the expert team aimed at when this 
initiative had been started in October 2008. 

                                                 
14 It should be mentioned here, that the replies to this aspect in the completed templates – if provided – clearly 
demonstrated a lack of systematics in approaching ageing issues at the majority of RRs despite the support given 
by the IAEA since 1995 latest. Mostly staffing seems to be inadequate for a systematic following up of all 
existing supportive recommendations plus safely operating the RR. 
15The author considers it being an interesting task to evaluate the 367 reported cases with regard to the aspects 
mentioned here, e. g. by a student performing a practical course  
16 New input to the data base can be fed in via < E.Bradley@iaea.org> 
17The data base can be accessed via the link <http://filenet.iaea.org/OurWork/ST/NE/NEFW/AD/index.html>  
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ABSTRACT 

The first concrete of the nuclear island for the Jules Horowitz Reactor (JHR) was 
poured at the end of July 2009 and construction is ongoing. The JHR is the largest 
new platform for irradiation experiments supporting Generation II and III reactors, 
Generation IV technologies, and radioisotope production. This facility, composed 
of a unique grouping of workshops, hot cells and hot laboratories together with a 
first -rate MTR research reactor, will ensure that the process, from preparations for 
irradiation experiments through post-irradiation non-destructive examination, is 
completed expediently, efficiently and, of course, safely. 
 
In addition to the performance requirements to be met in terms of neutron fluxes 
on the samples (5x1014 n.cm-2/sec-1 E> 1 MeV in core and 3,6x1014 n.cm-2/sec-1 
E<0.625 eV in the reflector) and the JHR’s considerable irradiation capabilities 
(more than 20 experiments and one-tenth of irradiation area for simultaneous 
radioisotope production), the JHR is the first MTR to be built since the end of the 
1960s, making this an especially challenging project. 
 
The presentation will provide an overview of the reactor, hot cells and laboratories 
and an outline of the key milestones in the project schedule, including initial 
criticality in early 2014 and radioisotope production in 2015. This will be followed 
by a description of the project organization set up by the CEA as owner and future 
operator and AREVA TA as prime contractor and supplier of critical systems, and a 
discussion of project challenges, especially those dealing with the following items: 
 accommodation of a broad experimental domain, 
 involvement by international partners making in-kind contributions to the 

project, 
 development of components critical to safety and performance, 
 the revival of engineering of research reactors and experimental devices 

involving France’s historical players in the field of research reactors, and 
 tools to carry out the project, including computer codes for core physics and 

design and construction codes for the reactor’s mechanical components, 
auxiliaries and irradiation devices.  

 



 
1. Overview of the JHR facility  
1.1 Purpose 

The Jules Horowitz Reactor (JHR) is the largest new 
experimental platform dedicated to irradiation 
experiments in support of Generation II and III 
reactors, Generation IV technologies, and 
radioisotope production. 
 
 
 
 
 
 
 

 3D view of JHR plant – CEA, AREVA TA 
 
1.2 Main features 
 
The high fluxes required are driving the design of the reactor for the JHR experimental 
platform. 
To meet the present and future needs of power reactors requires significantly higher 
neutron fluxes than the Osiris reactor. The performance targets are shown in the table 
below: 
 
Perturbed Fast flux on a material sample in the core  
(E > 0.907 MeV) 

5 x 1014 n/cm2 /sec 

Perturbed Thermal flux on fuel sample in the reflector   
(E < 0.625 eV) 

3.6 x 1014  n/cm2 /sec 

Irradiation damage on a material sample in the core 15 dpa/yr 
Linear power on a fuel sample in the reflector (high burn-up fuel 
simulated with a U-235 enrichment of 1%) 

500  W/cm 

 
The facility is designed to accommodate more than 20 irradiation devices during a reactor 
cycle. At the reactor level, this irradiation capacity requires 10 irradiation locations in the 
core and 12 irradiation locations in the reflector, 6 of which are on displacement systems. 
Some additional locations in the reflector are dedicated to radioisotope production. 
 
The high flux, fast flux and thermal flux performance together with power ramp-up 
capability in the reflector require a new core concept, while the number and diversity of 
irradiation experiments require easy access to the core. After studying several alternative 
designs, an in-pool tank design was selected; the primary coolant pumps provide dynamic 
pressurization of the contained primary cooling system. The reflector surrounding the core 
tank is accessible even when the reactor is at full power. 
 
In addition to the integrated laboratories and several pools dedicated to different uses, the 
facility includes a hot cell block comprising a set of four major cells, including two beta-
gamma multi-purpose hot cells for irradiation experiments, a true alpha hot cell, and a hot 
cell for dry packaging of radioisotopes or irradiated fuel elements, and several measurement 
cells. 
 



 
1.3 Project schedule 
 

The project milestones are as follows: 
 The conceptual design, including development of 

facility specifications, was completed in 2002. 
 The preliminary design was prepared from 2002 to 

2005. During this phase, the main design options to 
achieve the required performance were defined, the 
main systems were designed, and the construction 
license application was prepared. 

 JHR AREVA TA teams at design stage 

 
 The construction license (Regulated Nuclear Facility license decree) was granted in 2009. 

after  the Preliminary Safety Report elaborated by Areva TA had been instructed by the 
French Safety Authority (ASN), 

 In parallel, detailed design work was carried out, with 90% of the requests for bids for 
the industrial procurement packages issued before the end of 2009.  The CEA, as the 
project owner, is in the process of awarding contracts for those packages. Procurement 
contracts for the main aluminum and stainless steel supplies are also being placed. 

 Site leveling and excavation are completed. The civil works contact was awarded in early 
2009, and the first concrete was poured in August 2009. 

 The construction and installation phase will be completed by mid 2013. 
 Then the commissioning phase will lead to the first criticality, scheduled for the beginning 

of 2014.  
 
2. Organization 
2.1 International partnership 
The JHR is designed, built and will be operated as a facility for international users. There are 
several reasons for this: 
 Given the maturity and globalization of the industry, domestic tools no longer have the 

required level of economic and technical efficiency. Meanwhile, countries with nuclear 
power programs need access to high-performance experimental capabilities for irradiation 
to support technical skills and ensure the competitiveness and safety of nuclear power. 

 International cooperation is needed to share the costs and benefits of experimental 
results in support of research topics related to safety and public policy, such as waste 
management. 

 The pooling of research results is even more useful in the health field, especially when it 
comes to nuclear medicine, as has already been demonstrated in Europe. 

 
This project is steered and funded by an international consortium of reactor vendors, utilities 
and public stakeholders set up in March 2007 when construction began. The current 
members of the consortium are: 
 Research laboratories: CIEMAT of Spain, the CEA of France, NRJ/UJV of the Czech 

Republic, the European Commission, SCK/CEN of Belgium, VTT of Finland, and The 
Department of Atomic Energy of India, 

 Industrial organizations: AREVA, EDF and VATTENFALL. 
Two associated partners are also involved in the JHR: DAE of India and JAEA of Japan. 
Discussions with research institutes and utilities are ongoing to broaden the JHR consortium. 



 
2.2 Project organization 

As the owner and operator of the nuclear facility, the 
CEA is providing project leadership, integrating user 
requirements, and developing the irradiation device fleet 
in close collaboration with the international partners. 
 
 
 
 
 

 First concrete poured at summer 2009 

 
AREVA TA is the lead entity in the prime contracting organization, consisting of AREVA NP, 
EDF and AREVA TA. Previously located in Aix en Provence, the prime contractor team moved 
to the construction site last October; it is an integrated engineering team composed in 
average of 100 people ( peak value 170) assigned by the partners and some subcontractors.  
The prime contactor is responsible for facility design, construction and commissioning and 
for cost and schedule performance. 
 
A unique feature of the construction phase of the project involves in-kind contributions from 
some of the project’s foreign partners: 
 NRI/UJV of the Czech  Republic is providing the hot cells, 
 CIEMAT of Spain is providing the primary heat exchangers, and 
 some laboratory equipment is coming from Finland.  
These contributions are subject to the same procurement procedures by the prime 
contractor as for other services and supplies: the procurement is prepared by the prime 
contractor, the contracts are placed by the CEA, and follow-up, inspection and acceptance of 
the work is carried out by the prime contractor. Key procurement packages include: 
 civil work, performed by Razel; 
 primary cooling pumps, supplied by Union pump; 
 the reactor unit, including the control rod drive mechanisms, safety-related components, 

primary cooling system, and instrumentation and control system, manufactured and 
commissioned by AREVA TA; and 

 the fuel, fabricated by AREVA Cerca. 
 
3. Examples of project challenges 
3.1 Experimental domain 
 
The JHR is fully optimized for irradiation testing of materials and fuel under both normal and 
off-normal operating conditions: 
 with irradiation loops simulating operation of various power reactor technologies, and 
 with high flux capacity to address existing and future nuclear power plant requirements. 
 
The design of the JHR experimental device fleet is driven by identified and expected future 
experimental needs. Development of some devices is ongoing, as presented in ref <4.>. 
These first devices are important because they meet end-user expectations and allow us to 
define most of the JHR experimental standards and performance requirements for the 
future. The simultaneous rollout of the facility project and the irradiation devices is a key 
factor for successful allocation of the relevant engineering interfaces. 



 
3.2 Component development 
To ensure construction quality, safety and performance, plans call for the following 
qualifications to be performed: 
 fuel plate and fuel assembly; 
 manufacturing (forging, welding) of the core rack and core tank; 
 primary pumps, flap valves of the reflector cooling circuit, sensors and associated 

devices, ball valve for the irradiation device thimble; 
 seismic-resistant bearing pads; 
 reactor pool capability to maintain the core underwater after a hypothetical severe 

accident; 
 reactor block behavior subjected to primary flow; and 
 displacement systems for irradiation devices. 
These activities were identified and planned at the end of the conceptual design phase.  The 
development and qualification program is led by the prime contractor and involves 
contributions from different CEA research laboratories and industrial companies. Most of 
these activities have been completed and significant improvements have been made, for 
example: 
 The JHR fuel project to develop a long-term high-density fuel solution and a solution to 

secure the start of operations using U3Si2 fuel is split between the CEA, which is 
responsible for the fuel plate, and the prime contractor, responsible for the fuel assembly. 
Qualification is ongoing. Last year, a major milestone was achieved with the successful 
irradiation of a fuel assembly prototype at BR2. The fuel qualification aspects are 
described in several publications (see <2.> <6.><8.>). 

 Welding and manufacturing processes have been improved via a far-reaching technical 
development program for reactor block components. Gains have been made in better 
welding control and improved material characteristics of thick parts.  Some of these topics 
are described in ref <9.>. These activities are an excellent opportunity to strengthen 
skills in this field for the owner, the prime contractor and the suppliers. 

The qualification program is still ongoing and some formal qualifications will be completed 
before commissioning. 
 
3.3 Tools 
Computer codes and calculations for safety and performance 
Precise, accurate computer codes are required to address performance and safety issues. 
The development and qualification of a set of codes began at the end of the conceptual 
design phase. The HORUS3D (Horowitz Reactor Simulation Unified System) is a 
comprehensive neutronics and thermal-hydraulics package dedicated to JHR studies.  
 
It is based on the APOLLO2 and CRONOS2 codes for neutronics, the APOLLO2, TRIPOLI4 
and PEPIN2 of DARWIN package for nuclear and photonic heating calculations, and the 
FLICA 4 and CATHARE code for core thermal-hydraulics and system modeling. Development 
and qualification of this package is a major undertaking of the CEA involving several specific 
experimental programs. 



 
Substantial experience has been acquired with this set of tools, which is now being used to 
support facility and irradiation device design for the JHR project. It has also been applied 
successfully to other projects, some aspects of which are detailed in ref <7.>. In addition, a 
new set of codes and calculations resulting directly from this program is being implemented 
for core calculations and experiments at the OSIRIS reactor. The benefits are presented in 
ref <10.>. 
 
Design and construction code for mechanical components 
The CEA and AREVA, in its role as support contractor to the owner, launched the 
development of a new design and construction code called RCC-MX in 1998 to address the 
specific features of the research reactor. The objective was to have a code available for 
design and procurement of new JHR components, auxiliaries and irradiation devices. This 
code incorporates lessons learned from 60 years of French research reactor design and 
operation, complies with the most recent European standards, and is specific to several 
features of research reactors: 
 use of low neutron capture material such as aluminum or zirconium alloys for reactor 

block components operating at low pressure and temperature; 
 use of slender structures for the experimental device for operation under extremely 

severe pressure and temperature conditions; 
 the presence of highly aggressive irradiation conditions, causing nuclear heating and 

neutron embrittlement of mechanical structures. 
Existing nuclear design and construction codes could not be used because they do not 
address these specific features. A first draft of the code was issued in 2002, followed by two 
releases, one in 2005 for JHR component design and the other in 2008 for JHR component 
procurement.  
 
Development of the code was a major undertaking: 
 collection of irradiated material data and their updating via a materials characterization 

program focused primarily on irradiated material properties and aluminum and zirconium 
alloys; 

 integration of lessons learned from design and construction of components for various 
research reactors, including valuable feedback from the refurbishment of the Cabri 
reactor; 

 compliance with international standards to facilitate its use by foreign partners; and 
 compliance with French regulations pertaining to nuclear pressure equipment. 
 
4. Revival of the research reactor community 

For the prime contractor, the biggest challenge was to rebuild 
the skills required to design and engineer a high-performance 
MTR more than 20 years after ORPHEE and 40 years after the 
OSIRIS project. Fortunately, AREVA TA continued to carry out 
a large number of major nuclear projects during this time, 
including more than 10 nuclear propulsion and test reactors 
in the last 12 years and other nuclear facilities, and has also 
been involved in major experimental facilities projects.  
 

 La Maâmora Centre, Morocco 

 
Modern engineering tools and methods were developed, used and tailored to specific project 
requirements during this period. The performance of these tools and methods and the skills 
gained as a result were deciding factors in the company’s successful diversification beyond 
its historical base into the field of fusion (ITER and LMJ), the final assembly line of some 



Airbuses, and a new metro line for Paris, the MF2000. TA was also involved in major 
refurbishment of French research reactors such as SILOE and RHF. For the CABRI new loop 
project currently undergoing commissioning, TA supplied the new test loop and the new 
reactor block. At the same time, AREVA TA teams worked as the leader of an international 
consortium on the Maâmora research centre in Morocco, housing a TRIGA II reactor. In 
addition, for its own needs as operator of the nuclear propulsion test reactors, TA 
refurbished the low-power AZUR reactor used for core qualifications and training. 
 
 
To meet milestones for the JHR project, the strategy was to: 
 build an integrated team to meet the challenges of high performance, new design, and 

new research reactor project; 
 select experienced, skilled partners to supplement TA’s skills; 
 use methods and tools successfully demonstrated on other projects, to the extent 

possible; 
 build the team around a core group of some 20 TA people skilled in research reactor 

engineering. 
 
 AREVA TA teams  

Today, the team provides a wide range of skills – 
project management, design, procurement, 
construction and commissioning involving disciplines 
such as civil engineering, fluid systems, 
instrumentation and control, mechanical engineering, 
electrical engineering, materials behavior, and nuclear 
design and engineering (neutronics, thermal 
hydraulics, radiation protection, radiological 
consequences, safety analysis, operations, human 
factors, installation, ILS and configuration 

management) – and is fully operational at the Cadarache site. Key success factors are: 
 a consortium that shares losses as well as gains; 
 project management; 
 synergistic skills within the team, including civil engineering skills from EDF, small reactor 

design and engineering skills from TA, and the construction skills of AREVA NP; 
 the use of tools and a virtual mock-up to support engineering activities such as TA’s PDM, 

based on the commercial Matrix program and the CAD system CATIA; 
 synergies and cross-fertilization harvested from the design and engineering of nuclear 

propulsion reactors and research reactors; 
 a substantial training program for both the owner and the prime contractor, with more 

than 350 people trained in features specific to research reactors provided by INSTN at 
TA’s training center;    

 early development by the CEA of computer codes, design and construction codes, and 
some key components. 

 
5.   Conclusion 
 
The JHR project is on track, with major project milestones achieved and the groundwork laid 
for successful first criticality in early 2014 followed by the start of experimental irradiation. 
In addition to these achievements, the project is driving the revival of the research reactor 
community. 
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ABSTRACT 
 

The project of a new research reactor in Brazil for radioisotope production, support 
of the nuclear energy program and scientific research has received a positive sign 
of the government and is starting to be developed by the Brazilian Commission of 
Nuclear Energy. International Atomic Energy Agency points out that the 
implementation of a new research reactor is a major undertaking for a country, 
requiring an analysis to identify to which extent the conditions of the national 
nuclear program are proper and adequate to lead to a sustainable research reactor 
life cycle. This paper introduces the Brazilian Multipurpose Reactor Project (RMB) 
and describes the sustainability analysis performed, which has shown that the 
national nuclear infrastructure presents a very favourable condition to the 
implementation of the RMB project as well as to provide a sustainable life cycle for 
this new research reactor. 

 
 
1. Introduction 
 
Brazil has four research reactors (RR) in operation: the IEA-R1, a 5 MW pool type RR; the 
IPR-R1, a 100 kW TRIGA Mark I type RR; the ARGONAUTA, a 500 W Argonaut type RR - 
all constructed during the 50´s and 60´s and utilized for training, teaching and nuclear 
research - and a 100W nationally developed critical facility constructed in the 80´s, mainly 
for the development and qualification of reactor physics. All these RRs are operated by the 
Brazilian Commission of Nuclear Energy (CNEN) and have been fulfilling their mission along 
the last 50 years. However, IEA-R1 is the only one that has been used for radioisotope 
production, although with limited capacity. The international molybdenum 99 supply crisis is 
affecting significantly the Brazilian nuclear medicine services, since 100% of this radioisotope 
used to be imported from Canada. The recently revisited Brazilian Nuclear Program has 
decided for the conclusion of the third nuclear power plant (NPP), the construction of at least 
four more NPPs until 2030, as well as the establishment of a national capacity to supply all 
the fuel needed to operate the Brazilian NPPs. This new scenario of the nuclear activities in 
Brazil gave rise to the Brazilian Multipurpose Reactor Project (RMB), which is being 
developed by CNEN. According to the International Atomic Energy Agency (IAEA) many 
countries have built RRs without a clear understanding of their intended uses or needs. To 
countries intending to build new RRs, IAEA stresses the importance to perform an analysis, 
as a supporting tool to this strategic decision, to identify to which extent the national 
infrastructure provides the conditions to lead to a safe, secure, peaceful, efficient and 
sustainable RR life cycle. This paper introduces the RMB Project and describes a 
sustainability analysis based on nineteen infrastructure issues pointed out by IAEA.  
 
2. The RMB Project 
 
The RMB will be an open pool multipurpose research reactor, using low enriched uranium 
fuel, with a neutron flux higher than 2x1014 n/cm2/s. Its power is still to be defined within the 
range of 20 to 50 MW. The RMB is designed to perform three main functions: radioisotope 
production (mainly molybdenum); fuel and material irradiation testing to support the Brazilian 
nuclear energy program; and provide neutron beams for scientific and applied research. Its 



site has already been selected, and the conceptual design is under development. The 
estimated cost is around USD 500,000,000 and its operation is scheduled to start in 2016. 
Figure 1 shows an overview of the RMB project scope. 
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Fig 1. RMB project scope overview. 

 
3. RMB Sustainability Analysis 
 
The IAEA Nuclear Series NG-G3.1 [1] provides relevant information on the development of a 
national infrastructure for Nuclear Power. IAEA is now developing a similar document, which 
intends to provide a framework of milestones in the development of a national infrastructure 
for supporting a research reactor programme [2]. The sustainability analysis presented in this 
paper has been performed based on the 19 infrastructure issues suggested by IAEA 
considering the requirements related to reach Milestone 1 – Ready to Make a Knowledgeable 
Commitment to a RR Program [2]. Each requirement has been analysed based on the 
related existing national condition and has been considered as fulfilled (“OK”), under 
development (“UD”) or to be developed (“TBD”).  

Issue 1: National Position 
· Nuclear research reactor program implementing organization (NRRPIO) established and 

staffed. – The Brazilian Nuclear Energy Commission (CNEN) is the NRRPIO. A specific 
organizational structure has been defined for the RMB Project with a High Level 
Committee subordinated to the President of CNEN and an Executive Committee for 
implementing the Project. (OK) 

· Safety, security and non-proliferation needs recognized. - These needs are completely 
recognized and are established by the Federal Constitution. (OK) 

· Appropriate international legal instruments identified. - Brazil is an IAEA Member State 
and participates actively in the development of legal instruments. (OK) 

· Establishment of effectively independent regulatory body recognized. - Brazil has an 
effectively independent regulatory body established. (OK) 

· Nuclear power inserted in nation’s development strategy. – Brazil has already two NPPs 
and four RRs in operation, and the nuclear programme is part of the 2030 National 
Energy Plan [3] and the 2007-2010 Science, Technology and Innovation Plan [4]. (OK) 

· Financial resources evaluated - RMB will cost around USD 500,000,000, to be financed 
by the Brazilian government. (OK) 



· Supply of national and international components and services assessed. - This supply 
still has to be assessed. It is expected around 70% of national supply. (TBD) 

· Transparent communication and interaction regarding the RR program established. - A 
transparent communication regarding the RMB project is being implemented in all levels 
in the country and also to the international community. (OK) 

Issue 2: Nuclear Safety 
· Recognized the need for relevance of nuclear safety. - The relevance of nuclear safety is 

recognized for all nuclear activities performed in the country. (OK) 
· Recognized the need for cooperation in international partnerships. - Brazil is an active 

member of IAEA, participating in many safety related cooperative projects. (OK) 
· Recognized the need for intergovernmental instruments on safety. - Brazil is an IAEA 

Member State and adopts internally most of its safety principles and guides. (OK) 
· Recognized the need for support through international co-operation. – Most of 

International co-operation support for the RMB Project has already been identified. (OK) 
Issue 3: Management 
· Available nuclear technologies identified. - Nuclear technology available internationally 

has been identified through similar RR projects. (OK) 
· Availability of long term financial resources analysed. - The availability of the possible 

main sources for the long-term financial resources is under discussion. (UD) 
· Ownership options and operational responsibilities considered. - CNEN is the responsible 

for the project implementation and for the future operation of the RMB. However, due to 
the radioisotope production activities there is a discussion on the possibility that a public 
company be created to be in charge of the RMB. (TBD) 

· Unique Member State conditions evaluated. - The unique conditions of Brazil have been 
evaluated. (OK) 

Issue 4: Funding and Financing Strategies Established 
· Initial infrastructure - Brazil already has a comprehensive nuclear infrastructure with two 

NPPs in operation, one NPP under construction, four RRs in operation, eight nuclear 
research centres, and a supporting nuclear industry organization in the country. (OK) 

· Socio-political acceptance - The RMB project has received good socio-political 
acceptance, especially for the fact that it consists on the strategic national long-term 
solution for the Mo-99 supply for medical application. (OK) 

· Creation or hiring expertise. - RMB project is supposed to be developed through several 
partnerships with nuclear R&D institutes and universities. It is also seen as a main stream 
for renewing the aged experts still working in the nuclear field in country. (UD) 

· Creation of expertise for competent project management. - CNEN has just implemented 
Project Management Offices and provided training on Project Management Institute good 
practices and on the application of specific project management software. (UD) 

· Creation of competent operating staff. – Brazil has long experience in RR operation. The 
RMB operating staff is already under definition. However there is the need to hire 
personnel. (TBD) 

Issue 5: Legal Framework 
· All the basic elements for the legal framework identified by NRRPIO and discussed with 

the other involved organizations. - Brazil has a legal nuclear framework implemented 
since the 60’s. (OK) 

· Determination to develop and promulgate required laws indicated by Government. - 
Brazil has a legal nuclear framework implemented since the 60’s. (OK) 

Issue 6: Safeguards 
· Obligations under NPT and non-proliferation treaties, including SSAC establishment, 

recognized. - Brazil has signed NPT, Tlatelolco, and is part of ABACC, having all nuclear 
installations and nuclear material under international safeguard control. (OK) 

· Implementation and enforcement of safeguards legislation planned. - Brazil has signed 
NPT, Tlatelolco, and is part of ABACC. Additional safeguard protocol is under 
government discussion. (OK) 



Issue 7: Regulatory Framework 
· Clear recognition of the need for a regulatory framework identified. - Brazil has a 

regulatory framework implemented since the 60’s. (OK) 
Issue 8: Radiation Protection 
· Recognition of hazards presented by RR operation, and the need to enhance national 

laws and expand their safety infrastructures. - Brazil develops nuclear fuel cycle 
activities, has two NPPs in operation and utilizes nuclear technology in medicine and 
industry. The importance of operational safety is completely recognized in the country, 
and there are laws and nuclear standards already established. (OK) 

· Radiation protection requirements and practices equivalent to those provided by the IAEA 
BSS and SS considered. - Brazil develops nuclear fuel cycle activities, has two NPPs in 
operation and utilizes nuclear technology in medicine and industry. The importance of 
radiation protection is completely recognized, and there are laws and nuclear standards 
already established. (OK) 

Issue 9: Application 
· Study by NRRPIO to determine the uses of the research reactor that will benefit the 

country. - RMB will be used for radioisotope production (health program), for materials 
and fuel irradiation tests (nuclear energy and nuclear propulsion programs), and for 
neutron beams research (S&T program). Its social, technical and scientific benefits for 
the country are clear. Just as an example, about 1.3 million medical examinations use 
annually the Mo-99 imported and processed in Brazil. (OK) 

Issue 10: Human Resources Development 
· Knowledge and skills needed to support a RR program identified by NRRPIO. - Human 

resources profiles and quantities for RMB project and operation have been identified. The 
RMB project is seen as a major opportunity for renewing the aged experts still working in 
the nuclear field in country. (OK) 

· Plan to develop and maintain the human resource base developed. - A specific group has 
been created to manage the RMB operation issues, mainly the needed operational staff. 
There is good expertise from the four RRs in operation in the country. (UD) 

Issue 11: Stakeholder Involvement 
· Open and timely interaction and communication regarding the RR program addressed 

from the beginning. - RMB project has been presented to its main stakeholders [CNEN, 
CTMSP (Navy), Eletronuclear (NPPs operator), INB (nuclear fuel cycle), SBBMN (nuclear 
medicine), Nuclear R&D Institutes] from the beginning. (UD) 

· Strong public information and education program initiated by Government and NRRPIO. - 
CNEN and other institutions have been providing public information on RMB project. (UD) 

Issue 12: Site and Supporting Facilities 
· General survey of potential sites, conducted by NRRPIO. - Aramar Nuclear Experimental 

Centre, in Ipero, state of São Paulo, has been selected to be the RMB site. (OK) 
Issue 13: Environmental Protection 
· Unique environmental issues analysed by NRRPIO. - Environmental issues are part of 

the environmental licensing process imposed by federal laws. (UD) 
· Environmental impacts and improvements communicated. - Environmental impacts and 

improvements are part of the environmental licensing process, which includes a public 
audience. (UD) 

Issue 14: Emergency Planning 
· Need for emergency planning. - Emergency planning is part of the nuclear licensing 

process in Brazil. (UD) 
· Communication with and involvement of local and national government taken into 

account. - The São Paulo State Government is given full support to the Project, including 
funding. There is also an integrated national nuclear emergency plan due to the existing 
NPPs. (OK) 

 



Issue 15: Security and Physical Protection 
· Requirements for security and physical protection acknowledged. - Security and physical 

protection requirements are part of the nuclear licensing process, as well as of the project 
integrated management system. (OK) 

· Necessary legislation identified. - Legislation already exists. (OK) 
Issue 16: Nuclear Fuel Cycle 
· Knowledge of nuclear fuel cycle steps and approaches. - Brazil has the domain of all 

nuclear fuel cycle steps. The establishment of a dedicated route for national fuel supply 
to the RMB is part of the project. (OK) 

· Need for site spent fuel storage recognized. - RMB project includes site spent fuel 
storage installation. (OK) 

· Interim spent fuel storage considered. - Brazil is discussing the design of an interim spent 
fuel storage that will consider RMB project. (OK) 

Issue 17: Radioactive waste 
· The burdens of radioactive waste from RR recognized by NRRPIO. - The burdens of 

radioactive waste are completely recognized by CNEN. (OK) 
· Current capabilities for waste disposal reviewed. - RMB project includes installations for 

radioactive waste disposal. The country is planning to start construction of its low and 
intermediate level radioactive waste repository not later than 2013. (OK) 

· Options for ultimate disposal of high-level radioactive waste recognized. – At present 
Brazilian policy do not consider spent fuel as high-level waste. A specific group has been 
created to manage the RMB decommissioning issues. (TBD) 

Issue 18: Industrial Involvement 
· National policy with respect national and local industrial involvement considered. - The 

national policy is to maximize the participation of national and local industries in the RMB 
project. (OK) 

· Strict application of quality programs for nuclear equipment and services recognized. - 
Quality program for nuclear equipments and services is a requirement of the RMB project 
integrated management system. (OK) 

Issue 19: Procurement 
· Unique requirements associated with purchasing nuclear equipment and services 

recognized by NRRPIO. - The unique requirements of nuclear equipment and services 
are completely recognized by CNEN. (OK) 

· Consistent policies for nuclear procurement taken. - Brazil has experience on the 
procurement of nuclear components and services. (OK) 

 
4. Conclusion 
 
The RMB sustainability analysis has demonstrated that from the 50 requirements analysed, 
the present Brazilian infrastructure fulfils 74%, is developing some actions on 18% and 
needs to start to develop actions on 8%. This leads to the conclusion that the present 
national context and the established nuclear infrastructure favour the implementation of the 
RMB project and provide conditions for a sustainable life cycle for this new research reactor. 
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ABSTRACT 
 

The validation of the structural design of the Jules Horowitz Reactor fuel element 
was made by the Finite Element Method, starting from the Computer Aided Design. 
The JHR fuel element is a cylindrical assembly of three sectors composed of eight 
rolled fuel plates. A roll-swaging process is used to join the fuel plates to three 
aluminium stiffeners. The hydraulic gap between each plate is 1.95 mm. The JHR 
fuel assembly is fastened at both ends to the upper and lower endfittings by 
riveting. 
 
The main stresses are essentially thermal loads, imposed on the fuel zone of the 
plates. These thermal loads result from the nuclear heat flux (W/cm2). The 
mechanical loads are mainly hydraulic thrust forces. The average coolant velocity is 
15 m/s. Seismic effects are also studied. 
 
The fuel assembly is entirely modelled by thin shells. The model takes into account 
asymmetric thermal loads which often appear in Research Reactors. The 
mechanics of the fuel plates vary in function of the burn up. These mechanical 
properties are derived from the data sets used in the MAIA code, and the validity of 
the structure is demonstrable at throughout the life of the fuel. 
 
Results concerning displacement are compared to functional criteria, while results 
concerning stress are compared to RCC-MX criteria. The results of this analysis 
show that the mechanical and geometrical integrity of the JHR fuel elements is 
respected for Operating Categories 1 and 2. 
 
This paper presents the methodology of this demonstration for the results obtained. 

 
 
1. Introduction 
 
1.1 Qualification program for JHR elements 
 
The fuel element is one of the major parts of the JHR project because it has to ensure the 
performances required for reactor operation and to guarantee the functional requirements. 
The aims of the qualification program are [1] [2] [3]: 
 

- The validation of the fuel element design option to prove the required performances, 
- The qualification of the manufacturing routes for plate fabrication and assembly, 
- The qualification of the hydraulic behaviour, 
- The qualification of the behaviour under irradiation [4] [5]. 

 



This paper focuses on the validation of the design option, i.e. the demonstration of the JHR 
fuel element’s mechanical and geometrical integrity under Operating Categories 1 and 2. 
 
1.2 Succinct geometrical description of JHR Fuel Element 
 
The JHR Fuel Element is a cylindrical element, composed of a fuel section fitted with an 
endfitting at each extremity. The fuel section is constituted of an assembly of three sectors of 
8 sizes of concentric plate (see figure 1). The plates are roll-swaged to three stiffeners which 
ensure the connection with the endfittings [6].  
 

 
Fig. 1: JHR Fuel Element 

 
Each plate consists of a fuel core in high density U3Si2 (4.8 g/cm3) and of a boron insert in an 
AG3 frame, cladded by an AlFeNi cover-sheet. 
 
The nominal thickness of the plates is 1.37 mm, i.e. 0.61 mm core fuel and 0.38 mm 
cladding. The plates are separated by a watergap of 1.95 mm (see figure 2). 
 
 

 
Fig 2: JHR fuel section 

 



Endfittings are riveted to the fuel assembly. These endfittings provide interfaces permitting 
the positioning and locking of the Fuel Element to the reactor’s internal structures. 
 
2. Validation of the fuel element design 
 
The purpose of this study is to perform the dimensioning of the RJH fuel element based on 
the results of the study of the fuel plates but without replacing it. This means that plate size 
is not addressed in this document. Instead the influence of the plates on the behaviour of the 
entire fuel element is studied by means of equivalent models. 
 

• It can be considered that at the end of the Fuel Element’s life cycle, the oxide layer 
on the core zone has a uniform thickness of 50 ãm. 

• The thermal conductivity of the “meat” at the end of the Fuel Element’s life cycle is 
considered to be 10 W/m/K. 

• The effects of the boron poison insert, colaminated at the end of the fuel plate, are 
ignored. The insert is considered to have the same mechanical characteristics as the 
AlFeNi. 

• In the thin shell modelling, the fuel plate is considered to have the mechanical 
behaviour of the AlFeNi, i.e. the equivalent Young’s modulus and Poisson’s ratio are 
those of the AlFeNi. Thus, the fuel plate as a whole is considered to have the thermal 
mechanical behaviour of the AlFeNi, apart from thermal conductivity, which varies 
with the burn up and which is calculated by MAIA. 

 
2.1 Operating categories 
 
The fuel plates and elements are designed to guarantee three fundamental reactor safety 
functions: 
 

• Confinement of radio-elements, 
• Removal of decay heat, 
• Control over reactivity 

 
The functional requirements for the fuel element are as follows [7]: 

 

Operating Categories Fuel functional requirements 
OC1 – Normal conditions Cladding integrity 
OC2 – Incidental conditions Cladding integrity 
OC3 – Emergency conditions Several fusion possible though no fusion 
OC4 – Faulty conditions Fusion possible though limited 

 
Table 1: Operating categories and associated functional requirement for the fuel 

 
2.2 Ambient conditions 
 

• The maximum burn up for a Fuel Element is 140 Equivalent Full Power Days and 
169,900 MWd/tU, or 73% (2.21x1021 f/cm3) for the maximum value of one plate. 

• The average heat flow, without uncertainties, changes during operation or 
technological factors is 152 W/cm2. 

• The average wet temperature, considering uncertainties, operational changes in 
operations and technological factors, is 65°C. 

• The maximum heat flux at the operating limit, all uncertainties and technological 
factors included, is 516 W/cm2. 



• The maximum wet temperature at the operating limit, all uncertainties included, is 
165°C. 

• The maximum coolant velocity is 16 m/s. 
 
3. Meshing 
 
3.1 2D meshing of the fuel assembly 
 
First, a model of a one-third fuel assembly with symmetric conditions at the stiffeners is built 
with the finite element software I-DEAS, as presented in figure 3. 
 

 
Fig. 3: 2D type meshing of a one-third fuel assembly 

 
The elements are solid tetrahedral. The thickness of the elements is sufficiently reduced to 
consider this model as a representation of 2D-type phenomena. The introduction of this 
thickness is however necessary in the I-DEAS code, to set up the heat generation load in the 
fuel core. 
 
3.2 3D meshing of the fuel assembly 
 
To limit the size of the model (see figure 4), we choose shell elements which means: 
 

• Using average thermal loads in the thickness of the fuel plates, 
• Evaluating the equivalent mechanical characteristics of the fuel plates. 



 
 

Fig. 4: 3D meshing of JHR fuel assembly 
 

To model the links between the stiffeners and the tips, we need to represent the binding of 
the Fuel Element to its endfittings. The model of the fuel assembly is completed by three 
types of beam: 
 

• Rigid beams installed in the holes of the stiffeners like bicycle spokes – the beams 
converge radially at the centre of the holes – to represent the transmission of forces 
to the neutral axis of the rivets, 

• Solid round beams modelling the rivets, 
• Very rigid beams representing the upper and lower endfittings. 

 
3.3 3D meshing of the endfittings 
 
The 3D model elements of: 
 

• The upper endfitting (see figure 5) 
• The lower endfitting (see figure 6) 
• The upper endfitting lock (see figure 5) 

 
are tetrahedral solid elements. Meshes are made directly from the geometry of the CAD 
drawing. This avoids input errors. 
 

 
Figure 5: Tetrahedral meshing of the upper endfitting and its lock 



 
Figure 6: Tetrahedral meshing of the lower endfitting 

 
4. MAIA / I-DEAS exchanges 
 
MAIA calculations contribute to the validation of the structural design of the JHR fuel 
element. This contribution includes: 
 

• Changes in the characteristics of the materials (thermal conductivity, mechanical 
properties of the fuel plates and exchange coefficients) 

• The oxide layer kinetic law 
• Displacement of the fuel plates due to swelling 
• Consideration of the distribution of swelling in the fuel plates, which helps overcome 

the impact of this on the load of the stiffeners. 
 
5. Loads 
 
5.1 Thermal loads 
 
The thermal loads of 2D-type calculations are as follows: 
 

• Power density expressed in W/cm3 in the core zone 
• Coolant temperature 
• Exchange coefficient. 

 
We obtain a temperature gradient within the thickness of the fuel plate, which is used to 
calculate an average temperature, in order to apply a temperature loading imposed on the 
3D shell model of the fuel assembly. 
 
The results of the 2D-type calculation for the temperature of the stiffeners and the non-core 
zone of the fuel plate are also imposed on the 3D model of the full assembly. 
 
These sets of imposed temperature are the thermal loads of the 3D model of the fuel 
assembly. 
 
5.2 Mechanical loads 

5.2.1 Mechanical loads on the rivets 
 



The 6 rivets of the lower endfitting are solicited by the force of hydraulic pressure in 
Operating Categories 1 and 2. The 6 rivets of the upper tip are solicited in the event of 
failure of the first fuel element lock. 
 
The force of the hydraulic pressure is evaluated at 4,400 N. 
 
The stress applied to the rivets results from the combination of stress due to thermal 
expansion with the forces resulting from 3D assembly loads. 
 

5.2.2 Mechanical loads on the endfittings 
 
The most important primary mechanical force applied on the upper tip is the force of 
hydraulic pressure, i.e. 4400 N, applied to the mass of the endfitting receiving the lock. The 
resulting forces due to thermal expansion of the fuel plates are also applied to the holes for 
the rivets. 
 
Similarly, for Operating Categories 1 and 2, a value of 4,400 N due to the force of hydraulic 
pressure is applied to the holes for the rivets of the lower endfitting, and added to the 
secondary forces resulting from thermal expansion of the fuel plates. 
 
5.3 Seismic effects 

5.3.1 In the horizontal direction 
 
The fuel element is secured to the rack by the upper and lower grids. The rack is secured to 
the caisson (see figures 7, 8, 9). 
 

 
Figure 7: Design of the core-rack 

 



 

 
 

Figure 8: Design of the Lower Grid 
 
 

 
Figure 9: Design of the Upper Grid 

 
 
The reactor building is placed on aseismic bearing pads. The horizontal and vertical spectra 
encountered by the Fuel Element are those of the floor’s response to the earthquake. 
 
The rack-caisson set with the 34 fuel elements has a rigid dynamic behaviour in the 
horizontal direction because of the effect of the seismic restraints. In the horizontal direction, 



the fuel element may be treated as a supported-supported beam. The first bending 
frequency is beyond the horizontal floor peak spectrum of 0.7 Hz (see figure 10). 
 

 
Figure 10: Floor response spectra (horizontal direction) 

 
A horizontal acceleration of about 0.2 g is applied. So in operation, the horizontal seismic 
effect is negligible. 

5.3.2 In the vertical direction 
 
The fuel element is rigidly secured to the lower grid. This grid is linked to the rack. The fuel 
element – grid – rack set is considered to have a frequency above the vertical spectrum 
cutoff frequency (see figure 11). 
 

 
Figure 11: Floor response spectra (vertical direction) 



 
A vertical acceleration of about 0.5 g is applied. So in operation, the vertical seismic effect 
and the weight effect are negligible with regard to the hydraulic thrust force. 

5.3.3 Conclusion 
 
The stresses induced by seismic effects are negligible with regard to the hydraulic thrust 
forces. They are not taken into account in the calculations for the validation of structural 
design in the JHR fuel element. 
 
6. Results and criteria 
 
6.1 Results of the 2D-type calculations 
 
Thermal loads and results are summarized in Table 2. 
 

Load set Description Stiffener 
temperature 

Fuel zone temperature 

OC1 set n°1 Maximal local power density at the star t of 
the first cycle – symmetrical load 

58°C 102°C 

OC1 set n°2 Maximal local power density at the star t of 
the first cycle – asymmetrical load 

58°C 102°C on 2 fuel sectors 
71°C on one fuel sector 

OC1 set n°3 Maximal local power density at the end of 
the last cycle – symmetrical load 

46°C 139°C 

OC1 set n°4 Maximal local power density at the end of 
the last cycle – asymmetrical load 

46°C 139°C on 2 fuel sectors 
97°C on one fuel sector 

OC2 set n°5 Overshoot at the start of the first cyc le – 
symmetrical load 

62°C 113°C 

OC2 set n°6 Overshoot at the start of the first cyc le – 
asymmetrical load 

62°C 113°C on 2 fuel sectors 
79°C on one fuel sector 

OC2 set n°7 Overshoot at the end of the last cycle – 
symmetrical load 

47°C 156°C 

OC2 set n°8 Overshoot at the end of the last cycle – 
asymmetrical load 

47°C 156°C on 2 fuel sectors 
109°C on one fuel 
sector 

 
Table 2: Results of 2D-type calculations 

 
The asymmetrical loads on the three sectors of the fuel element are due to the neutron flux 
asymmetries existing in the core of the reactor (orientation of each Fuel Element relative to 
the others, presence of devices in the alveoli of the rack, partial reloading of used Fuel 
Elements). 
 
6.2 Results of 3D calculations of the fuel assembly and associated criteria 
 
The results of the calculations of overall Fuel Element distortion are analyzed to take this 
result into account in the geometric functional analysis of the reactor. Then the results 
concerning stress in the stiffeners are compared to the RCC-MX criteria. 
 
 



 
 

Figure 12: Example of the results of 3D symmetrical calculations  
 

 
 

Figure 13: Example of results of 3D asymmetrical calculations 
 

The selected results of fuel assembly 3D calculations are as follows: 
 

• Radial deformation of plate 8 with regard to the functional condition of the cooling 
gap between plate 8 and rack 

• Radial deformation of the stiffeners 
• Maximum vertical deformation of the stiffeners. 



 
These results are presented: 
 

• As a graph for symmetrical loads between the sectors of the fuel plates 
• As a table for asymmetrical loads between the sectors of the fuel plates. As the 3D 

geometry is distorted along the three axes, the significant result selected is that of 
maximum radial deformation. 

 
 
 

Radial deformation of plate 8 under symmetrical loads
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Figure 14: Radial deformation of plate 8 under symmetrical loads 
 
 
 
 
 

Load sets Maximum radial deformation of the most 
deformed plate 8 (mm) 

OC1 set n°1 0,339 mm 
OC1 set n°2 0,466 mm 
OC2 set n°1 0,375 mm 
OC2 set n°2 0,524 mm 

 
Table 3: Maximum radial deformation of the most deformed plate 

 
 



Radial deformation of stiffeners under symmetrical thermal loads
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Figure 15: Radial deformation of stiffeners under symmetrical thermal loads 
 
 
 

Load sets Maximum radial deformation of the most 
deformed stiffener (mm) 

OC1 set n°1 0,328 mm 
OC1 set n°2 0,340 mm 
OC2 set n°1 0,362 mm 
OC2 set n°2 0,506 mm 

 
Table 4: Maximum radial deformation of the most deformed stiffener 

 
 

 
6.3 Results for stiffener stress  
 
The field of analysis of the stiffeners is that of negligible irradiation. Although the fuel 
element is at the heart of neutron production, its life expectancy is short enough to fall short 
of the significant irradiation curve. 
 
This is also true for the other substructures studied. 
 
The maximum thermal flux encountered by the stiffeners is 2.36x1014 nth/cm2. 
 
The maximum fluency encountered by the stiffeners is thus: 
 

2.36x1014 x 3,600 x 24 x 35 x 4 = 2.85x1021 nth/cm2 < 28x1021 nth/cm2 at 50°C 
 
which is the limit for analysis as negligible irradiation. 



 

 
 

Figure 16: Results of Von Mises Stress calculation in the rivet holes of the stiffeners 
 
 

Load set Maximum Von Mises Stress in a stiffeners : at 
the rivet holes 

OC1 set n°1 – symmetrical thermal load 31 MPa 
OC1 set n°2 – asymmetrical thermal load 172 MPa 
OC1 set n°3 – symmetrical thermal load 31 MPa 
OC1 set n°4 – asymmetrical thermal load 235 MPa 
OC2 set n°1 – symmetrical thermal load 37 MPa 
OC2 set n°2 – asymmetrical thermal load 190 MPa 
OC2 set n°3 – symmetrical thermal load 52 MPa 
OC2 set n°4 – asymmetrical thermal load 264 MPa 

 
Table 5: Results of Von Mises stress calculation in the rivet holes of the stiffeners 

 
Study of type P damage 
 
There is a maximum Von Mises stress of 23 MPa in the body of the stiffeners. 
There is a maximum Von Mises stress of 49.5 MPa at the rivet holes. 
 
The following criteria must be respected: 
 

• Pm<Sm in the body of the stiffeners 
• Pl<1.5 Sm at the rivet holes 

 
The value of the Sm is 87 Pa from 20°C to 75°C for the type of alumini um used. 
 
In the body of the stiffeners we find 23 MPa < 87 MPa. 
At the rivet holes we find 49.5 MPa < 130 MPa. 
 
The RCC-MX dimensioning criteria are respected for type P damage. 
 
Study of type S damage 
 
In the body of the stiffeners, secondary thermal stresses reach a maximum of 200 MPa. 



 
The maximum primary stress in the body of the stiffeners is 49.5 MPa. Consequently: 
 

Max (Pl+Pb) + ∆Q < 3 Sm 
49.5 + 200 < 261 MPa 

 
The only stresses over 200 MPa are very localised around the rivet holes, and can be 
considered as peak stress: the fatigue analysis appear below. 
 
Fatigue analysis 
 
The point of maximum load around the rivet holes displays a localised thermal stress of 264 
MPa and a primary stress of 49.5 MPa. This gives a total of 313.5 MPa, to be considered as 
a peak stress. 

MPatot 5.313=∆σ  

( )
E

totσνε ∆⋅+⋅=∆ 1
3
2

1  

according to the RCC-MX. 
 

As the primary stresses are low (49.5 MPa) 02 =∆ε is selected. 
 

For the calculation of 3ε∆ the RCC-MX indicates: 

 

If iε∆ is not known, an increase factor of 321 εεε ∆+∆+∆ is obtained by supposing that 

iε∆ =0. 

 
Thus 

11

1

3
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So 

1321 εεεε ε ∆⋅=∆+∆+∆ K  

 

( ) 14 1 εε ν ∆⋅−=∆ K  

And therefore 
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E
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For the type of aluminium used, at 94°C: 
33,0=ν  

E=72500 Mpa 
002,1=εK  

001,1=νK  

ε∆ =0,386% 
 
The corresponding number of admissible cycles is about 2,225. 
 



As the actual number of cycles is 100, fatigue damage is calculated thus: 

( ) 045,0
2225

100 ==∆εAV  

Conclusion: The stiffeners do not suffer fatigue damage. 
 
6.4 Stress on rivets 
 
The combined effects of hydraulic force and stiffener expansion on the most heavily loaded 
rivet are: 
 

• Vertical shear force at the two stiffener / endfitting interfaces 
• The hydraulic force of 4,400 N distributed over the 6 rivets 

 
The results of the 3D dimensioning calculation are added, i.e. about 8,000 N. 
 
The equivalent Von Mises stress is: 
 

MPaVM 2741533683 2222 =⋅+=⋅+= τσ  
 
For a titanium rivet where : 

Rm=897 Mpa  
 

Sm=Rm/3=299 Mpa 
 
the following inequation must be respected: 
 

MPaSMPaVM m 299274 =≤= . 

 
This is the case. 
 
6.5 Stress results in the other substructures of the Fuel Element 
 
The field of analysis of these substructures is that of negligible irradiation. Only the stress 
results are compared to the RCC-MX criteria. 
 

6.5.1 Upper endfitting 
 
Operating Categories 1 and 2 
 
The upper endfitting is only subject to a thermal load due to its own expansion and the force 
applied via the rivets by stiffener expansion. As the upper endfitting is not weaker than the 
stiffener and has no supporting function, this load can be considered as secondary. 
 
For symmetrical loads the maximum stress, around 33 MPa, is much less than the RCC-MX 
criteria of 3Sm (6061-T6 at 50°C) = 261 MPa. 
 
For asymmetrical loads stress within the structure remain less than, or equal to, 3Sm = 261 
MPa, with the exception of one tiny red point which can be considered as insignificant 
because the secondary stress will naturally be distributed around this point. 



 
SLR Operating Category 
 
The operating category known as SLR (Situation de Limitation du Risque: risk limitation 
situation) is analyzed as a level 4 Operating Category, since the load is constituted only by 
the forces due to hydraulic pressure. In this category, only the primary stresses are 
analyzed, since there is no risk of buckling for this structure which is not at all slender and 
the thermal load can thus be ignored. 
 
The structure attains a very localised maximum of 395 MPa which falls very rapidly away 
from this point. In manufacturing, the sharp edges will be attenuated. 
 
A supporting line segment sketched on the structure and passing through the point gives the 
following stress: 
 

( ) MPaCAàRSInfMPaP mmm 182502;7,0;4,2112 =°⋅⋅≤=  

 

( ) MPaCAàRSInfMPaPP mmbm 273502;7,0;4,25,1191 =°⋅⋅⋅≤=+ . 

 
Conclusion: 
 
The inequations are respected. The upper endfitting is sufficiently well-dimensioned for all 
reactor Operating Categories. 
 

6.5.2 Upper endfitting lock 
 
The lock is only under load in the SLR Category, in the event of flange rupture on the lower 
endfitting. On this totally primary load the maximum stress within the lock reaches 902 MPa. 
 
One RCC-MX material capable of resisting this load is the stainless steel of type 
X6NiCrTiMoVB-25-15-2 used for fastenings. 
 
As this material is very hard, the membrane breaking limit must not be exceeded and the 
Category 4 fastenings criteria for membrane plus bending stresses must be applied. In the 
event of rupture of one of the flanges we obtain: 
 

( ) MPaRMPa mbm 886902 min =≈=+σσ (10S at 50°C) 

 
Although the limit is exceeded by 1.5 %, this is not significant considering the precision of 
the calculations and the loads, and the following must be considered: 
 

• Flange rupture without lock rupture is already hypothetical, since the dimensions of 
the flange are calculated. Rupture of the flange is thus a Category 4 event and, as 
the system is not sealed, level 4 criteria are appropriate. As the effort is distributed 
over the two locks, it is reduced by half, and the above inequation is thus satisfied 
with a margin close to 50%. The event of simultaneous rupture of flange and one 
lock is thus beyond level 4, and so it is admissible that the level of stress be at the 
extreme limit. 

• According to the RCC-MX, it is possible to use for the lock steel of group 10S with a 
higher Rm, of up to 1150 MPa. 



 

6.5.3 Lower endfitting 
 
Study of type P damage 
 
The structure as a whole encounters only weak stress. Neither membrane stress nor 
membrane plus bending stresses need be considered. The structure attains a maximum of 
68 MPa localized at the flange, which can be considered as a local primary membrane 
stress. 
 
The following inequation is respected: 
 

( ) MPaCatASMPaP ml 130875,15025,168 =⋅=°⋅≤= . 

 
Study of type S damage 
 
Two types of thermal load must be considered in addition to the loads due to hydraulic 
pressure. 
 

• Symmetrical loads : 
 
The sum of primary and secondary stress attains a maximum of 109 MPa, and the following 
inequation is respected: 
 

MPaCAàSMPaQPP mbl 261)502(3109 =°⋅≤=∆++  

 
Conclusion: There is no risk of progressive deformation. 
 

• Asymmetrical loads : 
 
Over almost all the structure the sum of primary and secondary stress is less than 3Sm = 261 
MPa, except for one very localised point where the stress can be considered as a peak, 
analyzed only as fatigue. 
 
There is thus no risk of progressive deformation. The peak stress is analyzed below as 
fatigue. 
 
Fatigue analysis: 
 

At the point of maximum load, the flange, peak stress reaches =∆ totσ 440 MPa and 
analysis at 50°C gives the following: 

( ) ( )11
3

2 −+⋅∆⋅+⋅=∆ νε
σνε KK
E

tot
  

 
where: 

33.0=ν  

MPatot 440=∆σ  
E=74000 Mpa 
 
According to RCC-MX: 

026,1=εK  



012,1=νK  

 
Thus: 

%55,0=∆ε  
 
According to RCC-MX, the corresponding number of admissible cycles is 706. 
 
This is a conservative analysis, since the most severe thermal loads are applied to each 
cycle. 
 
As the real life of the Fuel Element is of 100 cycles, fatigue damage V respects the following 
inequation: 
 

( ) 114,0
706

100 ≤===∆
adm

A N

n
V ε  

 
In conformity with RCC-MX, fatigue resistance is thus satisfactory. 
 
7. Conclusion 
 
MAIA, with its more mechanistic modelling, proved to be the ideal support for the simplified 
modelling of I-DEAS.  
 
RCC-MX criteria are respected for stress in the upper endfitting, the upper endfitting lock, 
the lower endfitting, the rivets and the stiffeners. 
 
The deformation results are taken into account for geometrical functional analysis of the 
reactor, in particular: 
 

• The maximum radial displacement of plate 8 (0.6 mm) 
• The maximal vertical displacement of the fuel element in operation (1.5 mm) 

 
so as to respect the minimum coolant gap, and the assembly clearances necessary for 
assembly and operation. 
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ABSTRACT 
 
Establishment of a research reactor is a major project requiring careful planning, preparation, 
implementation, and investment in time and human resources. The implementation of such a 
project requires establishment of sustainable infrastructures, including legal and regulatory, 
safety, technical, and economic. An analysis of the needs for a new research reactor facility 
should be performed including the development of a utilization plan and evaluation of site 
availability and suitability. All these elements should be covered by a feasibility study of the 
project. This paper discusses the elements of such a study with the main focus on the 
specific activities and steps for developing the necessary safety infrastructure. Progressive 
involvement of the main organizations in the project, and application of the IAEA Code of 
Conduct on the Safety of Research Reactors and IAEA Safety Standards in different phases 
of the project are presented and discussed. 
 
1. Introduction 
For more than 60 years, research reactors (RRs) have been a corner stone in the 
development and application of nuclear science and technology. The multi-disciplinary 
research that RRs can support has led to the development of numerous capacities in a wide 
variety of areas including nuclear power, radioisotope production for medical and industrial 
applications, neutron beam research, material development, and personnel training. In 
addition, some countries considered RRs an important step for the development of nuclear 
power reactors. Recently a number of countries have started planning to build their first RR 
as a tool to develop the necessary national infrastructure in the view of embarking on a 
nuclear power programme.  
 
The introduction of the first RR in a country requires establishment of national sustainable 
infrastructures which cover a wide range of areas. These include legal and regulatory 
framework, siting, transport of equipment and supplies to the site, facilities for fuel handling 
and radioactive waste management, emergency preparedness, and facilities associated with 
the reactor applications as well as the human and financial resources necessary to 
implement the project and to ensure sustainable safe, secure, and efficient operation. In 
order to ensure establishment of the infrastructure elements, several activities should be 
completed during different phases of a RR project. The main characteristics of these phases 
are discussed in the following sections together with the elements of the nuclear safety 
infrastructure, and major safety activities that should be completed in different phases of the 
first RR project in a country. 
 
2. Research Reactor Project Phases 
The INSAG-22 report [1] establishes five phases for the development of a national safety 
infrastructure for a nuclear power programme. In line with the IAEA publication NG-G-3.1 [2], 
the first three phases cover the period from the point of initial consideration of embarking on 
a nuclear power programme to the point at which a country is ready to commission and 
operate the first nuclear power plant. Phases 4 and 5 are concerned with the operation and 
decommissioning stages, respectively. The same approach is adopted for the establishment 
of the first RR and necessary safety infrastructure. Figure 1 presents the initial three phases 
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of the first RR project and the associated milestones. Phases 4 and 5 are not discussed in 
the present work. 
 

 
 

Figure 1: Phases of implementation of the first RR project 
 
Phase 1 is related to the pre-project activities which cover all considerations before a 
decision to lunch a RR programme is taken. These considerations are consolidated in a form 
of a feasibility study showing the needs (or not) for a RR. Such a study is the main 
deliverable of this phase and based on its results, a country should be ready to make a 
knowledgeable commitment to proceed (or not) with the introduction of the first RR 
(Milestone 1). The activities of Phase 2 cover the preparatory work for the reactor 
construction, including the establishment of the legal framework, regulatory body, and 
operating organization which should be able to select the preferred site for the reactor, 
develop the bid technical specifications, and be ready at the end of this phase to invite bids 
(Milestone 2). During Phase 3 the activities for implementing the RR project should be 
completed, including finalization of the design and construction stages with the relevant 
licensing activities. By the end of Phase 3 the RR should be ready for commissioning 
(Milestone 3). 
 
Experience has shown that the duration of implementing the activities corresponding to these 
three phases may be up to approximately ten years, depending upon the existing 
infrastructure at the beginning of the project and resources available for the project. The 
duration also depends on the reactor type, size, intended utilization programme, and contract 
methodology (i.e. turn-key or contracts with different levels of national participation), and may 
be reduced significantly in the case of low power RRs dedicated to education and training. 
Similarly, a graded approach may be used in the implementation of the activities of different 
phases. While all the safety requirements associated with these activities should be 
considered, their application may be graded based on the potential hazard of the reactor. 
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3- Elements of nuclear safety infrastructure 

The nuclear safety infrastructure is defined as the set of institutional, organizational and 
technical elements and conditions established to provide a sound foundation for ensuring a 
sustainable high level of nuclear safety [1]. The establishment of this infrastructure should 
start early in the process of developing the RR through effective application of the provisions 
of the IAEA Code of Conduct on the Safety of Research Reactors [3], and by making use of 
the IAEA Safety Standards. This is to ensure that relevant activities are conducted in a safe 
manner during different stages of the reactor lifetime, which cover siting, design, 
procurement and construction, commissioning, operation, utilization and decommissioning. 
According to the structure of the IAEA Safety Standards, the elements of the nuclear safety 
infrastructure can be defined as presented in Table 1, which also indicates references to the 
IAEA main Safety Standards which support the establishment of the infrastructure elements. 

 

Table 1: Elements of the safety infrastructure with the corresponding  

IAEA main supporting Safety Standards 

 

Elements of the safety infrastructure  

National policy and strategy [4] Radiation protection [4,7] 

Global nuclear safety regime [4,5] Safety assessment [4,8] 

Legal framework [4,5] Safety of radioactive waste, spent fuel 
management and decommissioning [4,9] 

Regulatory framework [4,5] Emergency preparedness and response [10] 

Transparency and openness [4] Operating organization [4] 

Funding and financing [4] Site survey, selection and evaluation [4,11] 

External support organization and 
contractors [4] 

Design safety [4] 

Leadership and management of safety [4, 6] Preparation for commissioning [4] 

Human resources development [4, 6] Transport safety [12] 

Research on safety for regulatory process [6] Interfaces with nuclear security 

 

The level of application of the IAEA Safety Standards and involvement of the government 
and other organizations will normally increase progressively during the different phases of 
developing a RR programme. While all the activities of Phase 1 are performed by the 
government, the operating organization and regulatory body (being established at the 
beginning of Phase 2) are responsible to implement the activities corresponding to this 
phase. The involvement of these organizations will increase gradually along Phase 2. 
However, the level of involvement of the regulatory body will be relatively higher due to its 
responsibility for establishing the safety requirements for different activities beforehand. The 
involvement of the operating organization, which has the prime responsibility on safety, will 
increase along Phase 3. The involvement of the government will be reduced significantly 
during Phases 2 and 3, and will include mainly support of maintenance and improvement of 
some infrastructure elements such as national policy and strategy, global nuclear safety 
regime, legal and regulatory framework, funding and financing, safety management, 
emergency preparedness and radioactive waste management including decommissioning. 
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4- Major safety activities in the different phases of building the first RR 

The major safety activities in the different phases of building the first RR in a country are 
presented in Figure 2. The IAEA Safety Standards establish the safety requirements for the 
implementation of these activities and should be applied progressively during the different 
phases of building a RR. Figure 2 also indicates the required level of application of the IAEA 
Safety Standards (i.e. awareness of the requirements, requirements under implementation, 
and requirements fully implemented). Detailed discussions of these activities are presented 
in the following sections. 
 

 
 

Figure 2: Major safety related activities in different phases of building the first RR and 
illustration of progressive application of the IAEA Safety Standards  

 
4.1. Major safety activities in Phase 1 
Experience has shown that a robust utilization plan was not always a part of the decision 
making process for determining whether a RR should be built, or should continue to operate, 
in a long term run. It is therefore essential at the initial stage to perform a feasibility study 
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justifying the need for a RR in accordance with Principle 4 (Justification of Facilities and 
Activities) of the Fundamental Safety Principles [13]. It is also necessary to have a clear 
definition of the reactor purpose, utilization, and users as well as pre-selection of the reactor 
type and size including experimental facilities. The feasibility study should consider the 
advantages and disadvantages of utilizing alternative technologies (e.g. spallation neutron 
source and cyclotrons), and possible use of the RRs existing in the region. 
 
The feasibility study should also address the government commitment to adhere to the 
international obligations and to apply the provisions of the IAEA Code of Conduct on the 
Safety of Research Reactors, including the need to: 

• Consider various safety principles that are applied to the development of the RR;  

• Establish an effective legal and regulatory framework for safety, including an independent 
regulatory body, and an operating organization with prime responsibility on safety;  

• Establish a sustainable financing system for all activities related to safety, both from an 
operational and regulatory point of view;   

• Establish an effective management system and provide for a strong leadership 
capabilities and foster safety culture within the involved organizations; 

• Provide for adequate arrangements for building the technical competence of the involved 
organizations; 

• Develop and implement a national strategy for long-term radioactive waste and spent fuel 
management and decommissioning of the facility;  

• Provide for adequate arrangements for emergency preparedness and response.  
 
In addition, an initial site survey should be an essential part of the feasibility study. The initial 
site survey includes identification of potential and preferred candidate site(s) according to 
established criteria and on the basis of the existing data. Identification of the preferred 
candidate site(s) should be supported by a radiological impact assessment, which should 
also be a part of the feasibility study. 
 
4.2. Major safety activities in Phase 2  
Once the decision to build the RR has been made, based on the results of the feasibility 
study, the activities to establish the necessary safety infrastructure should proceed during 
Phases 2 and 3. The highest priority is given to enacting the essential elements of the legal 
framework including establishment of an effective and independent regulatory body and the 
operating organization. During this phase the regulatory body should establish a licensing 
process for the RR, specifying the documentation and procedures in the various steps. 
Establishment of a suitable working relationship between the regulatory body and operating 
organization, and early involvement of the regulatory body in the process, including 
specification of the safety requirements needed for the bidding process, are essential for 
successful implementation of the project. 
 
During this phase, the decisions that need to be made by the operating organization typically 
include the type, size, and safety features of the RR to be built as well as the associated 
experimental facilities. The operating organization should also proceed with the reactor site 
evaluation and selection. The site parameters which are needed for the reactor design and 
operation should be identified and included in the technical specifications of the bid. Attention 
should be given to the availability of expertise in site selection, bidding, and evaluation of the 
technical offers from different vendors. 

 
Development of human resources and competences is a high priority task in this phase. The 
regulatory body should start developing the necessary competences in establishing 
regulations and performing regulatory review, licensing and inspection. It is also essential 
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that the operating organization start developing the knowledge and skills through specialized 
training (and even fundamental education to some extent). The needed competences include 
performance of safety assessment, reactor commissioning, operation, maintenance, and 
utilization in compliance with the safety requirements. In addition to these topics, specialized 
training is also needed in reactor physics, thermal-hydraulics, radiation protection, core 
management and fuel handling, quality assurance, and safety culture. Such training 
requirements could be obtained from the reactor vendor in accordance with the technical 
specifications of the bid. 

 
4.3- Major safety activities in Phase 3  
This phase consists of intensive activities to build the RR. One of the first activities in this 
phase is the technical evaluation of the bids. In this regard, the operating organization should 
ensure adequate safety review of the design proposed by the vendors in the submitted bids. 
Adherence of the design to the IAEA Safety Standards should be one of the criteria 
established for the selection of the winning bid. The project execution schedule should 
include hold points for regulatory review and verification that the activities of safety 
significance are properly implemented. 

 
This phase requires significant development and training for all levels of staff. Recruitment of 
the operation and maintenance personnel should begin early in this phase. The participation 
of reactor staff in different activities of this phase including design review, construction 
activities, and development of operating documents will have a positive impact on safety and 
effective utilization of the reactor. It will also help development of a safety culture and 
acceptance of the responsibilities for the transferred systems at the end of Phase 3. It is 
beneficial to include in the project organization chart a group (or individual) responsible for 
human resources development, whose duties will include establishing links with the vendor 
to ensure knowledge transfer to the operating organization and adequate training of the 
reactor staff. 

 
Preparation of the Safety Analysis Report (SAR) should start as early as possible in the 
design stage. The operating organization should ensure proper interaction with the reactor 
designer in the preparation of the safety documents. The SAR, including a comprehensive 
safety assessment, Operational Limits and Conditions (OLCs) and specification of the codes 
and standards which provide acceptable reference for design and construction, is the main 
safety document for the licensing process. The regulatory body, prior to issuing the 
construction license, should assess the SAR and verify that the relevant safety requirements 
can be met. 

 
During the construction stage, the operating organization should ensure adequate 
involvement in the construction process to ensure that the safety systems and components 
are constructed according to the approved design. A process should be in place, in 
accordance with the management system, to address changes in the design during the 
construction, and maintain the knowledge on the design and construction during the lifetime 
of the reactor. These items should also be verified by the regulatory body. 

 
In addition to the commissioning programme, all the management programmes for operation 
should be developed during this phase. These include the operating procedures, 
maintenance, periodic testing, and inspection programmes. The operational radiation 
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protection programme and the emergency plan should be fully implemented at the time fuel 
is received at the reactor building. The corresponding chapters of the SAR should be 
prepared by the operating organziation and assessed by the regulatory body during 
preparation for commissioning. 
 
5. Conclusion 
The decision to build a RR should be based on a study showing the feasibility of the reactor. 
The study should evaluate the real needs, utilization programme, and availability of a suitable 
site. It should also show the commitment to establish the necessary safety and technical 
infrastructures. Establishment of such infrastructures should start early in the process and 
should be achieved progressively during the different phases of the project through effective 
application of the IAEA Code of Conduct on the Safety of Research Reactors and by making 
use of the IAEA Safety Standards. 
 
Through the lifetime of the RR, periodic safety reviews aiming at ensuring high level of safety 
should be performed to deal with cumulative effects of reactor ageing, modifications, 
changes in utilization programme or installation of new experimental devices, operating 
experience feedback, and changes in safety requirements, as well as site-related aspects. 
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ABSTRACT 
 

  
In the European Union the first generation research reactors is nearing their end of 
life condition. Several committees recommend a comprehensive set of reactors in 
the EU, amongst them the replacement for the HFR research and isotope reactor 
in Petten: PALLAS. The business case for PALLAS supports a future for a 
research and isotope reactor in Petten as a perfect fit for the future EU set of test 
reactors. 
The tender for PALLAS started in 2007, following the EU rules for tendering 
complex objects with the competitive dialogue. This procedure involved an 
extensive consultation phase between individual tendering companies and NRG, 
resulting in definitive specifications in summer 2008. The evaluation of offers, 
including conceptual designs, took place in summer 2009. At present NRG is still 
active in the acquisition of the funding for the project.   
The licensing path has been started in autumn 2009 with a initiation note on the 
environmental impact assessment, EIA. The public hearings held in the lead to the 
advice from the national EIA committee for the approach of the assessment. The 
PALLAS project team in Petten will guide the design and build processes. It is also 
responsible for the licensing of the building and operation of PALLAS. The team 
also manages the design and construction for the infrastructure, such as cooling 
devices, including remnant heat utilization, and utility provisions. A particular 
responsibility for the team is the design and construction of experimental and 
isotope capsules, based on launch customer requirements.   

 
 
1. Introduction  
 
The fifties of the 20th century saw the start of the design and building of a large fleet of 
research reactors in the range from “zero” to over 100 MW thermal power.  In the EU the first 
generation of the larger types of research reactors is being phased out after operational lives 
of 40 years and more.  The maintenance costs are increasing and the continuity of operation 
is compromised by the aging of materials and components. The High Flux Reactor in Petten, 
The Netherlands, is amongst them. It was built in the fifties and started full operation in 1961. 
It received a substantial upgrade in 1984 when the first reactor vessel was replaced by a new 
one. At the same time the vessel design was adapted to the developing application fields of 
the HFR. Aluminium vessels embrittle from the transmutation product silicon formed from 
thermal neutron interaction. The choice for the Petten site is to envisage another vessel 
replacement or to build a new reactor. Besides the vessel other components age as well and 
the changeing utilization, and ecomnomic considerations also have an effect on the decision 
for upgradeing or building a successor to the HFR. 
Four parties, the Joint Research Centre – Institute for Energy, Petten, COVIDIEN 
Mallinckrodt Medical, Petten, the Technical University Delft, and  NRG, Petten took the 
initiative to innovate for the continuity of a safe and reliable neutron irradiation capacity on 
Petten site.  At the same time the successor to the HFR, named PALLAS, should remain an 
integral part of the EU nuclear research infrastructure. The target year given in 2004 for 



starting the reactor operation was 2016. The project for the realization of PALLAS is 
presently in the phase of tendering the design and building  of the reactor and peripheral 
installations and equipment. The present paper provides the progress and status of the 
realization of PALLAS. 
 
2. Role of PALLAS in the EU 
 
The thematic network "Future European Union Needs in Materials Research Reactors", 
FEUNMARR, stated in 2001 that "given the age of current Materials Test Reactors (MTR) 
there is a strategic need to renew Materials Test Reactors in Europe”. Continuity in 
irradiation capacity for research and development for fission and fusion power plants is 
essential for securing energy production in the EU and the world as a whole [1] 
The European Strategy Forum on Research Infrastructures (ESFRI) noted in 2006 that the 
next prominent nuclear facilities such as the International Fusion Materials Irradiation Facility 
(IFMIF) and the Réacteur Jules Horowitz (JRH) in France. PALLAS will be an MTR devoted 
to Research & Development with dedicated isotope production [2].  
In 2008, the Committee for Netherlands' Roadmap for Large-Scale Research Facilities 
(Commissie van Velzen) of the Ministry of Education, Culture and Science carried out an 
international peer review of PALLAS resulting in very positive advice for the go-ahead of the 
PALLAS project. Early 2009 PALLAS was added to the list for the Netherlands’ National 
Roadmap Large Scale Research Facilities in particular for the development of fourth 
generation nuclear power plants. In December 2009 the Netherland’s ESFRI delegation have 
submitted PALLAS to the Executive Board for consideration for inclusion in the new / 
upgraded Research Infrastructure (RI) of pan-European relevance.  
The Sustainable Nuclear Energy Platform, SNETP, vision report and Strategic Research 
Agenda for the development of nuclear energy, makes the need for PALLAS clear with 
statements as “ To hold on to its leadership in reactor technology, Europe must maintain its 
efforts towards the realisation of a European Research Infrastructure Area” and the PALLAS 
project will provide an innovative irradiation facility and reinforce the supply of radio-nuclides 
for medical application in Europe” [3].  
CEA (French Atomic Energy Commission), SCK-CEN (Belgium Nuclear Research Centre) 
and NRG work together to provide a network between their respective installations, provide 
back-up for medical isotope production and share specialist testing expertise. Réacteur Jules 
Horowitz (RJH/France) is primarily designed for research projects that serve scientific, 
industrial and public needs. PALLAS and RJH will be complementary. Within the EU the 
fission related pre-commercial research is organized under the EURATOM treaty within the 
European frame work programs. The HFR holds a crucial position in these nuclear research 
networks and later PALLAS will continue this position. 
In the letter for the Parliament issued 16 October 2009 the Netherlands government 
expressed clearly their positive vision on the building of Pallas [4]. The letter stipulates that 
the replacement of the HFR by a state-of-the-art reactor will satisfy both the need for nuclear 
research, and the security of radio-pharmaca supply. The letter expresses the vision that the 
multipurpose reactor provides sufficient flexibility for fulfilling these tasks, building on the 
existing Netherlands knowledge infrastructure in the fields of nuclear technology, and the 
radio isotopes. 
  
3. Reactor Requirements  
 
The requirements for PALLAS are derived from the  vision on three strategic areas: 

- Safety and Environment in relation to nuclear energy generation with existing nuclear 
power reactors and the partitioning and transmutation research to reduce remnant 
waste. 

- Energy and security of supply to satisfy rising energy demand with even more 
effective  power plants and fuel cycles, such as the thorium fission cycle and the 
trtium generation technology for fusion. 



- Health care for the world population increasing both in age and wealth stimulating 
increasing demand for existing isotope diagnostics and therapies and development of 
new isotope based treatments. 

In addition to the future vision the experience of the past 50 years HFR utilization formed 
input for the technical requirements. The similar longterm investment in PALLAS cries out for 
the same basis: flexibility, keeping room for adjustments for the unforeseeable trends. Major 
requirements thus are: a power range of 30 to 80 MW  in a tank in pool reactor that can use 
uraniumsilicide for a start, but can use UMo fuel elements without major core changes, as 
soon as they have been qualified. Neutron beams will be omitted, because of the excellent 
EU high intensity facilities provided by ILL, Grenoble and the FRM-2, Munich, up to the 
middle of the 21st century. In The Netherlands the Technical University Delft will provide 
specialized beam facilities in the next decades. More requirement details are given in [5]. 
 
 
4. The tendering process 
 
The tender procedure is in line with the EU rules for complicated one of a kind design and 
construction projects. The procedure starts with a qualification of the tenderers followed by  
dialogue and consultation between the employer and the qualified tenderers with the aim to 
make the final requirements clear and remove all disambiguity before the decisive tender 
phase. The three qualified tenderers included the consoria of AREVA Ballast Nedam, 
KAERI-KOPEC-DOOSAN, and INVAP–ISOLUX. The dialogue phase with sessions of 
several days devoted to the dialogue with each party independently in Petten, resulted in the 
answering in writing about 400 questions of the tenderers. Only one major requirement had 
to be adjusted. The fast neutron flux specification had to be reduced with about 30 % in order 
to allow for sufficient flexibility in the operation. The fuel burn-up and skewness of the 
neutron distribution were much more attractive for the average operation after the reduction 
in fast flux level. 
The procedure allowed NRG to produce the final employers requirements in summer 2008. 
The accompanying award criteria for the tender concentrated on: licensibility of the design, 
treatment of safety and health physics aspects, production capacity and quality, investment 
costs, and cost of operation. After the draft contract was completed in agreement with all 
parties, NRG received the tenders in May 2009. Before NRG teams had visited all three 
vendors in Korea, Germany and Argentina respectively.  
In summer 2009 NRG analysed the valid tenders. It  became evident that the technical 
requirements could be met, though the solutions followed different  paths.  NRG selected the 
most economically advantageous tender. The contract could though not be awarded, 
because in the meantime the requirements for the financing of the reactor design and 
building had changed, affecting the timetable to such a degree that a new tender became 
inevitable.  
The definite fundraising for the total project is still ongoing. At present it is expected that full 
public funding will be needed for the project phase leading to the building and operation 
license for PALLAS, based on the detailed design, and the safety analyses produced in 
parallel.  The building will rely on: 

- public funding for the precompetitive research and science development carried out in 
PALLAS. 

- Private funding for the investment needed for the commercial prodcution of isotopes. 
This approach is in line with the EU policy for public money spending for commercial 
production. 
 
5. Licensing  
 
 
In The Netherlands 6 Ministeries form the Competent Authority for the KEW [Nuclear Energy 
Law]. Early 2008 the first project information exchange of NRG with the coordinating 
Competent Authority for the KEW, the Ministry of Housing, Spatial Planning and the 



Environment, VROM,  was held. VROM takes the IAEA framework as the basis for its policy 
extended with rules pertinent for Netherlands particular circumstances.  For research 
reactors with a thermal power over 30 MW several rules will be similar to those established 
for power reactors in our kingdom.  An amendment NRG anticipates is a supplementary shut 
down/observation room.  Other preconditions anticipated are: 

- withstand high internal pressure and aircraft crash 
- long ‘grace period’ in the event of an accident 
- CDF ≤ 10-6 

In 2009 NRG has published the Initial Memorandum [6], informing the public about its’ plans 
with PALLAS and how to analyse, and control its’ environmental impact. The formal 
submisson of the Initial Memorandum to VROM triggers in The Netherlands the 
Environmental Impact Assessment procedure. The public hearings, organised by VROM, 
were held in the two candidate locations: the communities of Petten and Zijpe. The 
viewpoints of the Netherlands’ public, gathered during and after the meetings are used by the 
IEA committee to set the themes for the IEA analyses and report. The committee has given 
its guidelines in February 2010. NRG has started working on the IEA and expects to 
complete the work by the end of next year.  
As soon as possible the definite reference license basis and the definite operational limits 
and controls should be agreed with the regulator in order to complete the design and license 
application. NRG will be responsible for obtaining the license, but relies of course on the 
vendor design and safety analyses quality. Transparant and strict communication lines 
between regulator, license applicant and vendor is essential for the speed and quality of the 
work needed. As soon as the detailed design and safety analyses are completed the building 
and operation license application will be submitted. The building can start after  the license 
has been issued, now expected in 2012.  After the building has been completed a complete 
check on the installed equipment and procedures will be conducted in order to verify the 
boundaries layed out in the license application. Therefore it is most important to settle early 
in the project for the reference license basis in order to speed up the design and safety 
analyses, and subsequently limit the project risks. 
 
6. Project organisation 
 
The PALLAS project team in Petten will review and asses the design and build processes 
provided by the vendor. It will have primary responsibility for the licensing of the building and 
operation of PALLAS, with the supporting design and safety supplied by the vendor. The 
major projects the team has to manage are: 

- Control and supervision tasks for the design & license phase for PALLAS 
- Evaluation and verification of nuclear design codes of vendor. 
- Netherlands Environmental Impact Assessment: Milieu Effect Rapportage 
- Netherlands Nuclear Law: KernenergieWet, KeW, build and operation license  
- Operation and Commissioning preparation 
- Experimental irradiation devices design and embedding in the reactor core 
- Isotope irradiation devices design and embedding in the reactor core 
- Site lay out 
- Infrastructure: adapt power, gas, water, sewer, data supply, and etc. to PALLAS. 
- Cooling water supply including licenses. 
- Remnant heat processing and disposal 

The project organisation has a director and chief project leader manageing the lead 
engineers of the major projects. The core team will consist of less than 15 members.  They 
will be supported by experts from NRG and third parties supplying consultancy NRG cannot 
provide. Subcontractors will supply the design and hardware needed to accomplish the goals 
of the projects. The PALLAS team details the scope and planning for the design and 
construction for the infrastructure needed and controls the contract management.  
The listed projects have strong relations with respect to the specifications for the resulting 
hardware and the inter-related time schedules.  Interface management will thus have high 
priority on a day to day basis. An example is the cooling infrastructure for PALLAS, including 



utilization of remnant heat, and utility provisions that show strong interlinks, amd dependence 
on the main project the research reactor PALLAS.  
Another responsibility for the team is the design and construction of experimental and 
isotope capsules. The interplay with the core design is essential, but there is also a strong 
link needed with the users and customers for experimental and isotope irradiation devices.  
Special efforts will be devoted to select launch customers for particualr irradiation capsules 
and loops. The operating license for PALLAS will provide an envelope for the type of rigs that 
can be used in the PALLAS core. The devices selected from the launch customers and users 
will also serve as reference test capsules for the commissioning phase. 
The Milieu Effect Rapport delivery and the application for the build and operation license will 
require deep insight in the whole project integrated results and devices. This effort will be the 
responsibility of the project team as  a whole  with the close and well defined co-operation 
with the industry. With the formal framework in  place and the continuation of the 
proffessionalism, enthousiams and dedication already shown in the tender phase by all 
involved the PALLAS project will become a great research and isotope reactor. 
 
 
7. Conclusion 
 
1. The role of PALLAS in the EU future reasearch and isotope utilization is well established. 
2. The tender process has lead to offers that technically seem feasible. The compettition and 
dialogue procedure for the tender was most effective in arriving in stable requirements and 
clear offers. 
3. The financial arrangements for the project continuation have not yet been concluded. 
4. The licensing path has been started with the Environmental Impact Assessment, based on 
the results of publc hearings following the Netherlands practices. 
5. The project organisation for the PALLAS project is ready for the next phase: the design 
and license preparation, followed by construction and commissoning as soon as the building 
and operating license has been awarded.   
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ABSTRACT 
 
 

Some 50 years ago in Geneva Conferences I, II and III (1955. 
1958 and 1964) on the Peaceful Uses of Atomic Energy, and 
also in Vienna Symposium on Reactor Experiments (1961), 
several papers where presented by different countries referring 
to advances in homogeneous suspension reactors.  
 
In particular the Dutch KEMA Suspension Test Reactor (KSTR) 
was developed, built and successfully operated in the sixties 
and seventies. It was a 1MWth reactor in which a suspension (6 
microns spheres) of mixed UO2 / ThO2 in light water was 
circulated in a closed loop through a sphere-shaped vessel. 
 
One of the basic ideas on these suspension reactors was to 
apply the fission recoil separation effect as a means of 
purification of the fuel: the non-volatile fission products can be 
adsorbed in dispersed active charcoal and removed from the 
liquid. 
 
Undoubtedly, this method can present some advantages and 
better yields for the production of Mo-99 and other short lived 
radioisotopes, since they have to be extracted from a liquid in 
which practically no uranium is present. 
 
Details are mentioned of the different aspects that have been 
taken into account and which ones could be added in the 
corresponding actualization of suspension reactors for 
radioisotope production. In recent years great advances have 
been made in nanotechnology that can be used in the tailoring  
of fuel particles and adsorbent media.  
 
Recently, in CNEA Buenos Aires, a new facility has been 
inaugurated and is being equipped and licensed for laboratory 
experiments and preparative synthesis of nuclear nanoparticles. 
RA-6 and RA-3 experimental reactors in Argentina can be used 
for in-pile testing.  



 1. Introduction 
 
 
Radioisotopes obtained from the fission of 235U are usually produced from a target material in 
a heterogeneous reactor [1]. In fluid fuel reactors, fission products can be recovered by 
separating them from the moderating liquid without using any additional target. This 
alternative, and the possibility of using low enriched uranium (LEU), makes homogeneous 
reactors attractive to be studied from the point of view of producing commercial radioisotopes 
and withstanding non proliferation objectives [2]. 

 
 

2. Homogeneous Suspension Reactors 
 
 
Laboratory experiments performed by H. Halban and l. Kowarski at Cambridge University in 
England at the end of 1940 indicated hat a successful self-sustaining chain reaction could be 
achieved with a slurry of uranium oxide (U308) in heavy water. These initial developments of 
aqueous homogeneous reactors were delayed because of heavy water shortage in the early 
forties. Next experiments were performed when enriched uranium could be available. 
Simultaneously with the development of aqueous homogeneous reactors [3] several 
prototypes of suspended particles or semi-homogeneous [4] fluid fuel reactors were thought 
up. By the end of the decade there was increased interest to determine the potentialities of 
suspensions of solid uranium compounds as reactor fuels as a result, for example, of high 
temperature instabilities of uranium sulphate solutions. Fuel- and fertile-material suspensions 
with uranium oxides slurries and thorium oxide slurries were studied for power production 
and breeder reactors.  
 
Attention was specially focused to homogeneous reactors since large energy outputs could 
be achieved per unit volume with negative temperature coefficient, no structural metallic fuel 
elements, possibility of continuous purification and, hitherto, high burn-up of fuel could be 
achieved. These advantages are also common for suspension reactors. Some prototype was 
thought to work with slightly enriched UO2 suspension using light water as moderator [5]. The 
idea of this prototype was to investigate the stability of the reactor with fluctuations of 
suspension concentration, the performance of the suspended particles, reactor materials and 
liquid moderator under corrosion, erosion, particle attrition and radiation damage and 
decomposition. Also it was of interest to investigate continuous and batch type purification 
methods knowing, for example, that for safety reasons, the delayed neutrons must be 
liberated inside the reactor and this is related with controlling conditions in the circulating 
velocity of suspended particles.  
 
Although the purpose of this prototype was for power production, it is interesting to notice 
that the size of the particles between 5 and 12 microns is such that fission products will 
finally finish in the liquid having low probability of reentering another particle. The purpose is 
to automatically separate poisoning fission products; any other radioisotopes of interest could 
also be separated. The decomposition of the suspension liquid caused by the fission 
products, on an average, is a factor of two smaller than in a homogeneous solution reactor 
since the stopping path is half through the particle and the other half in the liquid. Also a 
smaller decomposition is expected from the point of view that practically no electrolytes that 
promote the formation of hydrogen and oxygen need to be present, as in the case of a 
homogeneous solution. 
 
Homogeneous reactors are classified as circulating fuel or boiling, depending upon the 
method of removing heat. A circulating fuel reactor is one in which the fluid fuel is circulated 
through the reactor and external exchange equipment removes heat by natural or forced 
convection. In a boiling reactor heat is removed by vaporizing coolant in the reactor and 



condensing the separate vapor in external heat exchangers [6]. A boiling reactor may 
operate either with an unorganized or an organized circulation of the active mixture [7].Also 
aqueous homogeneous reactors were classified as “one-region” or “two-region” according to 
the distribution of fissile and fertile materials in the reactor [6]. These classifications can also 
be extrapolated for the cases of homogeneous suspension reactors.  
 
An important issue to take into account when looking backwards homogeneous or semi-
homogeneous (suspension) reactors is that they were intended for power production. When 
thinking nowadays on homogeneous reactors for radioisotopes production, new designs can 
be sustained on behalf of smaller powers involved per production unit.   
  
 
3. Suspension Developments Review 
 
 
It is illustrative the starting and finishing comments of the Oak Ridge National Laboratory 
work untitled “Aqueous Uranium and Thorium Slurries” [8] about fisil and fertile fuels in 
suspension. Several advantages were early recognized when preliminary chemical and 
engineering studies were conducted at Columbia University and at the University of Chicago, 
with special emphasis in stating that uranium slurries as homogeneous reactor fuels have the 
significant advantage over solutions of being less corrosive; and concluding that both slurry 
fuel and slurry fertile systems can be developed for nuclear purposes after analyzing 
chemical stability, preparation methods, abrasion-corrosion, caking, sedimentation 
characteristics and pumping methods. 
  
The Pennsylvania Advanced Reactor (PAR) Project, that began in 1955, had as objective to 
determine the feasibility of building a 150 MW (electric) aqueous homogeneous pressurized 
reactor for central station use with a mixture of uranium oxide fuel and thorium oxide fertile 
material of a single-region slurry type [9, 10]. France [11], Netherlands [12, 13] and 
Czechoslovakia [14] also showed interest in suspensions containing dispersed uranium in a 
boiling reactor (PHOEBUS), pressurized aqueous suspension type small reactor with a slurry 
containing 4% by volume of UO2 (20% 235U) particles of 4-13 microns size [15] (KSTR, KEMA 
Suspension Test Reactor) [16, 17] and a homogeneous pressurized reactor with fuel 
suspension of enriched U3O8 of 10 MW (thermal), respectively. United Kingdom performed 
chemical investigation in the preparation and properties of slurries of thorium, uranium and 
plutonium oxides [18] while Australia carried out research on the dynamic properties of 
suspensions in pumped loops to provide information for a liquid metal fuel suspension type of 
reactor [19]. 
 
 
4. General and Particle characteristics 
 
 
It seems that there are no significant differences between using a solution or a suspension in 
the analysis of the type of homogeneous reactor (circulating fuel or boiling) to be used for 
radioisotopes production. Specific powers of 20 KW per liter of suspension, and even much 
higher, and average thermal neutron fluxes in the reactor core higher than 2.1013 n/cm2sec 
can be obtained. From past experiences in homogeneous suspension reactors a series of 
considerations can be outlined from the point of view of the implicitness referring to 
suspended particles.  
 
The size of the particles should be smaller than the penetration distance of fission products 
that is of the order of 10 microns. If the volume concentration of the particles is low (a few 
volume percent) as will be the case for a 20% enriched uranium it is to be expected that the 
greater part of the fission products will be stopped in the water and not re-enter the particles.  



The lower limit is determined by the possibility of simple and efficient mechanical separation 
of fuel particles and water, the latter containing fission and corrosion products, in solution or 
as small precipitates. This dimension can be taken such that particles should be bigger than 
1 micron. In the minimum size criteria it can also be considered that nuclear recoils produced 
by non fission neutron captures should be smaller than the minimum size of the particles so 
as to retain transformed nuclei in the solid media. The settling velocity of 10 microns particles 
containing uranium in water is approximately 0.5 mm/seg. This velocity means that stirring 
should be present to avoid particles deposition. 
 
The rate of water decomposition in suspensions is lower than in the case of solutions since 
fission products loose part of their energy in the generating particles and the recombination 
back reaction under catalytic action of the particles is promoted. If the generating rate and 
recombination is not enough, as in the case of high power designs, an additional catalytic 
recombining system of hydrogen and oxygen will probably have to be incorporated in some 
kind of plenum chamber. 
 
It is desirable that the particles have small specific surface in order to reduce adsorption of 
liberated fission products. To diminish adsorption effects, particles could additionally be 
covered with a convenient cladding, as for example an amorphous, crystalline or mixed 
oxide, or even graphite. Coverage can also help in controlling erosion, attrition and 
hydrodynamic properties. The fact that fission products can be controlled to be mainly in the 
water without presence of uranium is an interesting system for obtaining important yields in 
radioisotopes production. This item, or verification of this hypothesis, is important to perform 
in present first experiments. From another point of view, addition of adsorbent substances 
such as big particles of activated carbon, could help in the recollection of fission products 
from the liquid. Particles, precipitates and solution can be handled and separated for further 
processing by hydrocyclones specially designed.  
 
In the case of suspension systems attention should also be directed to the possibility of 
particle attrition, ought to the moving suspension and radiation damage, and instabilities due 
to settling if the circulation of the compound fluid failed . 
 
Since suspension of particles is conceived basically as a physical system in contrast with 
solutions that have chemical characteristics, other fluids can be considered to be used as 
moderators and coolants, as in the case of organic compounds such as dyphenil and 
terphenyls [20]. 
 
 
5. Conclusions 
 
 
In solution reactors, uranium concentration is limited by solubility or corrosion effects, and in 
slurries, by the effective viscosity and settling characteristics . Concentrations up to 4000 
g/liter may he considered for fluidized beds, four times higher than for solutions. 
 
Important control of the chemistry of the fluid can be performed in the case of suspended 
particles since the presence of uranium and plutonium is extremely reduced outside the 
particles. Size of suspended particles and their concentration should be such that fission 
products are liberated towards the liquid without reentering another particle. It is expected 
that these characteristics of suspended particles homogeneous reactors be directly related 
with important yields of extraction of radioisotopes of interest. It is being planed to perform 
experiments in which this capability can be evaluated.  
 
Compound particles containing the fissile elements and particles that adsorb fission products 
can be designed on behalf of increasing the performance of radioisotopes production. 
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ABSTRACT 
 

 
A number of prerequisites must be fulfilled before setting up a nuclear 
program in a new entrant country. This includes the training of future 
operating teams in the safety culture and the acquisition of the necessary 
technological knowledge. A NRC brings together the facilities and 
structures to meet this need. Similarly, prerequisites for the construction of 
an NRC in Maâmora (Morocco) have been completed by AREVA. These 
include establishing the contract, constructing the nuclear research centre 
and above all, commissioning the facilities. This paper gives the feedback 
from the team formed by AREVA and CNESTEN on the adventure the 
construction of the NRC Maâmora has been. 

 
 
 
1. Introduction  
The purpose of this paper is to give a feedback on the construction of the Maâmora Nuclear 
Research Centre (NRC) in Morocco for new entrant countries entering the field of nuclear 
energy used for peaceful purposes. The Maâmora NRC, whose construction was completed 
in 2007, was built on behalf of the Moroccan CNESTEN (National Centre for Nuclear Energy, 
Sciences and Technologies) by AREVA TA, the reactor module was build by the U.S. 
General Atomics. The Maâmora NRC occupies an area of 25 hectares approximately twenty 
kilometres north of Rabat. It comprises a dozen modules, half of them nuclear. The 
completed area covers 14 000 sq m. 
In 2008, ‘CNESTEN’ commissioned its 2 MW nuclear research reactor ‘TRIGA MARKII’. 
This NRC includes several laboratories specialized in various nuclear applications (health, 
biology, water, environment and industry). 

In this paper, we will discuss the Moroccan strategy to setting 
up a NRC and the important installation phases of the main 
facilities in terms of identified needs (nuclear applications, 
research, human resources, training, education and so on), 
preparation of legal framework, integration of international 
nuclear laws and treaties, implication of local industry, skills 
etc. 
Furthermore, we will underline the importance of the technical 
bilateral and multilateral cooperation at each step of the 
project’s development.  

 
 
 
2. Moroccan strategy for the realisation of NRC 



 
Since the first oil crisis in 1973, Morocco has considered the nuclear option as a long term 
energy solution. It is in this perspective that Morocco then ushered the nuclear era a within a 
legalist framework in conformity with international treaties & conventions (NPT, Safeguards, 
safety, security…). 
 
Having said that, Morocco launched, during the eighties, two important projects: 

 Carrying out of technical, economic and site feasibility studies of the first nuclear 
power plant during the eighties. Such studies have since then been gradually 
updated. 

 The setting up of National Centre for Nuclear energy, Sciences and Technology 
(CNESTEN) Nuclear Research Centre equipped with 2MW power research reactor 
as a technological platform to prepare the introduction of nuclear power programme 
and to provide radiation and waste safety services. 

 
The process adopted by Morocco to implement its Nuclear Research Centre was based on 
IAEA safety standards and concern five areas: 

 Definition of the national nuclear applications’ needs and NRC functions, 
 Institutional and Regulatory framework, 
 Selection of the firm in charge of construction works and contract establishment, 
 Design, construction and realisation of the project, 
 Bilateral and multilateral cooperation, 
 Education and training. 

 
2.1 Identifying the needs phase  
 
The CNESTEN carried out a feasibility study on the Nuclear Research Centre based on the 
definition of the national needs in terms of nuclear techniques usage (radioisotopes, 
analysis, training, radioactive wastes).  
  
This study covered the sectors susceptible to use nuclear techniques: 

 University research activities, 
 Health (nuclear medicine, cancerology, radiology),  
 Industry (radiography) 
 Agriculture (soil, plants), 
 Environment (ground water, sea, rivers) 

 
2.2 Definition of functions and activities of the Centre 
 
From the three missions assigned to the Centre by its law of creation (research, service and 
technical support for the State) and the results of the national needs, the CNESTEN defined 
the main scientific, technical and support functions. 
 
These functions are linked to the following activities:  

 Facilities operation (reactor, waste management facilities and technical facilities) 
 The production of radioisotopes and radiopharmaceuticals 
 Analysis by radiation or other analytical techniques 
 Liquid and solid waste treatment generated by external and internal users 
 Metrology and electronic measurements instrumentation 
 Radioprotection control and environment monitoring functions 
 Technical and maintenance functions 

 
 
 
 
3. Basic design of the NRC  



 
Based on the definition of the work program adopted by the CNESTEN, AREVA TA 
proposed a basic design of the entire NRC integrated on a greenfield proposed by the 
CNESTEN located in the Maâmora forest.  
This basic design was developed in close consultation with CNESTEN scientists taking into 
account: 
- The feedback from operators of equivalent facilities in the world, particularly those of the 
French CEA 
- The location and the situation 
- The safety constraints of the country 
- The economic optimization of the operation 
 
Moreover, the architectural constraints induced by the architect commissioned by the 
CNESTEN were taken into account. 
This basic design was the basis of the future technical contract and helped set a price. 
 
4. Elaboration of the contract  
 
4.1 Contents of the contract 
The contract included 2 main parts: 
- A turnkey contract package for design, equipment supply, construction and inactive 
commissioning of the whole facility, 
- A budget for the purchase of the last minute and up to date laboratory equipment, this being 
difficult to specify when the contract was first signed. 
 
4.2 Financing aspects 
To finance the transaction, AREVA TA proposed to make its offer using French funds 
covering the 2 major contracts. This funding, originating from an intergovernmental protocol, 
allowed loans to be offered at very attractive interest rates. 
 
4.3 Insurance, custom clearance, VAT 
All the paperwork have required two side rather cumbersome and time before starting the 
project to be taken into account in planning the construction of such facilities. 
 
5. Obtaining the necessary authorizations and licences  
 
5.1 Legal and regulatory framework 
 
The Moroccan national legal and regulatory framework for the protection against ionizing 
radiation and the safety of radioactive sources initially based on the law has been reviewed 
and completed in agreement with international standards. 
 
This legislation establishes two regulatory authorities: 
 

 The Ministry of Energy, Mines, Water and the Environment is the regulatory body in 
charge of the control and licensing of nuclear installation. The process adopted by the 
RB to assess the authorization request, submitted by the CNESTEN to launch the 
construction of NRC, was carried out by local expertise from different institutions (the 
university, technical departments, and research institutes).  
This expertise is organized within a national framework called “National Commission 
of Nuclear Safety” (NCNS) responsible to the Ministry as RB. This group supervised 
for more ten years (1996-2009) the process of licensing the NRC project: site 
approval, construction, fuel loading, commissioning and reactor operation. 
 



 Concurrently, the Ministry of Health delegates the responsibility to National Center of 
Radioprotection (CNRP) for the main regulatory functions of all the other radiation 
practices and sources. 

 
5.2 Licensing process of the NRC steps 
 
Morocco paid particular attention that the design of the Centre was carried out accordingly to 
the safety standards of the suppliers country of origin concerning pieces of equipment and 
materials and if necessary in accordance with IAEA standards. The authorization process as 
described in national regulations and applicable to the project plans for 5 phases: 
 

1. Construction authorization: delivery on the basis of the preliminary safety report 
(including site approbation) 

2. Authorization to commission trial runs delivered after reactor fuelling: delivery 
supported by a provisional safety report  

3. Authorization to rejects effluents after treatment process and radioactive decay 
4. Operating licence delivered on the basis of the definitive safety report 

 
All these authorizations are delivered by the Energy and Mines, Water and Environment 
Ministry supported by the National Nuclear Safety Commission which comprises national 
experts. Some Public agencies are also consulted for advice before delivering an 
authorization. 
 
6. Purchasing management 
Generally the developed financial protocol required a significant amount of purchasing in 
France. On this basis, the principle of purchasing and subcontracting for the successful 
completion of the NRC was the following: 
 
6.1 Safety equipments 

The pieces of equipment were purchased in France using the 
usual suppliers who provided all the guarantees in terms of 
quality achievement and quality assurance. 
 
 
 
 
 
 
 
 
 
 

6.2 Standard components 
These components were purchased in Morocco to avoid the costs associated with transport 
and customs clearance. Also this allowed for greater responsiveness in terms of time. 
 
7. Civil works 
 
All the work was subcontracted to local companies under the supervision of AREVA in order 
to improve the technical skills of the local operators. This is very important for creating a local 
network of expertise that will accompany the CNESTEN during the operation of the NRC, 
from maintenance to the expansion of facilities. 
The detailed design drawings and calculation notes involved were subcontracted to local 
engineering firms under the close supervision of AREVA for economic purposes and for 
better responsiveness in terms of documents availability for civil works. 



 
8. Commissioning, training and operation beginning 
 
8.1 Commissioning 
During the test phases of equipment, systems and units for a particular module, test teams 
consisted of people from AREVA associated with future operators to train them and ease the 
commissioning of the facilities. 
 
8.2 Training 
AREVA has trained future CNESTEN operators and maintenance personnel in its own 
facilities in France or directly on the Maâmora site. Similarly, Moroccan firms which 
participated in the construction of the NRC and obtained maintenance contracts from the 
CNESTEN have also expressed the wish to be trained by AREVA.  
 
8.3 Operation beginning 

Concerning facility operations, AREVA, thanks to its 
own experience as an operator of nuclear facilities, 
has provided assistance for establishing and 
organizing a monitoring committee for the operating 
of CNESTEN. The benefit was to follow the 
commissioning of the documentation and verify its 
proper use during the operating phase. 
 
 
 
 

For the module reactor, operational documentation includes: 
 -the Safety Report, 
 -the General operation rules 
- the running instructions, 
 -the maintenance procedures, 
 -the procedures, documents and methods for testing materials. 

 
9. Multilateral and bi-lateral cooperation (France – USA…) 
 
The IAEA has provided permanent and precious support for planning the project, choosing 
the reactor, selecting the scientific and technical activities as well as training personnel. 
 
Establishing bi-lateral cooperation agreements with French Public Agencies (CEA, IRSN, 
ANDRA …) and American also (National Livermoore Laboratory) allowed engaging in many 
acts of cooperation (expertise and training) covering different domains. 
 
10. Personnel training  
 
The training approach adopted by the Centre for building the scientific and technical teams 
follows two lines of principle: 
 

 Training session in similar nuclear research centres (France, USA) 
 
Based on the needs and the project phase, the CNESTEN has established annual 
cooperation programs with French and American public agencies. An important number of 
training sessions have also been organized with the assistance of the IAEA in research 
centres similar to the one located in Morocco. 
 

 On the job training  



 
 By implicating engineers and researchers in the technical definition phase with 

AREVA (definition of the functional specifications for the activities, technical 
specifications for the equipment, choice of process…) 

 By participating to the monitoring and control phases (engineering study, 
equipment purchase, assembly, trials, commissioning of the equipment and 
installations, construction works, …) 

 By assisting, during the commissioning trial runs of the reactor,  to the 
preparation phase consisting in the fire-up of the Centre’s modules 

 
 

 Bringing expertise to the teams (AIEA, CEA, IRSN, NLL…) 
 
The objective of these punctual assignments was to assist the teams in choosing the pieces 
of equipment and experimentation processes. 
 
The IAEA has especially been solicited to organize assessments and project reviews during 
critical phases of the project (INSAR). 
 
                                                 _______________________ 
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ABSTRACT 
 

 In 2001 the Bulgarian Government took a decision for refurbishment and conversion 
of the research reactor in Sofia in low power reactor. By reason of this decision it has been 
performed a partial dismantling of the IRT-Sofia old systems and equipment, with an 
intention to re-use the concrete bio shield for the new low power research reactor. 
 For most efficient use of resources there was a need for implementation of the 
engineering project, “Plan for partial dismantling of equipment of the IRT-Sofia as a part of 
the refurbishment into low power research reactor” which has been already accomplished.  
 
Introduction 
 
 The IRT-Sofia research reactor was designed and constructed from 1958 to 1961. 
First criticality was reached in September 1961. The reactor has been started up 4189 times 
to run 24623 hours altogether at different power levels /by 2 MW/ agreed upon with the users 
at regular weekly meetings. The reactor was shut down in 1999 for refurbishment and 
conversion.  
 The reactor is pool type, cooled and moderated with light water. The core contains up 
to 48 fuel and graphite assemblies. There are 14, 15, or 16 fuel rods per assembly. Fuel rods 
are EK-10 type, /10 % enrichment/ and C-36 /36 % enrichment/. The reflector includes 13 
graphite blocks. Safety and control system includes 7 in core rods - 2 safety rods, 4 
regulating rods, and 1 automatic regulating rod. The cooling system includes 3 pumps, 
special ejector pipe, max flow rate 540 m3, 2 heat exchangers, 4 ion exchange, and 2 
mechanical filters. The maximum capacity of the storage pool is 108 fuel assemblies. It has 
connections to reactor pool and hot cell laboratories. Experimental channels are 11 
horizontal and 12 vertical, the maximum neutron flux on 2 MW thermal powers is 2E13 
n/cm2.sec.  

 In order to realize the reconstruction project of the IRT - Sofia, it is necessary to 
develop and fulfill a Plan for Partial Dismantling /PPD/ of the research reactor IRT-Sofia 
according to national legislation [1] and IAEA Safety Guide [2]. 

 The PPD is intended to describe in detail the succession of procedures related to the 
dismantling of the equipment of the research reactor IRT-2000 which is not to be used for the 
purposes of its reconstruction into a low-power reactor and the following operations for 
reduction of the radioactive waste volume, decontamination, sorting, packaging, temporary 
storage, and transportation for delivery to the state company “Radioactive waste”. The main 
purpose of the partial dismantling planning is to ensure the safety of personnel and 
population as well as protection of the environment. 
 
Expose 
 
 The partial dismantling activities are part of the overall process of IRT-Sofia research 
reactor refurbishment. The final stage of the IRT-Sofia after the partial dismantling will be the 
initial stage of mounting the IRT-Sofia new systems and equipment. The criteria that should 
be taken into account are the following: 

 Ensuring full technological possibility for mounting of the new systems and 
equipment; 



 Removal of the dismantled equipment from the mounting sites; 
 Ensuring surface contamination levels and effective dose rate below the admissible 

values according to the Bulgarian normative requirements. 
 

 The PPD of the IRT-Sofia equipment has been implemented in the following 
sequence: 

 Removal of reactor internal systems; 
 Removal of bottom rack from spent fuel storage; 
 Removal of peripheral systems; 
 Preservation of bio shield and aluminum cover of the reactor pool to prepare them 

to accommodate to the new low power reactor; 
 The new stainless steel reactor vessel is going to be mounted into the old 

aluminum vessel with an appropriate material between them; 
 Preservation of the reactor building for further use. 

 
 Advantages of this implementation of partial dismantling are: 
 Alternative usage of the facility /the reconstructed reactor site/; 
 Re-utilization of personnel experience gained during the IRT-Sofia operation. 

 
 Prior to the dismantling activities it was necessary to have organization structure for 
their management with clearly defined activities and responsibilities for everyone 
participating in them /Fig 1/. 

 

 
Fig 1. Organization structure 

 
 The main activities that have been carried out prior to the dismantling are the 
following: 

 Characterization of the IRT-2000 materials has been carried out through the methods 
of measuring, taking samples /Fig 2/, and smears from the materials of the facilities, 
which are liable to dismantling and through calculation method;  

 Restrictive walls and portal arch RADOS-RTM-860TS type installation and verification 
of its operation capability; 

 Building of temporary barriers /tent/ and temporary ventilation for environmental 
protection from radioactive discharges during the dismantling activities; 

 Temporary power supply is installed necessary for the dismantling activities;  
 The condition of the 12.5 tons bridge crane and telpher was checked; 
 The operability of the following technological systems was checked: 

- special ventilation in the reactor main hall /technological systems B1 and B2/; 
- special sewage; 
- power supply; 
- radiation control systems – portable and fixed; 

 The site for secondary processing and decontamination of the dismantled equipment 
was constructed with local ventilation /Fig 3/; 

 Special transport containers for radioactive waste were provided; 
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 The reactor main hall was cleaned of redundant equipment, protections, experimental 
devices, and others which will obstruct the implementation of the partial dismantling 
activities; 

 The necessary quantity of water was drained from the reactor tank after preliminary 
pre-dismantling decontamination of the internal reactor equipment; 

 The equipment intended for dismantling were disconnected from the power supply; 
 Draining of the first circuit tubes, heat exchangers, and pumps were performed; 
 The radiation conditions were checked prior to the commencement of the dismantling 

activities. 
 

    
 
         Fig 2. Smears and samples taking                         Fig 3. Temporary tent and ventilation 
 
 During the implementation of the PPD the following working zones are defined: 

 Zone 1 - dismantling of reactor pool equipment /Fig 4, Fig 5/ 

      

 Fig 4. Reactor pool prior the dismantling                   Fig 5. Reactor pool after the dismantling 
 

 Zone 2 - dismantling of first cooling loop equipment /Fig 6, Fig 7/ 

   

    Fig 6. First cooling loop prior the dismantling   Fig 7. First cooling loop after the dismantling 

 Zone 3 - dismantling at the reactor site 

 Zone 4 - dismantling of the thermal column /Fig 8, Fig 9, Fig. 10, and Fig 11/ 



    

           Fig 8. The Thermal Column /TC/                              Fig 9. TC after the dismantling 
                     prior the dismantling 
 

    
 
      Fig 10. Graphite from the TC removal                          Fig 11. The TC after the dismantling 
 

 Zone 5 - secondary processing and deactivation of the dismantled equipment  
 

 The dosimetry person on duty determines the allowed time for working at each one of 
the zones, depending on equivalent dose rate and the accepted limits of permissible 
irradiation. 

  
 Obtained collective doses during the partial dismantling activities are the following: 

 In the reactor pool - 2.47 man mSv; 
 In the dismantling of the TC externally /in the reactor hall/ - 2.41 man mSv;  
 On the reactor site - 80 man µSv;  
 On the site for secondary treatment and decontamination of the dismantled 

equipment - 271 man µSv; 
 On the premises of the first circuit loop - 123 man µSv.  

 
 RAW management involves all activities, including also the decommissioning ones, 
which are connected with manipulation, preliminary treatment, processing, conditioning, 
storage, and disposal of RAW, excluding their transportation outside the reactor site.  
 
 The quantities of RAW as a result of the partial dismantling of IRT-Sofia equipment, 
determined according to [3], article 5 are the following: 
 

 Solid RAW, metal 2a and 2b category  1686 kg /1680 kg planned/ 
 Solid RAW, non-metals 2a and 2b category  70 kg  /70 kg planned/ 
 Solid RAW, metal 2a and 2b category  5040 kg /5040 kg planned/ 
 Solid RAW, non-metal 2a and 2b category   11035 kg /10000 kg/ 
 Solid RAW, metal 1 and 2a category   2736 kg /5800 kg planned/ 
 Liquid RAW, reactor pool    60000 l /60000 l planned/ 
 Liquid RAW, decontamination solutions   1000 l  /6000 l planned/ 
 Liquid RAW, ion-exchange resins   160 l  /320 l planned/ 

 
 



 The RAW obtained from partial dismantling of IRT-Sofia facilities are collected, 
decontaminated, packed and stored temporarily on reactor site. After RAW is packed and 
placed in licensed transport containers /Fig 12/ it is going to be delivered to state enterprise 
“RAW” for storage. 
 Liquid RAW from IRT were delivered to the state enterprise “RAW” for recycling and 
storage. 
 

 
 

Fig 13. Transport containers for RAW 
 

Conclusions 
 
 Final radiological survey of the reactor pool and the premises after completion of 
dismantling activities has been performed to ensure that the realize criteria have been met. 
The prepared Final report will give opportunity for the new equipment and systems mounting. 
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ABSTRACT 
 

The RELAP/SCDAPSIM/MOD4.0 code, designed to predict the behavior of reactor 
systems during normal and accident conditions, is being developed as part of the 
international SCDAP Development and Training Program (SDTP).  
RELAP/SCDAPSIM/MOD4.0, which is the first version of RELAP5 completely 
rewritten to FORTRAN 90/95/2000 standards, uses publicly available RELAP5 and 
SCDAP models in combination with advanced   programming and numerical 
techniques and other SDTP-member modeling/user options.  This paper describes 
the development of a representative input model for the 3MW TRIGA research 
reactor at AERE Bangladesh, describes the testing and qualification of the model 
using MOD4.0 advanced input checking and graphical display options, and then 
presents representative results for selected calculations.   

 

1. Introduction  

 
RELAP/SCDAPSIM[1-4], designed to predict the behavior  of reactor systems during normal 
and accident conditions, is being developed at Innovative Systems Software (ISS) as part of 
the international SCDAP Development and Training Program (SDTP)[5,6].   
RELAP/SCDAPSIM uses the publicly available SCDAP/RELAP5[7,8] models developed by 
the US Nuclear Regulatory Commission in combination with proprietary (a) advanced 
programming and numerical methods, (b) user options, and (c) models developed by ISS 
and other SDTP members. RELAP/SCDAPSIM/MOD4.0[3], the latest in the series of SDTP-
developed versions, is the first version of RELAP5 or SCDAP/RELAP5 completely rewritten 
to FORTRAN 90/95/2000 standards. MOD4.0 is described in a companion paper [4] and in 
more detail in reference [3]. 
 
As described in an earlier paper [9], the initial development and qualification of the input 
model for the AERE TRIGA was performed during a 3 month International Atomic Energy 
Agency (IAEA) internship by one of the authors (Huda).  During this period, an initial set of 
calculations were performed with an earlier version of RELAP/SCDAPSIM/MOD3.2(am2).  
For this paper, additional testing and qualification of the input models and results were 
performed using RELAP/SCDAPSIM/MOD4.0 with the integrated RELSIM interactive 
simulator Graphical User Interface (GUI) [10] and uncertainty analysis package [4].  The 
AERE TRIGA is briefly described in Section 2.  The development, qualification and 
application of the input model using RELAP/SCDAPSIM/MOD4.0 are presented in Sections 4 
and 5.  
 

2. Brief description of the Bangladesh AERE TRIGA 
 
The Bangladesh TRIGA-3000, a 3MW TRIGA MARK II research reactor located near Dhaka, 
was commissioned in late 1986. The reactor uses a light water coolant with graphite-
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reflector.  It is designed for continuous operation at a steady-state power level of 3 MW 
(thermal).  The reactor can also be operated in a pulsing mode with reactivity insertions of up 
to 1.4% ∆k/k ($ 2.00). The reactor and experimental facilities are surrounded by a concrete 

shield structure. As shown in Figure 1, the reactor core and reflector assembly are located at 
the bottom of a 2 m diameter aluminium tank, 8.2 m deep. Approximately 6.4 m of water 
above the core provides vertical shielding. The TRIGA core consists of 100 fuel elements 
arranged in a concentric hexagonal array within the core shroud. The fuel is a solid, 
homogeneous mixture of Er-U-ZrH alloy. 
 

 
 

Figure 1 – TRIGA reactor tank 
 
 
The reactor can be operated at power levels up to 500 kW with natural convection cooling of 
the core. For higher power, the forced flow mode (downward) of operation is required to 
transfer the reactor heat to the cooling tower. The cooling system of the TRIGA reactor is 
shown in Figure 2.   
 

 
 

 
Figure 2 – TRIGA reactor cooling system 
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3. Development and qualification of the original RELAP/SCDAPSIM input 

model   
 
As described in reference [9], the development of the preliminary input model was completed 
during a 3 month training fellowship supported by the IAEA.  Technical support, training, and 
technical review of the model were performed by the ISS staff at the SDTP regional training 
center in Idaho.  During the training period, the input model was built and tested in stages.  
Individual parts of the system were built and tested with simple boundary conditions.  The 
physical arrangement was verified using the integrated 3D orthographic displays available in 
RELAP/SCDAPSIM.  Figure 3 shows the 3D nodalization for the different components of the 
reactor cooling system. 
 

 
 
 

Figure 3 – TRIGA reactor cooling system components when viewed with 3D display 
 
The 3D images for each of the four components of the cooling system shown in the figure are 
drawn to scale by the code using only the information included in the input model(s).  The 
locations of each of the volumes, shown as black boxes on the figures, are drawn in reactor 
coordinates. The display can also be interactively rotated and scaled during the simulation to 
view different features of the model.   
 
This approach was used for each of the major features of the reactor system.  Then after 
each part of the system is tested and verified separately, the complete model was then put 
together as shown in figure 4. (The reactor tank and decay tanks are highlighted on the 
nodalization diagram and schematic.)  Once the complete model was assembled, this model 
was then used for comparisons with plant steady state data.  This comparison helped verify 
that the flow resistances and other model input assumptions were set properly.  In addition, 
where available, reactor startup data or other transient data was used to verify the thermal 
capacitances of the system, pump coast down characteristics, and other transient 
characteristics of the input model.  During this process the results were reviewed and any 
flaws in the steady state input models were corrected.    



4 

 

 

 
 
 

Figure 4 – Full TRIGA reactor cooling system when viewed with 3D display 
 

4. Testing, qualification, and application of input model using MOD4.0 

options 
 
The integrated RELSIM GUI and uncertainty packages available in MOD4.0 offered unique 
options useful for the testing, qualification, and application of the original TRIGA input model.  
First, the integrated RELSIM GUI allows the user to build interactive displays that can show 
in detail the results of either individual components of the system or the entire system.  
Although the RELAP/SCDAPSIM 3D display is useful to qualify the input model and display 
computed results in digital form, the RELSIM GUI allows a much wider variety of displays 
and more complete control of the calculations.  It allows the user to interactively set up 
accident sequences and to change the status of system components (i.e. trip a pump or open 
a valve). The accident progression or code calculation results can be viewed on a single or 
multiple monitors as shown on Figure 5.  The user can then run or pause the simulation.  
Although the speed of the simulation will depend on the complexity of the input model and 
transient, typical full reactor plant models will run significantly faster than real time on current 
Windows PCs. (The TRIGA steady state model runs between 10-20 times faster than real 
time.)  
 
The user can also build a variety of time history plot screens or data tables to display the 
simulation results as the simulator proceeds.  The time history plots can be edited with 
automatically generated or user defined axes descriptions, labels, markers, legends, etc.  
The resulting time history plots can also be exported electronically as report ready graphs.  
The plot screens can be rearranged and curves and plots can be added/deleted/rearranged 
during the simulation. 
 
Figures 1, 6, and 7 show three displays that were built for the TRIGA simulation.  Figure 1 
shows the reactor tank and core.  Figure 6 shows a similar view but with some of the piping 
associated with the reactor tank added to the display. Figure 6 shows the inclusion of the 
decay tank and heat exchanger.  The colors in these figures represent the fluid temperatures 
at different points in time during the calculations.   
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Figure 5 – Example of simulation with multiple displays on a Windows PC 

 
 

Figure 6 – RELSIM display of reactor tank, core, and associated piping fluid temperatures 
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Figure 7 – RELSIM display of core, decay tank, and heat exchanger fluid temperatures 
 

The MOD4.0 integrated uncertainty analysis package [4] can be applied to any standard 
RELAP5 or RELAP/SCDAPSIM input model.  The user defines the code parameters that are 
considered to be influential in the calculations, defines their associated uncertainty 
distributions, and the desired output quantities with uncertainty bands.  The code then uses 
the original input model along with the uncertainty input to generate the desired results.  The 
uncertainty parameters that can be selected by the user can either be source code or input 
parameters. The source code parameters allow the user to perturb computed quantities not 
normally accessible through input.  For example, source code parameters include: 
 

 Interfacial heat transfer coefficients.  

 Heat transfer coefficients. 

 Critical Heat Flux. 

 Gap thermal conductivity from the gap conductance model.  

 Viscosity. 

 Thermal conductivity. 

 Surface tension. 
 
The input parameters, as the name implies, are parameters that are defined through the 
input model.  Examples might be boundary conditions, loss coefficients, etc.  The package 
allows the user to easily perturb any input quantity by specifying the location in the input file 
(card and word number). 
 
The user can select from a variety of PDFs and then specify the associated characteristic 
parameters for each parameter to be perturbed. For instance when a Normal Distribution is 
desired, the user must specify the mean and the standard deviation.  Four types of PDFs can 
be selected:  
 

 Normal distribution. 

 Uniform distribution. 

 Log-normal distribution. 

 Trapezoidal distribution. 
 
For the TRIGA models, it was decided to vary three source parameters to demonstrate the 
use of the package:   

 Liquid heat transfer coefficient + 20% 

 Liquid heat transfer viscosity + 2% 

 Liquid heat transfer thermal conductivity + 2% 
 
Figure 8 shows the variation in computed steady state fluid temperatures in the core 
associated with variations in liquid heat transfer coefficients and fluid properties. The pink 
curve on the figure is the base or average fluid temperature at the bottom of the core, left 
axis.  The green and blue curves, also left axis, represent the upper and lower bounds on the 
fluid temperatures at that location.  As can be seen, the fluid temperatures undergo a rapid 
change in the first seconds as the temperatures adjust from the initial conditions, and then 
respond more slowly as the final steady state conditions are obtained.  The variation in the 
liquid heat transfer coefficients and fluid properties have little impact initially but increase in 
influence with time.  The red curve, right axis, is a plot of the difference between the upper 
and lower bound in fluid temperature at that location.   
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Figure 8 – Fluid temperatures at bottom of the core and associated sensitivity bounds 
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ABSTRACT 
 

The TRIGA reactor at the University of Utah is modelled in 2D using the AGENT 
state-of-the-art methodology based on the Method of Characteristics (MOC) and 
R-function theory supporting detailed reactor analysis of reactor geometries of any 
type. The TRIGA reactor is also modelled using KENO6 and MCNP5 for 
comparison. The spatial flux and reaction rates distribution are visualized by AGENT 
graphics support. All methodologies are in use in to study the effect of different fuel 
configurations in developing practical educational exercises for students studying 
reactor physics. At the University of Utah we train graduate and undergraduate 
students in obtaining the Nuclear Regulatory Commission license in operating the 
TRIGA reactor. The computational models as developed are in support of these 
extensive training classes and in helping students visualize the reactor core 
characteristics in regard to neutron transport under various operational conditions. 
Additionally, the TRIGA reactor is under the consideration for power uprate; this fleet 
of computational tools once benchmarked against real measurements will provide us 
with validated 3D simulation models for simulating operating conditions of TRIGA. 

 
 

1. Introduction  
 

1.1 TRIGA reactor at the University of Utah 
 
The University of Utah has a 100 kW pool type TRIGA reactor. Seven rings of fuel elements 
form the core in a triangular-pitched array. The current core configuration is depicted in Fig 1. 
Three types of fuel with different burn-up along with graphite, water, heavy water and control 
rod cells are placed in an unsymmetrical configuration to efficiently utilize the fast and thermal 
neutron yield. For simplicity, the irradiation facilities surrounding the core are not modelled and 
the cylinder tank filled with water is approximated by a hexagonal prism1.  
 

1.2 Computational Tools 
 
The TRIGA reactor was modelled using the following four transport codes: DRAGON [1], 
AGENT [2], KENO6 [3] and MCNP5 [5]. DRAGON is developed by Polytechnique Montréal 
and contains a various methods to simulate a fuel assembly. The primary methodology of 
DRAGON is a collision probability method. In this paper, DRAGON is used to read microscopic 
cross section library and perform self-shielding calculation to produce broad group cross 
sections for AGENT. AGENT (Arbitrary GEometry Neutron Transport) is the state-of-the-art 
code currently maintained by Advanced Radiation Simulation Laboratory (ARSiL) at The 
University of Utah. AGENT methodology is based on the Method of Characteristics (MOC) and 
R-function theory supporting detailed reactor analysis of reactor geometries of any type. Oak 
Ridge National Laboratory (ORNL) and Los Alamos National Laboratory (LANL) developed the 
KENO6 and MCNP5 code, respectively; KENO is the primary criticality analysis module in 
SCALE5.1 code system [5]. Because of the triangular-pitched array of TRIGA reactor, KENO6 

                                                      
1
Our next simulation model will include full 3D real geometry model of the TRIGA core and the cylinder tank. 



is selected instead of KENO5 to be able to model more complex geometry. Both KENO6 and 
MCNP5 are 3D Monte Carlo codes, but KENO, specifically designed for reactor modelling, 
relies on other SCALE modules, such as BONAMI/CENTRUM/PMC, to produce resonance 
corrected cross section prior to KENO calculation, while MCNP5 could account for the real 
physics processes and could be used for general purposes. The AGENT code can be used to 
model 2D or 3D cores based on the MOC. 
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Figure 1.  TRIGA core configuration 

 
 

2. Processing the Cross Sections Using DRAGON  
 
The standard microscopic cross section library of DRAGON consists of 69 groups or 172 
groups WLUP library [6] and most of the common nuclide data are based on the ENDF/B-VI.8. 
Because the Zr-ZrH2 data is not available in WLUP library and due to an uncertainty of the 
H-ZrH2 data (We performed a TRIGA unit cell calculations, using H-ZrH2 and that resulted in up 
to 2.4% k-inf overestimation by DRAGON compared to KENO6), the H1 and Zr-natural are 
selected in all of the presented calculations for fair inter-comparison. 
 

TRIGA core

30º

 
Figure 2. 1/12 TRIGA core modelled in DRAGON 

 
Because of the large number of zones and unsymmetrical configuration of the TRIGA core, 
DRAGON could not explicitly perform full core calculation. A 1/12 cut of the core (Fig 2) with 
minor modification to include all cell types is used in DRAGON calculation. Seven groups flux 
weighted isotropic cross sections are collapsed from 172 groups WLUP library by DRAGON. 
The energy group structure is identical to C5G7 benchmark [7], but the energy group limit is 
changed to the nearest energy group limit found in 172 groups WLUP library. Table 1 lists the 
group structure used in DRAGON to collapse the cross sections for AGENT. The first two 
groups are fast groups, and the next two groups fall into the resonance region. The last three 
groups are thermal energy groups. 

 
 



Table 1. Energy range of seven group cross section 
 

Group index Energy range (eV) 

1 1.35335×106 → 1.96403×107 

2 9118.82 → 1.35335×106 

3 55.5951 → 9118.82 

4 4.0 → 55.5951 

5 0.625 → 4.0 

6 0.134 → 0.625 

7 10-5 → 0.134 

 
In the DRAGON model, it is important to define multiple mixture indices for the same material 
that appears in different fuel cells. For example, aluminium serves as moderator surrounding 
all three types of fuel, and three mixtures with identical composition should be defined and 
treated as different mixtures after the self-shielding calculation and the collapse of cross 
sections. The cross section pre-processors of SCALE5.1 use similar idea to produce the 
corrected cross sections. 
 

3. 2D TRIGA core modelling using AGENT, KENO6 and MCNP5 
 
To coordinate with WLUP library, KENO6 simulation uses 238 groups ENDF/B-VI library and 
MCNP5 uses continuous energy ENDF/B-VI library. The calculation parameters are 
summarized in Table 2. Figure 3 illustrates the sub mesh pattern used in AGENT for a typical 
hexagonal unit cell. The dash lines and the material interface define the subdivisions, 
whichmaximum area in the core region is 0.96cm2. The AGENT parameters are selected such 
to provide a good resolution yielding accurate estimate of the multiplication factor and reaction 
rates. 100 millions neutrons are simulated by both Monte Carlo codes to lower the standard 
deviation to below 10-4. All sides of the core are set to free boundary conditions, and the top 
and bottom boundary conditions are set to reflective in all three models. Additionally, all three 
B4C control rods are withdrawn, and the control rod spaces are filled with the water. 
 

Table 2. Calculation parameters of AGENT, KENO6 and MCNP5 
 

 AGENT KENO6 MCNP5 

Library 7g collapsed from 172g WLUP 238g ENDF/B-VI ENDF/B-VI 

Neutrons NA 100 millions 100 millions 

k-eff and flux criteria 10-5 and 10-4 NA NA 

Azimuthal angles 36 NA NA 

Ray separation 0.02cm NA NA 

Edges 4 per segment / 264 in total NA NA 

Sub mesh 
6 triangles per hexagon lattice. 
Fuel pin is divided into 3 rings  

Total zones: 9414 
Total zones: 349 Total zones: 184 

 
The effective multiplication factor and runtime are summarized in Table 3. AGENT and KENO6 
multiplication factors are very close, indicating that codes using resonance corrected cross 
sections based on multi-group cross section library are consistent with each other. Compared 
to MCNP5, both AGENT and KENO6 slightly underestimate the k-eff for about 0.4%. The 
reason for this difference lies in the ways cross sections are corrected and because the 
libraries are different; the continuous energy MCNP5 avoids many of the assumptions inherent 
in a multi-group treatment [8]. Since the available KENO6 and MCNP5 codes are serial, 
AGENT calculation does not exploit high efficiency with parallel computing on multiprocessor 
server. For this complex geometry, AGENT spent half an hour to analyze the geometry and 
another two hours to complete the MOC iteration, while the Monte Carlo codes require 20 



hours for 100 million particle simulations. Therefore, deterministic methodology still plays an 
important role in the field of reactor analysis for the short computation time with good accuracy. 
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Figure 3. AGENT sub mesh pattern for a typical hexagonal fuel cell 

 
Table 3. k-eff and calculation time 

 

 AGENT KENO6 MCNP5 

k-eff  1.02188 1.02182±0.00008 1.02576±0.00007 

k-eff relative DIFF -0.38% -0.38% ---- 

Runtime (hours) Total: 2.5 / MOC: 2.0 20.6 18.3 

CPU models INTEL XEON 5520 INTEL Q6600 INTEL Q6600 

Machine LINUX WinXP SP3 WinXP SP3 

 
As shown in Fig 4, the seven group scalar flux, fission rate and absorption rate distributions are 
created from the AGENT simulation. The flux has more of an elliptical shape, because the 
lower right corner and upper left corner of the core are filled with water and heavy water region. 
The highest thermal flux is obtained in the centre irradiation chamber that is filled with water, 
while the highest fast flux appears in the second ring surrounding the centre irradiation 
chamber. 
 

4. Conclusion and future work 
 
The TRIGA reactor at the University of Utah is modelled using AGENT, KENO6 and MCNP5 
codes in 2D. The acquired AGENT multiplication factor is very close to KENO6 and acceptably 
compares to MCNP5. Good AGENT computational efficiency and high quality visualization can 
show details of TRIGA flux and reaction rates distribution. This calculation is used in our 
research but also in education as a part of some of our ongoing courses. The next step is to 
use AGENT to examine the anisotropic effect and model our TRIGA core in 3D. 
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Figure 4. AGENT simulated TRIGA scalar flux, fission rate and absorption rate profiles 
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ABSTRACT 
 

The safety report of the TRIGA Mark II reactor in Vienna includes three accident 
scenarios and their deterministic dose consequence to the environment. The 
destruction of the most activated fuel element, the destruction of all fuel elements 
and a plane crash were treated scenarios in that report. The calculations were 
made in 1978 with the computer program STRISK. In this work, the program 
package PC COSYMA was applied on the TRIGA Mark II reactor in Vienna and 
the deterministic consequences of the scenarios to the environment were updated. 
The fission product inventories of all fuel elements were taken from a calculation 
with ORIGEN2. To get meteorological data of the atmospheric condition around 
the release area, a weather station was installed. The release parameters were 
taken from the safety report or were replaced by worst case parameters. Further 
on, a fourth scenario for the case of a small plane crash was added. For the sake 
of completeness all scenarios were calculated with different atmospheric 
conditions. In this paper only two accident scenarios are presented, the destruction 
of the fuel element with the highest activity content and the case of a large plane 
crash, which means a totally destruction of the reactor hall. 

 
 
1. Introduction 
 
The program system PC-Cosyma Version 2.01 was used to assess the off-site 
consequences of an accidental release of radioactive material into the atmosphere. In this 
paper the effective dose (ICRP-60) after one day and after 50 years of two scenarios are 
treated. These scenarios are the destruction of the fuel element with the highest activity and 
the case of a big plane crash with totally destruction of the reactor hall. The evaluations were 
made deterministic, which means the atmosphere was temporal stable. The atmospheric 
condition E was used, which means a stable atmosphere. Standard values for mixing layer 
height (320 m), wind profile exponent (p = 0,44) and sigma coefficients were used for 
calculation. A list of used deposition parameters (standard values of PC-Cosyma) see table 
1. 
Only noble gases and halogens are volatile enough to release into the atmosphere and only 
nuclides with a half live higher than 14.1 minutes were treated. In this work only one release 
phase is used with a release duration of one hour and no thermal energy was assumed (0 
MW). The fission product inventories of all fuel elements were taken from a calculation with 
ORIGEN2 whereas the inventory of each fuel element was evaluated for a reactor operation 
from March 9, 1962, to June 30, 2009. After destruction of an fuel element, only a fraction of 
the whole inventory is released. To define the fraction of the released noble gases and 
halogens, the formula wi = ei . fi . gi was used, whereas ei defines the fraction of fission 
products, which migrate into the gap between fuel and fuel element cladding and was 
empirically found by general atomics with a value of 1.5x10-3 percent. fi defines the fraction of 
the fission products, which migrate from the gap between fuel and fuel element cladding into 
the water tank. gi defines the fraction of fission products, which are released from the water 
tank to the ventilation system or into the atmosphere. In the further paper index N is used for 
noble gases and the index H is used for halogens. 



The received dose outdoors is higher than the received dose in a protected location, 
because shielding effects occur. A list of used shielding effects see table 2. All scenarios 
were calculated within 5 km from the release point. The lattice is partitioned into 64 sectors 
and 25 circles. 
 

dry deposition velocity [m/s] 0.001 
dry deposition correction factor 1 

wet deposition coefficient a 8.0E-05 

aerosols 

wet deposition coefficient b 0.8 
dry deposition velocity [m/s] 0.01 

dry deposition correction factor 1 
wet deposition coefficient a 8.0E-05 

elementary bound iodine 

wet deposition coefficient b 0.6 
dry deposition velocity [m/s] 5.0E-004 

dry deposition correction factor 1 
wet deposition coefficient a 8.0E-07 

organically bound iodine 

wet deposition coefficient b 0.6 
 

Tab 1: Used deposition parameters 
 

cloud radiation 1 
ground radiation 1 

inhalation 1 
re suspension 1 

deposition on skin and clothes 1 
 

Tab 2: Used shielding parameters 
 
 
2. Worst case scenario 1 - Destruction of the fuel element with highest 

activity content 
 
In scenario 1 it was assumed, that the building is alright. The dimensions of the building were 
assumed as follows: height 20 m, width 20m and the release height was also assumed with 
20 m. The fission product inventory of the fuel element with the highest activity content was 
evaluated with ORIGEN [7] and is tabulated in table 3 (only nuclides, which were considered 
in PC COSYMA). 
For eN, fN and gN the same assumptions were used as in the safety report [8]. eN is the 
empirically found parameter from General Atomic and describes the amount of noble gases, 
which reach the gap between fuel and fuel element cladding. It was assumed, that 100% of 
all noble gases were released from the gap between fuel and fuel element cladding into the 
water tank. Further was assumed that all noble gases from the water tank were released to 
the ventilation system. 
For eH, fH and gH the same assumptions were used as in the safety report [8]. eH is the 
empirically found parameter from General Atomic and describes the amount of halogens, 
which reach the gap between fuel and fuel element cladding. It was assumed that 50% of all 
halogens were released from the gap between fuel and fuel element cladding into the water 
tank. It was assumed that 10% of all halogens in the water tank were in organic form and 
were released to the ventilation system. Further was assumed that 1% of the leftover 
halogens in the water tank (which had another chemical form) were released to the 
ventilation system. In table 4 a list of the release fractions for noble gases, organically bound 
halogens, halogens in other chemical form and the total release fractions are presented. 
 
 
 



 
 

Kr-83m 
Kr-85m 
Kr-85 
Kr-87 
Kr-88 
I-129 
I-130 
I-131 
I-132 

Activity [Bq] 
 

5.91·1010 
1.39·1011 
2.22·1010 
2.81·1011 
3.97·1011 
7.47·104 
7.16·108 
3.21·1011 
4.77·1011 

 
 

I-133 
I-134 
I-135 

Xe-131m 
Xe-133m 
Xe-133 

Xe-135m 
Xe135 
Xe-138 

Activity [Bq] 
 

7.44·1011 
8.40·1011 
6.93·1011 
3.56·109 
2.18·1010 
7.45·1011 
1.26·1011 
7.03·1011 
6.87·1011 

 
Tab 3: Volatile fission product inventory of fuel element 10075 

 
 Noble gases Organically halogens Other halogens 

e 1.5·10-5 1.5·10-5 1.5·10-5 
f 1 0.5 0.5 
g 1 0.1 0.009 
w 1.5·10-5 7.5·10-7 6.75·10-8 

 
Tab 4: Release fractions of scenario 1 

 
The only halogen, which was used in the calculation was iodine. In PC COSYMA, isotopes of 
iodine are partitioned into three chemical forms. These are organically bound iodine, 
elementary bound iodine and aerosol iodine. It was assumed that 92% of the released iodine 
was organically bound and 8% was in other chemical form. Further was assumed, that the 
other iodine was partitioned into 50% of elementary bound iodine and 50% of iodine in 
aerosol form. 
For this calculations, a Pasquill stability class E and a wind speed of 1 m/s was used as 
worst case atmospheric condition. Because of measurements with the weather station a wind 
direction from WNW and no rain were used. The dose is evaluated in an area within 5 km 
distance from the release point (Atomic Institute).  
The maximum effective dose (ICRP-60) in Sv after one day has a value of 2.51·10-10 Sv and 
lies in wind direction close to the releasepoint. Exterior a radius of 0.31 km the dose is less 
than 1·10−10 Sv and exterior a radius of 1.98 km the dose is less than 1·10−11 Sv.  
The maximum effective dose (ICRP-60) in Sv after 50 years has a value of max. 7.73·10-10 

Sv and lies in wind direction close to the releasepoint. Exterior a radius of 0.60 km the dose 
is less than 1·10−10 Sv and exterior a radius of 3.36 km the dose is less than 1·10−11 Sv.  
 
 
3. Worst case scenario 2 - Case of a large plane crash 
 
In this scenario the case of a large plane crash was regarded. It was assumed, that the 
building was fully damaged. The height of the building was assumed with 1 m, the width with 
20 m and the release height was assumed with 1 m. The fission product inventory of the 
whole reactor core (summed over all fuel elements) is presented in table 5 (only nuclides 
which were considered in the calculation). 
For eN, fN and gN the same assumptions were used as in the safety report [8]. eN describes 
the amount of noble gases, which reach the gap between fuel and fuel element cladding and 
has the value 1. This means, it was assumed that all noble gases reach the gap between fuel 
and fuel element cladding. Further was assumed that 100% of all noble gases were released 
from the gap between fuel and fuel element cladding into the water tank and all noble gases 
from the water tank were released into the atmosphere. 
 
 

 Activity [Bq]  Activity [Bq] 



 
Kr-83m 
Kr-85m 
Kr-85 
Kr-87 
Kr-88 
I-129 
I-130 
I-131 
I-132 

 
3.82·1012 
9.00·1012 
1.67·1012 
1.82·1013 
2.57·1013 
8.78·106 
6.57·1010 
2.08·1013 
3.10·1013 

 
I-133 
I-134 
I-135 

Xe-131m 
Xe-133m 
Xe-133 

Xe-135m 
Xe135 
Xe-138 

 
4.83·1013 
5.45·1013 
4.49·1013 
2.30·1011 
1.41·1012 
4.83·1013 
8.19·1012 
4.59·1013 
4.45·1013 

 
Tab 5: Whole reactor inventory of volatile fission products 

 
For eH, fH and gH the same assumptions were used as in the safety report [8]. eH is the 
empirically found parameter from General Atomic and describes the amount of halogens, 
which reach the gap between fuel and fuel element cladding. The safety report [8] partitioned 
halogens into two classes, organic halogens and other halogens. In this report it was 
assumed that 100% of all halogens were released from the gap between fuel and fuel 
element cladding into the water tank. It was assumed that 100% of all halogens in the water 
tank were released into the atmosphere. Further was assumed, that 10% of all halogens 
were in organic form and the rest was in other form. In table 4 a list of release fractions for 
organically bound halogens, halogens in other chemical form and noble gases is presented. 
 

 Noble gases Organically halogens Other halogens 
e 1 1.5·10-5 1.5·10-5 
f 1 1 1 
g 1 0.1 0.9 
w 1 1.5·10-6 1.35·10-5 

 
Tab 6: Release fractions of scenario 4 

 
In the safety report [8] it was assumed that 10% of the released iodine was organically bound 
and 90% was in other form. Further was assumed that 50% of the other iodine was 
elementary bound iodine and 50% was in aerosol form.  
For these calculations, Pasquill stability class E and a wind speed of 1 m/s were used as 
worst case atmospheric conditions. Because of measurements with the weather station a 
wind direction from WNW and no rain were used. The dose is evaluated in an area within 
5 km distance from the release point (Atomic Institute).  
The maximum effective dose (ICRP-60) in Sv after one day has a value of max. 3.72·10-4 Sv 
and lies in wind direction close to the release point. Exterior a radius of 0.60 km the dose is 
less than 1·10−4 Sv and exterior a radius of 4.38 km the dose is less than 1·10−5 Sv.  
The maximum effective dose (ICRP-60) in Sv after 50 years has a value of max. 3,74·10-4 Sv 
and lies in wind direction close to the release point. Exterior a radius of 0.60 km the dose is 
less than 1·10−4 Sv and exterior a radius of 4.38 km the dose is less than 1·10−5 Sv.  
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Abstract: 
 
The CENM TRIGA MARK II reactor is part of the National Center for Energy, Sciences and 
Nuclear Techniques (CNESTEN). It’s a standard design 2MW, natural-convection-cooled 
reactor with a graphite reflector containing 4 beam tubes and a thermal column. The reactor 
has several applications in different fields as industry, agriculture, medicine, training and 
education. In the present work a computational study has been carried out in the framework of 
neutronic parameters studies of the reactor. A detailed MCNP model that include all elements 
of the core and surrounding structures has been developed to calculate different parameters of 
the core (The effective multiplication factor, reactivity experiments comprising control rods 
worth, excess reactivity and shutdown margin). Further calculations have been carried out to 
calculate the neutron flux profiles at different locations of the reactor core. The cross sections 
used are processed from the library provided with MCNP5 and based on the ENDF/B-VII 
with continuous dependence in energy and special treatment of thermal neutrons in 
lightweight materials.   
 
Key words: TRIGA, MCNP, ENDF/B-VII, reactivity, excess reactivity, shutdown margin 
 
1. Introduction:  
 
Research reactors are most commonly used as sources of neutrons for scientific investigations 
or for use in nuclear analytical techniques. The CENM TRIGA MARK II reactor is basically 
a user institute opens to all interested research teams at universities and other research 
national or international institutions. The reactor is provided with different irradiation 
facilities that converge at the reactor core and allow simultaneous performance of multiple 
experiments [5].  
Optimisation of experiments by computational methods is a practical alternative witch also 
offers additional information of some parameters that would be difficult to obtain 
experimentally. However, as reactor systems become more complex, increasingly 
sophisticated tools must be employed to accurately predict their behaviour under normal and 
transient conditions. The MCNP code developed and maintained by Los Alamos Laboratory 
is the internationally recognized code for analyzing the transport of particles by Monte Carlo 
method [3]. This code was selected to develop a detailed computational model of the CENM 
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TRIGA MARK II research reactor. The model witch includes all structures and materials 
found in the reactor has been used to study the nuclear reactor response. In particular, 
criticality calculations have been carried out to assess the reactor effective multiplication 
factor, reactivity excess, control rod worth, and shutdown margin. Neutron transport analyses 
have been performed to investigate the neutrons flux profiles in different positions of the 
reactor.   
 
2. Modelling of CNEM TRIGA MARK II reactor:   
 
The MCNP (version 5) was used to simulate the CENM TRIGA MARK II research reactor 
core and its surrounding components in three dimensions. All fuel elements and control roods 
were presented as cylinders of appropriate materials and dimensions. Each element was 
modeled in detail in order to minimize the geometry approximations. All irradiation facilities 
were modeled and placed in their real positions. The model was extended radially to describe 
the graphite reflector, the lead, and the biological shielding. Water filling all the sides of the 
core was also modeled. The geometric and material data are taken from the fabrication 
documentation provided by reactor manufacturer [1].  
 
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4. Results and analysis 

 
 
 
The nuclear response of the reactor has been investigated by neutron transport analysis carried 
out with MCNP5 code running on a Pentium 4 processor at 1,8 GHz. The cross sections used 
are processed from the library provided with MCNP5 and based on the ENDF/B-VII with 
continuous dependence in energy. The effect of chemical binding and crystalline effects that 
become important as neutron energy becomes sufficiently low (less than 4 eV) is taken into 
account using the S(α,β) treatment. This function was applied in this work to the water, the 
graphite and UZrH fuel in order to supply a more accurate estimation.  
The input deck was run as a kcode source problem for criticality calculations. Several runs 
were performed with a large number of histories to ensure good statistical sampling 
throughout the core and the regions of interest.     

 

Fig1. Radial and axial view of CENM TRIGA MARK II reactor  
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3. Results and discussions:  
3.1 Core excess reactivity 
 
The core excess is an important parameter witch is routinely assessed to provide assurance 
that there is always sufficient negative reactivity to shut the reactor down. The excess 
reactivity was experimentally determined from control rod worths critical positions and their 
calibration curves. Then the individual values of excess reactivity associated with each control 
rod were combined to obtain the total core excess reactivity. The comparison between the 
experimental reactivity value and the MCNP ones is shown in Tab 1. As it can be observed, 
the experimental data match well the numerical ones. 
 

Tab1. Measured and calculated values of the core excess reactivity 
 
                                                  MCNP                        Experiment                    C/E 

                                                                                                  
           Core excess              10.14                             10.27                         0.987           

 
 
3.2 Control rods worth 
 
The calculation of the control rod worth simulated explicitly the experiment which was 
carried out by the positive period method [2]. In this method the reactor is made critical by 
withdrawing the control rod a certain amount, and the resulting (positive) period is 
determined from the measured doubling time to derive the reactivity. In Fig x, the integral 
worth of the control rods is plotted against rod positions in the active fuel region. A 
Comparison between Calculated and measured results for total rod worth are shown in the 
table bellow.  

 
Tab 2. Comparison of measured and calculated control rod worth  

 
                   Shim I           Shim II          Shim III         Shim IV          REG 

         
C/E              0.98                0.92               1.02                0.94               0.95 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 2 Integral worth for Shim 1  Fig 3. Integral worth for Shim 2  
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As it can be seen from the integral reactivity curves shown on figures y, the agreement 
between the MCNP values and the experimentally determined values is fairly good. (C-E/E) 
values didn’t exceed 8% for all results.  
 
3.3 Shutdown margin  
 
The shutdown margin is defined as the amount of reactivity by witch a reactor is subcritical or 
would be subcritical from its present condition assuming all control rods are fully inserted 
except for the single rod with the highest integral rod witch is assumed to be fully withdrawn. 
On the de basis of this definition the calculated value obtained using ENDF-B VII is 1.00$, 
this value deviates from that obtained experimentally 1.38$. Using JEFF-3.1 and JENDL-3.3 
evaluations, the difference to the experimental value was much smaller: 1.15$ and 1.21$ 
respectively.     
 
3.4 Axial profiles and radial profiles of neutron flux:  

Fig.4 Integral worth for Shim 3  Fig.5 Integral worth for Shim 4  

Fig. 6 Integral worth for Reg  
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Fig.7 Radial profile of thermal, epithermal and fast components of neutron flux in the fuel 
zone 

 

 
 

Fig.8: Axial profile of thermal, epithermal and fast components of neutron flux calculated 
along the central thimble 
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Fig 7 shows that the thermal and the epithermal components have a maximum pick on the 
axis of the core. These components drop off symmetrically when going away from the center 
due to the increased leakage. In contrast to thermal flux shape, the fast neutron component 
presents a drop in the center of the core. The reason for this is that neutrons generated by 
fission are rapidly slowed down in elastic and inelastic collisions with water contained in the 
central thimble. We note that the flux was tallied at the reactor midplane, where it’s known to 
have the highest magnitude, over a very small height of -0.1 and 0.1 cm around the reactor 
midplane.   
The axial profiles (Fig 8) of all components along the central thimble have a shape of a cosine 
witch peaks at the center and decreases as we approach the top and the bottom of the core.  

 
 

Conclusion:  
 
A theoretical and experimental work has been carried out to study the nuclear behavior of the 
CENM TRIGA MARK II research reactor. A detailed computational model of the reactor that 
includes all elements of the core and surrounding structures has been used to calculate 
different parameters of the core. The results obtained have been successfully compared with 
the experimental ones. Neutrons flux distributions calculations are consistent with the 
expected reactor behavior and show that the neutron flux depends strongly on the position in 
the reactor. Further measurements to validate the neutron flux in selected positions are in 
progress. 
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ABSTRACT 
 

The University of Utah 100 kW TRIGA (UUTR) reactor provides usable neutron 
yields for neutron radiography. Currently, UUTR reactor has three irradiators (Central, 
Pneumatic, and Thermal irradiators) and one Fast neutron Irradiation Facility (FNIF). 
These irradiators are very small so they are not suitable for neutron radiography. UUTR 
has three beam ports but they are not available due to the structure of the core. All sides 
of the core are occupied by FNIF, Thermal Irradiator, and three ion chambers. The only 
available position for underwater vertical beam port is on the top of the FNIF. There are 
two factors necessary to fulfill to be able to realize vertical underwater beam port: 
noninterruption to other facilities and radiation shielding. Designing the vertical beam 
port as movable ensures good access to the core and pool, while still providing a good 
neutron radiography environment. Keeping the top of the beam port below the surface of 
the pool the water represents biological shield. Neutron radiographs, with a simple setup 
of efficient neutron converters and digital camera systems, can produce acceptable 
resolution with an exposure time as short as a few minutes. It is important to validate the 
design with calculations before constructing the beam port. The design of the beam port 
is modeled using the MCNP5 transport code. A minimum of 105 neutrons/cm2-sec 
thermal neutron flux is required for high resolution neutron radiography. Currently, the 
UUTRIGA is in the process of upgrading its power from 100 kW to 250 kW. Upon the 
completion of the upgrading, the maximum neutron flux in the core will be ~7x1012 
neutrons/cm2-sec. This paper discusses a modeling and evaluation of 
capability for a neutron radiography facility. 
 
Key words: Neutron radiography, research reactor, MCNP5, beam port 
 

1. Introduction 
X-ray radiography has a long history of applications in medicine as well as in the 

field of nondestructive testing. However, X-ray radiography images are created with a 
markedly different image that can be detected through neutron radiography. Neutron 
radiography is a nondestructive testing technique as well, but allows imaging of 
otherwise undetectable inside-defects in a variety of materials such as turbine blades, 
crank axis, and automobile batteries. Neutron radiography can detect any hints of 
corrosion or cracks inside of metallic structures [1]. The University of Utah has a 100 kW 
TRIGA reactor (UUTR). The UUTR core is based on a hexagonal prism lattice with a 
spacing of 1.72 inches (4.37cm) center to center. The core has seven rings of fuel 
elements marked as A-ring, B-ring, up to G-ring. The A-ring is actually not a ring since it 
has only one space position and is located at the center of the core; it does not contain 
any fuel. This is the location of the highest flux in the core and this space is available for 



irradiating the samples. The B-ring (outside of the A-ring) consists of six fuel element 
locations; each ring outside of the previous has an increased number of assembly and 
fuel element locations by six. The core is not loaded in a uniform manner due to the 
types of irradiation facilities present. The Thermal Irradiator (TI) has graphite reflector 
elements located in G2 through G7. The TI tank is filled with D2O and has a sample 
insertion tube extending from the center of the TI to the top of the reactor pool. The Fast 
Neutron Irradiation Facility (FNIF) is intended to provide a neutron spectrum 
approximating a fission spectrum.  It is placed as close as possible to the outer ring of 
fuel with as little moderation as possible. The FNIF has an insertion location, which is 
surrounded by two inches of solid lead to decrease the gamma irradiation while not 
moderating the neutrons significantly. The UUTR tank was designed with the ability to 
add beam ports at three different locations around the core [5]. The design incorporated 
outer beam port tubes extending down through the floor, through the outer steel tank, 
and abutted against the inner aluminum tank. The angle is such that a beam port insert 
could be lowered into the pool and placed against the core on one end and against the 
inner aluminum tank on the other end lined up with the outer beam port tube. The design 
of the insert would need to be such that it has slight negative buoyancy. The advantage 
of the beam port is that the beam port insert could be moved or removed when it is not in 
use, providing a better access to the core, and more flexibility for users of the facilities.  
Issues with the design required to be resolved include the biological shield needed at the 
outer end of the beam port, the location of various equipment around the outside of the 
pool and core, and the right angle of the beam. Because of the location of the ports 
around the outside of the pool, the space available for experiments and the biological 
shield are extremely limited.  The three outer ports are located on 120° intervals around 
the outside of the pool with the ports pointing directly north, southwest, and southeast. 
The smallest available space around the reactor pool is directly north while the largest 
space is southwest. This space issue renders the north port completely unusable while 
the southwest and southeast ports have limited space due to the east and west walls of 
the reactor room. The core would also need to be changed to move instrumentation or 
existing experimental facilities out of the way of the beam port insert. The angled beam 
port would create difficulties in performing certain experiments such as neutron 
radiography. The difficulties could likely be overcome, but may require extravagant 
engineering solutions. These challenges pointed out in examining the vertical beam port 
to alleviate some of the issues as discussed. If the vertical beam port is designed as 
moveable, it can provide good access to the core and pool while providing a good 
neutron radiography environment.  If the top of the beam port is kept below the surface 
of the pool, the water above the port will act as a good biological shield.   

 
2. Efficient UUTR Beam Port Design 

Placement of the vertical beam port can have a drastic effect on the beam port 
flux, reactor operation, and the usability of facilities.  A beam port placed directly over the 
center of the core would maximize the neutron flux in the beam port.  However, this 
configuration would interfere with control rod drive mechanism and visual inspections of 
the core.  It would also hamper access to some of the other experimental facilities 
decreasing or eliminating the opportunities for piggybacking experiments thus increasing 
the operating costs of the reactor. Placement of the vertical beam port to the side of the 
core will lower the beam flux but it does not require changes to the control rod drive 
mechanism and provides better visibility of the core and better access to other 
experimental facilities. To maximize the beam flux, the port should be placed as close to 
the core as possible. Due to the presence of other experimental facilities and 
instrumentation, the available locations next to the core are limited. A possible solution 



for the placement of the beam port is to use the FNIF.  It has a flat top, which would work 
well for the placement of the beam tube.  The neutron flux in the FNIF is fairly well 
characterized which would be beneficial in providing a baseline for calculation and 
reactor control [4]. The vertical beam port will be moveable to provide good access to 
the core when needed and will have the ability to use different apertures for different 
applications. The end of the beam port should be far enough below the surface of the 
pool to not need a biological shield other than the water existent in the pool.  It should be 
a simple design to minimize cost and downtime. To accommodate different apertures the 
beam port will be composed of a two pieces. The aperture assembly will be separated 
from the beam port. This will provide the ability to use different apertures for different 
applications as needed. The most common apertures would be permanent fixtures, 
which would not be easy to modify.  Some easily modifiable apertures could also be 
made to accommodate testing of new aperture designs or to create custom apertures, 
which would only be used for a short period before being changed. This aperture 
assembly would fit into the sample area of the FNIF and would have the same basic 
dimensions as the FNIF insert with the exception of the height. It would be designed to 
hold the bottom of the beam port in place on top of the FNIF. The beam port is put into 
place by placing it over the aperture on top of the FNIF.  It must be secured at the top by 
mechanisms extending to the top of the pool secured to the framework of the control rod 
drives or the pool side. 

3. The MCNP5 Model 
Before manufacturing the beam port it is important to validate the design with 

calculations.  The beam port design is modeled using MCNP5 [2] transport code. To 
speed up processing and improve the reliability of the results, the model was split into 
two parts. The first part of the model includes whole core and the FNIF surrounded by 
water as shown in Figure 1. Each fuel element was modeled individually as placed in its 
correct location.  All the components of the FNIF were also modeled as accurately as 
possible based on original design drawings.   

 
 Figure 1. MCNP5 model of the UUTR FNIF and UUTR reactor core; FNIF contains lead 
shielding to reduce gamma components from the core; the maximum neutron flux at the center of 
FNIF is 3.0 x 1011 neutrons/cm2·sec      
 
The central part of the FNIF (the opening) was filled with air in our MCNP5 model. 
Neutron MCNP5 tallies for the core was set up in two locations. The first was a flux tally 



for the central irradiator. The second was a current tally for neutrons crossing the top of 
the FNIF. A photon current tally across the top of the FNIF was also defined to 
characterize the photon spectrum.  All the tallies in the models were divided into 200 
energy bins to define a spectrum. The second part of the model relates to the port; the 
beam port assembly and the top opening of the FNIF is shown in Figure 2.  Directly 
above the FNIF opening was approximately 10 cm of lead with 2.5 cm of graphite above 
that in contact with the lead.  A square aperture (with the sides equal to 2.54 cm) was 
made of 0.25 mm thick gadolinium. The aperture was located approximately 5 inches 
above the FNIF opening in direct contact with the graphite. The beam port itself was 
modeled as being filled with the air. The bottom of the port was dimensionally the same 
as the FNIF top opening. The top was dimensionally the same as the sample box.  
There was approximately 350 cm from the aperture to the top of the beam port (the 
cassette loading area).  The sample box had dimensions of approximately 53 cm long by 
46 cm wide by 31 cm high. This sample box was divided by 9 circular sections such as 
area 1, area 2, area 3, etc., to calculate neutron and gamma fluxes on each area of the 
top of the sample box. The beam port was made of aluminum and its inside was filled 
with air. The results (photon and neutron energy and probability) from the second tally of 
the core model were used as the source terms for modeling the port. The source term 
was defined as a surface source distributed uniformly over the surface.  The final tally 
was at the top of the cassette box.  This was a current tally for neutrons and photons 
subdivided into nine segments as shown in Figure 3 to check the uniformity of the flux at 
the film cassette.  Since MCNP5 only allows source definitions for a single particle type 
in the model, the beam port in the model had to be modeled once for the neutron source 
and once for the photon source.  The tally results for each run then had to be combined 
into a final neutron tally and a final photon tally.  
   

 
  Figure 2. Vertical beam port; inside of the beam port is filled with air 
 
   4.     Results 

The first part of the model was run for a total of 1,101,770 particles. The relative 
error of the neutron current across the top opening of the FNIF was 0.0131.  Results less 
than 0.10 are considered to be reliable. It should be noted that not all the energy bins 
had relative errors less than 0.10. However, all the bins below 8 MeV had relative errors 
below 0.10. The same tally for photons had a relative error of 0.0145. Since all the tallies 



were eventually referenced back to the central irradiator neutron flux, the relative error of 
this tally is also of interest.  The relative error of the central irradiator tally was 0.0132 
with the majority of the lower energy bins having relative errors less than 0.10. The 
lowest energy bin to have a relative error larger than 0.10 is at 13.3 MeV. 

 

 
Figure 3. MCNP5 neutron and gamma fluxes on the top of the UUTR beam port 

 
 Normalizing the tallies to the central irradiator provided the ability to approximate 
the actual neutron and photon currents and flux across the top opening of the FNIF. The 
neutron flux was obtained to be 2.22 x 1010 neutrons/cm2-sec at the top of the FNIF 
opening [8]. This is at the same level (height) as the top surface of the core. This 
measurement is credible because the neutron flux measurement halfway down 
(vertically) the FNIF results in 3.0 x 1011 neutrons/cm2-sec, [4]. The neutron flux 
distribution is highest at the half way point (vertically) and tapers off going either 
direction (up or down). This axial neutron flux distribution in the FNIF is very similar to 
that of the central irradiator. The central irradiator has a maximum flux half way down 
(vertically) as well and presents a similar pattern of distribution. Using the neutron and 

the model, neutron and photon tallies were obtained at the top of the experiment box 
(where the film cassette would be placed). It took 300 minutes using 207 million particles 
and the relative errors of all the photon tally segments were below 0.04.  The second 
part of the model using the neutron source ran for a total of 10,570 minutes (7 days, 8 
hours) resulting in 114 million particles being tracked.  The relative errors of all the 
segment tallies for both neutron and photon were less than 0.02. As shown in Table 1 
the average neutron current across all nine tally segments was 3.49 x 108 neutrons/sec 
or a flux of 2.21 x 106 neutrons/cm2-sec. The standard deviation was 8.73% for the 
current or 1.22% for the flux. The average photon current was 1.86 x108 photons/sec or 
a flux of 1.18 x 106 photons/cm2-sec. The standard deviation was 8.46% for the current 
or 2.09% for the flux. The neutron spectrum from MCNP5, over 70% of the neutrons 
were below 0.01 MeV. On the top of the beam port that is about 350 cm from the top of 



the core, majority of the neutrons are thermal neutrons because there will be paraffin 
and graphite layers at the bottom of the beam port. For this modeling, neutron energy 
ranging from 0 to 20 MeV was divided by 200 equally spaced energy bins. The effect 
from fast neutrons on neutron radiography is negligible and it is important to set up more 
detailed tallies in the thermal neutron energy region in the future modeling [6]. For image 
detection, a thermal neutron to gamma ratio of 105 neutrons/cm2-mR is required. In 
general, Gadolinium oxysulphide (GdOS) is used for the converter to lower the neutron 
flux for high image resolution. GdOS has a thermal neutron flux to gamma conversion 
ratio of 3x106 neutrons/cm2-mR and the minimum requirement of neutron flux for high 
resolution neutron radiography can be ~ 3.33x104 neutrons/cm2-sec [7]. 
 

Table 1. The average neutron and photon current across all nine tally segments 

 

   5. Conclusions 
According to the ASTM standards E78-02 (ASTM 2002) [3], if thermal neutron 

flux from a nuclear reactor is between 1E5 nts/cm2-sec and 1E8 nts/cm2-sec, it 
represents an excellent source for neutron radiography.  High resolution radiography 
requires a total neutron flux of about 1E12 nts/cm2-sec at the source and thermal 
neutron flux of 1E6 nts/cm2-sec at an object [1]. From the calculations based on the 
MCNP5 for the University of Utah 100 kW TRIGA reactor, it is obvious that a vertical 
beam port is not only feasible, but also desirable. The major drawback to the design is 
the requirement to place samples in a water-tight box and lower them onto the top of the 
port. The advantages of a simple design with changeable apertures and no additional 
biological shielding requirement far outweigh the drawback for research purposes.  If 
high volume production were desired, having to lower each sample through the water to 
the port would render this design virtually unusable. Though this design used the FNIF 
as a starting point, it is not dependent on using the FNIF.  It would be a simple matter 
and may even be desirable to design a new base for the beam port.  A new base for the 
beam port could be designed to improve the neutron beam quality instead of making 
with what is available. It should also be noted that in designing the aperture, fill materials 
(i.e. graphite, lead, water, etc.) for the opening of the FNIF should be investigated to 
possibly reflect more neutrons up the port. It would also be advantageous to create a 
complete accurate model of the core inclusive of all the facilities and verify the MCNP5 
model.  Any further modeling of the facility could always start with the verified 
benchmark model of the core resulting in increased confidence of the results.   
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ABSTRACT 
 

The Atominstitute (ATI) of the Vienna University of Technology utilizes a TRIGA 
Mark II research reactor for last fourty eight years at a nominal reactor power of 
250 kW (thermal). It has a completely mixed core and employing three different 
types of fuels i.e. aluminium clad fuel with 20% enrichment, stainless steel (SS) 
clad fuel with 20% enrichment and SS clad FLIP fuel with 70% enrichment. The 
current core loading is 83 fuel elements. The reactor core is equipped with many 
irradiation facilities inside the core to irradiate samples at different flux levels. 
These irradiation facilities include the Central Channel (CC which is used to 
irradiate samples at maximum flux. This paper presents the calculations and 
measurements of the void coefficient of reactivity in CC. For this purpose, a 
cylindrical void of 66.47 cm3 was inserted into the CC and moved from bottom to 
top of the core along the axial length of the channel in steps of 5 cm. For each 
step, the effect of void sample on the core reactivity was measured by the 
regulating control rod position. This experiment was performed at 10W in 
automatic mode of operation.  
Monte Carlo neutronics simulating code, equipped with the cross sections library 
JEFF 3.1, was employed to perform these calculations. For each 5 cm step in the 
central irradiation channel, a separate model was executed. To see the influence 
of the control rods, the MCNP calculations were performed. In theses calculations, 
the control rods were set to the reactor operating conditions. Both the simulated 
and measured results were compared. Fairly good agreement was observed 
between calculations and experimental results.  
  

1. Introduction 
The Atominstitute (ATI) of Vienna University of Technology utilizes the TRIGA Mark II 
research reactor for its research, training and educational interests for last 48 years. The 
reactor operates at an average power level of 250kW and is equipped with many irradiation 
facilities inside and outside the reactor core. Inside the core, there are many irradiation 
channels including central thimble CC which is used for high flux irradiation. Starting with 57 
Fuel Elements (FE(s)) of same type in 1962, the current core has 83 FE(s) of three different 
types. Out of 83 FE(s), 54 are 102-type (Aluminium-clad, 20% enriched), 20 are 104-type 
(Stainless Steel-clad, 20% enriched) and 9 are FLIP (SS-clad, 70% enriched) FE(s). These 
FE(s) are cylindrical in geometry and are arranged into 5 concentric circles (rings) in an 
annular lattice [1]. The schematic diagram of TRIGA FE is shown in Figure 1[2].  

 
Fig 1. Schematic diagram of TRIGA Mark II reactor fuel element [2]. 

The reactor utilizes zirconium hydride fuel which is a homogeneous mixture of uranium (U) 
and zirconium hydride (ZrH). The ZrH is used as main moderator. About 80% of the neutron 



moderation occurs inside the fuel. Since the moderator has the special property of 
moderating less efficiently at high temperatures, the TRIGA reactor can produce a pulse of 
250 MW for roughly 40 milliseconds [1]. 
 
The operational safety of the reactor needs the information of reactivity effects on the core 
caused by small disturbances. To investigate the void effect on the core reactivity, this work 
focuses on the calculation of the void coefficient of reactivity and its experimental 
confirmation in the central irradiation channel CC. The current core map including in-core 
irradiation facilities is shown in Figure 2. 

 
Fig 2. The current core map of the TRIGA Mark II research reactor. 

 
1.1 Void Coefficient of Reactivity 

The dominant reactivity effect in water moderated reactors arises from the changes in 
moderator density, due to either thermal expansion or void formation. The principal effect is 
usually the loss of moderation that accompanies a decrease in moderator density and 
causes corresponding increase in resonances [5]. In contrast with water moderated reactors, 
about 80% of the moderation occurs inside the fuel of TRIGA reactors. Therefore void effects 
on core reactivity of TRIGA reactor is studied in the paper.  
 
Core reactivity, for given value of Keff is determined by the relation [3] 

eff
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K
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=ρ
      (1) 

Generally the reactivity coefficient is defined as the change in reactivity for a given change in 
parameter [4]. Mathematically written as  

ξ
ργ ξ Δ

Δ
=       (2) 

Here ξ is reactor parameter that affects reactivity and Δρ is the corresponding change in 
reactivity. If the ξ represent void (or VD) then γξ defines the void coefficient of reactivity [3]. 
The actual value varies from reactor to reactor. In this work, the effect of a void (in CC) on 
the TRIGA core reactivity is studied. 

2. Measurements: Void Coefficient Experiment 



This experiment was performed at ATI reactor at 10W reactor power. The reactor control was 
set to automatic mode and the regulating rod was selected as the only reactivity controlling 
variable for this experiment. The regulating control rod was selected because it is capable of 
achieving a finer control of the core as compared to the other two control rods. The 66.47 
cm3 void sample in an airtight cylindrical polyethylene bottle of length 10.8 and a radius of 
1.4 cm was prepared at ATI. This sample holder was attached to a string and inserted into 
CC. The sample was first placed at the bottom of the core and then raised in 5 cm steps 
along the axial length of CC. Each step of the sample was followed by a period to stabilize 
the reactor state before the regulating control rod position was recorded. Using the regulating 
control rod calibration curve, the reactivity for each length of regulation control rod was 
recorded and given in Table 1. 
 

Void sample 
position 

Regulating 
CR position 

Reactivity of 
void (cents) 

0 207  
5 220 -2.947
10 218 -2.471
15 218 -2.471
20 208 -0.137
25 195 2.884
30 187 4.739
35 192 3.582
40 201 1.516
45 213 -1.294
50 210 -0.633
55 206 0.276
60 204 0.772
65 204 0.772

Table 1: Measurements of void coefficient of reactivity 
 
3. Calculations: Void Coefficient of the Reactivity 
To calculate the void effect on reactor the core, a detailed three dimensional computational 
model of the TRIGA Mark II reactor was developed using the Monte Carlo neutronics 
behaviour simulating code MCNP5 [5]. Because of lack of Samarium cross sections in 
ENDF-VI, the computer program employs JEFF3.1 as cross section library in these 
computations. This model includes reactor core components, surrounding graphite reflector, 
four beam tubes and the thermal column as shown in Figure 3. The reactor core components 
are comprised of 83 burned FE(s) of three different types, three control rods, one source 
element (in F28 position), two pneumatic systems (in F08 and F11 positions) and a central 
irradiation channel CC. This MCNP model is based on standard experiments performed on 
TRIGA Mark II reactor of ATI. These experiments include the criticality experiment, reactivity 
distribution experiment and radial and axial flux distribution experiment on the burned reactor 
core.  
 
The developed MCNP model, incorporating the burned fuel composition, was modified to 
calculate the void coefficient in the central channel. The experimental procedures, described 
in section 3, were applied to the MCNP model to calculate the void coefficient of reactivity in 
the CC. The model was modified and executed for each step length separately along the 
axial length of the CC. The top view of the MCNP model is given in Figure 3. The vertical 
(YZ) view of the model shows the modelling of the sample, holding the void in vertical 
channel CC in Figure 4.  
 



 
Fig 3. Top (XY) view of the MCNP model of TRIGA Mark II reactor 

 
These calculations were carried out with total number of 200 cycles of iteration on a source 
size of 500 000 particles per cycles. To decrease the statistical error estimates, the first 50 
cycles were skipped. For each execution, the void sample was moved 5cm up in axial 
direction. From the output, Keff for each run was obtained to calculate the corresponding 
reactivity effect in dollars the using effective delayed neutron fraction β= 0.0073. The 
calculated results are compared with experimental observations in section 4.  
 

 

Fig 4. Vertical (YZ) view of the MCNP model of void coefficient 
 
To eliminate the control rod effect on voids, second series of calculations were performed 
keeping all three CR in fully withdrawn positions. In these calculations, a source size of 5000 
particles, 200 neutron cycles skipping first 50 cycles were applied to the model. These 
results are discussed in section 4. 
 
4. Results and Discussions 
Figure 5 shows the comparison between calculations and measurements. From these 
results, it is observed that reactivity effects on the TRIGA reactor due to void in the central 
channel is not very significant. From Table 1, it ranges from -0.044 to 0.073 cents per cubic 
centimetres. It is also observed that, in contrast to other water moderated reactors, void may 
introduce a positive reactivity in TRIGA reactors. It is due to the unique fuel properties. 
Figure 5 shows that MCNP predictions follow the experimental results. The fact is that a 
cylindrical void of about 66.47 cm3 in CC, introduces a negative reactivity when placed at the 
top and bottom part of the reactor core and it add a positive reactivity when moved through 



the active length of the core. This may be due to the fact that the much lower neutron 
scattering cross section of the air provides an easy escape route to neutrons out of the core 
at both ends of the core. On one side, in the active part of the core, this void replaces the 
moderator and reduces the moderation resulting into the introduction of negative reactivity in 
the core. While on the other side, due to the low absorption cross section of void than water 
(moderator), it reduces the neutron absorption and introduces positive reactivity. It was 
shown theoretically and experimentally that the overall effect of this void in the CC is positive 
after compensating the negative reactivity due to decrease in moderation.  
 

 
Fig 5: Theoretical and experimental comparison of void coefficient of reactivity 

 
5. Conclusion 
The MCNP model was developed for the neutronics analysis of the TRIGA Mark II reactor 
core. The developed model was modified to calculate the void coefficient of the reactivity in 
the central channel of the reactor. The calculations were verified experimentally. In contrast 
to other water-moderated reactors, the effect of void compensates the negative reactivity 
introduced due to decrease in moderation and overall introduces a positive reactivity in the 
CC. At the top and bottom ends of the core, the void effect is negative due to neutron 
leakage out of the core. Generally, the MCNP predictions follow the experimental 
observation along the length of central irradiation channel.  
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ABSTRACT 
 

High enriched, low density UAlx dispersion fuel has been successfully used in 
research and test reactors for several decades.  However, publications of detailed 
post irradiation examinations are limited.  In this paper, a sample of a high 
enriched uranium fuel plate (90% 235U enriched UAlx fuel dispersed in an Al 
matrix), irradiated to a burn-up of 21% 235U, is investigated with transmission 
electron microscopy.  It is observed that the fuel became completely amorphous 
during irradiation. The Al matrix is found to remain crystalline and contains a large 
number of radiation induced defects.  Neither in the fuel nor in the Al matrix, 
fission gas bubbles were observed. 

 
 
1. Introduction 
For high neutron flux conditions in research and test reactors like the BR2 reactor of 
SCK•CEN, high enriched, low density UAlx dispersion fuel have been successfully used for 
several decades.  The reason for their long-time use is the excellent behaviour of the fuel 
under irradiation [1].  Under normal reactor operating conditions, no significant deformations 
or swelling are observed in this type of fuel.  However, very little has been published about 
the microstructure of irradiated fuel.  More specifically, the fission gas behaviour is not 
described in detail.   
 
UAlx fuels are a mixture of UAl2, UAl3 and UAl4 [1].  For a given uranium loading, UAl2 would 
give the smallest volume of fuel particles, but it reacts at moderate temperatures with Al to 
form UAl3 and UAl4.  UAl3 will also react with Al to form UAl4.  Therefore the exact 
composition of the UAlx fuel can change during fabrication and irradiation.  The 
transformation to the UAl4 phase results in a reduction of the volume and the formation of 
voids or porosities.  It was reported that 4 - 11% of voids are formed in the fuel plate meat 
[1].  The fission of the U leads to a relative volume increase of 6.4%/1021fiss/cm³, but it is 
reduced by the amount of meat porosity. 
 
More recently, the aim of reducing the U enrichment to limit proliferation risks, triggered the 
development of high density fuels like U(Mo).  It was, however, shown that the U(Mo)-Al 
dispersion fuel in flat plate configuration, is not stable under irradiation and that significant 
swelling occurs [2].  The cause of the swelling is related to the formation of an amorphous 
U(Mo)-Al interaction layer, which cannot retain the fission gas products and allows the 
formation of large voids [3,4] at the interaction layer (IL) and matrix interface. 
 
For a better understanding of the fission gas and fuel behaviour, the microstructure of the 
well-behaving UAlx fuels was investigated with transmission electron microscopy.  The aim of 
the investigation is to determine how the fuel  is affected by the irradiation and to understand 
why no agglomeration of fission gas into large bubbles at the IL-matrix interface occurs. 
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2. Experimental 
The samples were retrieved from a high enriched Uranium fuel plate which was irradiated in 
the BR2 reactor of SCK•CEN during 3 irradiation cycles.  The fuel reached a burn-up of 21% 
235U, which is 94.5% LEU equivalent burnup.  The fuel consists of 90% 235U enriched UAlx 
ground fuel dispersed in an aluminium matrix.  The meat is pressed between two layers of Al 
cladding.  The uranium aluminide is fabricated from a melting and casting operation and as a 
result contains a mixture of UAl3, UAl4 and UAl2. The exact composition was not determined, 
but, typically, it would be around 63% UAl3, 31% UAl4 and 6% UAl2.  As mentioned in the 
introduction, the UAl2 phase is very reactive with Al and is probably transformed into a UAl3 
or UAl4 phase during irradiation.   
 
Due to a coolant flow blockage, two plates of a fuel segment had been locally exposed to a 
high temperature as described in [5].  For the current investigation, a section of the fuel plate 
was cut at a location away from the heat affected area and can be considered representative 
for the microstructural changes resulting from the irradiation of the UAlx fuel.  From the 
section,  a thin slice was cut in cross-section and subsequently mechanically polished on SiC 
paper to reach a thickness of approximately 0.1 mm.  Next, small specimens (length < 3 mm) 
were cut from the polished slice and glued on a golden grid.  One of the specimens was 
electrochemically polished up to perforation. 
 
After chemical polishing, the location of the holes was verified on a JEOL 6310 scanning 
electron microscope (SEM) equipped with an energy (EDS) and a wavelength dispersive X-
ray spectrometer (WDS) for the determination of the local composition.  Next the specimen 
was investigated with transmission electron microscopy (TEM) on a JEOL 3010 microscope. 
 
3. Results 
3.1 SEM-results 
The specimen was first examined with SEM before and after electrochemical polishing.  
Figure 1a shows the specimen before electrochemical polishing.  The small artefacts in the 
Al cladding, small particles and pits, result from the mechanical polishing.  In the meat, a few 
voids or porosities are observed in the fuel kernels and at the kernel/matrix interface.  Figure 
1b shows an overview of the meat after electrochemical polishing and visualises the location 
of the holes.  The mechanical polishing artefacts are removed.  Two large and several 
smaller holes are formed in the meat, while the Al cladding remained largely unaffected.  It 
cannot be excluded that the smaller holes correspond with the porosities observed in the 
fuel, but the two larger holes are definitely resulting from electrochemical polishing.  The 
holes have preferentially formed within the UAlx kernels, but at some locations also the Al 
matrix is present at the edges of a hole. 
 

a)

  

b)

  
Fig. 1. SEM images of a) the specimen after mechanical polishing, showing the fuel kernels 
(light grey) in the Al matrix (dark grey) and b) the specimen after electrochemical polishing. 
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Figure 2 shows a secondary electron (SE) and a backscattered electron image (BSE) of one 
of the larger holes.  The BSE image shows a lower intensity near the edge of a kernel 
compared to the middle of the kernel.  This density contrast can be attributed to an increase 
in Al concentration.  Leenaers et al. [5] reported that in the centre of the fuel kernel, the UAl3 
phase is dominant, whereas near the edge of the kernel, an interaction with the surrounding 
Al matrix has taken place, increasing the Al content to form the U0.9Al4 phase. 
 

 
Fig. 2. a) SE image and b) BSE image of the UAlx fuel kernel in which a hole is formed during 

electrochemical polishing. 
 
The lateral distribution of the elements was verified qualitatively by EDS X-ray mapping.  
Apart from the main alloying elements U and Al, also the distribution of Xe was verified.  Xe 
is one of the predominant fission products that tends to precipitate into fission gas bubbles 
which could induce swelling.  Because of the relative low concentration and the overlap with 
peaks of other elements, the Xe X-ray map is obtained by WDS, which has a higher energy 
resolution and lower detection limit than EDS.  The results of the mapping are shown in the 
false colour image of figure 3.  The Al is shown in green, the U in blue and the Xe in red.  
The SE image is added to observe the correlation with the x-ray maps.  From the elemental 
analysis, the results of the BSE image are confirmed: the core of the fuel kernel consists of U 
and Al and the matrix contains only Al.  Near the interface between the fuel kernel and the 
matrix, an intermediate phase was detected containing a higher amount of Al.  No 
quantitative data were recorded which allow the more precise identification of the different 
phases.  Related to the Xe concentration, it was observed that in the core of the fuel kernel a 
fair amount of Xe is present, while a lower concentration was found in the interaction layer  
Around the fuel kernel, the typical fission product recoil zone can be observed and the halo 
at the interaction layer-matrix interface is also visible. 
 

a)

  

b)

 

 

Fig. 3. a) False colour image showing the results of the EDS mapping of Al (green) and U 
(blue) and the WDS mapping of Xe (red). b) SE image of the analysed area. 
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The SEM results show that the fuel kernels remained intact under irradiation.  The UAlx 
phase is very brittle and the cracking of the fuel kernels in this fuel plate was reported [5].  It 
should be noted that the area with cracked kernels is located close to a defective area in the 
fuel plate which was exposed to temperatures up to 1000°C.  Even though no indications of 
fission gas release were found there, thereby limiting the temperature below 560°C, the 
cracking can be related to thermal stresses resulting from heating to a temperature of a few 
100°C.  The SEM observations on this specimen prove that under normal operating 
conditions, where the temperature does not exceed 150°C, no cracks are formed in the fuel 
kernels. 
 
3.2 TEM results 
Figure 4a shows a typical dark field TEM image of the core of a fuel kernel and the inset 
shows the local diffraction pattern.  Both the featureless nature of the dark field image and 
the diffuse ring in the diffraction pattern show that the core of the fuel kernel is amorphous.  
As the UAlx alloy was crystalline before irradiation, these images prove that UAlx becomes 
amorphous during low temperature irradiation. 
 

a)

  

b)

  
Fig. 4. Dark field images of a) the core and b) the edge of a UAlx fuel kernel.  The insets 

show the corresponding diffraction patterns, confirming the amorphous nature of the kernel. 
 
Figure 4b shows a typical dark field TEM image recorded near the edge of the kernel well 
within the area attributed to the U0.9Al4 phase.  The inset shows again the corresponding 
diffraction pattern.  Again a featureless image is obtained and a diffuse ring is observed in 
the diffraction pattern.  Similar to the core of a fuel kernel, also the interaction layer is 
amorphous. 
 
Despite the amorphous nature of the material, the first ring in the diffraction pattern is still 
relatively sharp, indicating that even though the long-range order was destroyed, a high 
degree of short-range order remains. An estimate can be made about the nearest neighbour 
distance in the amorphous UAlx fuel.  The middle of the diffuse ring was taken as the 
average distance, limiting the precision of the measurement.  For both the core of the fuel 
kernel and the interaction layer a value of 0.24±0.01 nm was obtained.  If any variation of the 
nearest neighbour distance should occur in the fuel kernel, it is smaller than the precision of 
the measurement. 
 
The transition of the core structure to the IL can not be retrieved from the TEM images.  As 
both areas are amorphous, no changes in structure could be detected.  Moreover, no 
contrast features were found in the bright and dark field images, even at the location 
corresponding with the intensity change in the BSE image. 
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The X-ray mapping of the specimen (figure 3) showed that fission gas products, like Xe, are 
still present in the fuel kernel.  Because noble gases are insoluble in almost all materials, it 
was expected that the fission gases could be present in nanometer size bubbles, as has 
been shown to occur in irradiated U(Mo) dispersion fuel [3].  Figure 5 shows an under- and 
over-focus image from an area in the core of a fuel kernel.  Small bubbles or voids are not 
visible in focused images, but give a Fresnel fringe when recorded out of focus.  In the 
under-focus image, a bubble will show a white fringe and in over-focus, it will show a dark 
fringe.  Similar images have been taken at different locations in the specimen, including 
areas in the interaction layer.  No indications of the formation of nanobubbles could be found 
in any of the recorded images. 
 

 
Fig. 5. a) Under-focus and b) over-focus bright field image of the core of a fuel kernel.  No 

fission gas bubbles were observed. 
 
In figure 6a, a dark field TEM image of the Al-matrix near the interface with a fuel kernel, i.e. 
in the recoil zone, is shown.  Figure 6b shows the corresponding diffraction pattern of the 
matrix.  It was found to agree with the crystal structure of Al oriented close to the [111] zone 
axis, which shows that the Al matrix remained crystalline.  A large amount of radiation 
induced defects can be found.  Because of their high number and the thickness of the 
crystal, most defects could not be characterized individually.  However, the defects indicated 
by the letter D show a lobe contrast, which is typical for a dislocation loop.  The defects that 
generally occur in irradiated crystals with a face centred cubic lattice are Frank loops, which 
have a Burgers vector of a/3〈111〉 and are lying in a {111} type of plane.  Under the applied 
diffraction condition, the Frank loops with an a/3[111] or a/3[11-1] are extinct and only two 
sets of Frank loops are visible.  The orientations of the lobe contrasts agree with loops lying 
in the (-111) and (1-11) planes. 
 

a)

  

b)

  
Fig. 6. a) Dark field image of the Al-matrix showing the radiation induced Frank loops (D). b) 

The corresponding diffraction pattern. 
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By recording out of focus images, it was verified if fission gas bubbles are present in the Al 
matrix. No bubbles could be found at any of the investigated locations. 
 
4. Discussion 
The main effect of the irradiation on the structure of the UAlx fuel, is the amorphisation of the 
fuel kernels.  Even though Hofman and Kim [6] mentioned that UAlx would become 
amorphous under low temperature irradiation, these TEM results provide the first direct 
experimental evidence. 
 
Many intermetallic compounds undergo amorphisation under low temperature irradiation, 
depending on the trade-off between the accumulation of radiation damage in the lattice and 
thermal annealing [7].  Once a critical dose is reached, the amorphisation is completed and 
the material remains amorphous under further irradiation.  Whereas under thermal conditions 
the greatest degree of both short-range and long-range order, i.e. the crystalline phase, is 
the most stable phase, under irradiation it becomes progressively more difficult to maintain 
the long-range order and the greatest gain of energy comes from the establishment of short-
range order.  Therefore, a high degree of short range order is still expected in the amorphous 
material, which agrees with the still relatively narrow ring in the diffraction patterns of figure 4.  
The critical dose remains fairly constant with increasing temperature until thermal annealing 
processes are activated and the critical dose increases rapidly.  Above the critical 
temperature, no amorphisation occurs anymore.  Both the critical dose and temperature 
depend on the composition of the intermetallic, but also on the type of irradiation and dose 
rate.   
 
In intermetallic fuels, the fission of U atoms and the resulting heavy ion bombardment of the 
material by the fission products (~80 MeV/ion) is an important source of radiation defects.  
Birtcher et al. [8] reported the amorphisation of U3Si2 fuel under low temperature irradiation 
conditions.  They found a critical dose of 0.38 dpa (1.1×1023f/m³) and a maximal irradiation 
temperature for complete amorphisation of 250°C.  The critical dose and temperature were 
not reported for UAlx, but the TEM investigation has proven that both the irradiation 
temperature and dose of this sample are well within the range of amorphisation. 
 
The main question remains: what happened with the fission gas products.  It is known that 
fission gases are not soluble in almost any kind of material and that the agglomeration of 
these gases induces the formation of bubbles which can cause breakaway swelling of the 
fuel plate.  The X-ray analysis by WDS and EDS showed that Xe, which is the dominant 
fission gas, is homogeneously distributed in the core of the fuel kernel.  In the interaction 
layer, where an increased Al content was stated, there was a slight decrease of the Xe signal 
and a local increase was measured again at the interface with the Al matrix (sweeping 
effect).  It was found in the TEM investigation that no large nor nanosize bubbles were 
present.  It can therefore only be concluded that the fission gases are still in solid solution in 
the amorphous fuel kernel. 
 
He gas implantation experiments in glass samples have shown that noble gas bubbles are 
grown in amorphous materials, but only after a threshold concentration is reached [9].  
Because both the noble gas and the matrix material are different, a comparison with the 
fission gas density is not exact, but it can be calculated that the fission gas density is indeed 
lower than this threshold.  The authors explain this threshold by supposing that the gas 
bubbles only start to grow when the available void in the amorphous material is filled with 
fission gas.  In the UAlx fuel, the transformation of UAl2 and UAl3 to UAl4 is accompanied by a 
volume reduction of 0.3% [1].  This volume reduction provides a large amount of empty 
space that can be filled with fission products thereby avoiding the formation of large fission 
gas bubbles. 
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The large amount of empty space is reflected in the swelling data.  The swelling (ΔV/V) due 
to the increased volume of the fission products is given by [1]:  

(ΔV/V)% = 6.4%F/1021 fiss/cm³- Vp 
Where F is the fission density (1021/cm³ of meat) and Vp is the meat porosity (%).  From 
swelling data from spent fuel elements an empirical relation was deduced: 

(ΔV/V)% = 2.6%F/1021 fiss/cm³ 
Even though fuel elements with more open porosity show lower swelling, there is no 
threshold fission density and swelling starts before the open porosities are filled with fission 
products.  On the other hand, the much lower swelling rate in the empirical relation indicates 
that the gas atoms are not agglomerating and remain in solid solution. 
 
This result is somewhat in contradiction with the observations in irradiated U(Mo) dispersion 
fuels [3,10].  In that kind of fuel, the fuel kernels remain crystalline, but an amorphous 
interaction layer between the fuel and the Al matrix is formed.  In the fuel kernel a regular 
lattice of nanosize bubbles was observed, which is considered beneficial for the fuel swelling.  
The amorphous interaction layer, however, did not show good gas retention and the fission 
gases agglomerate in large porosities at the interface with the Al matrix.  The bad swelling 
behaviour of the U(Mo) dispersion fuel is attributed to the amorphous nature of the 
interaction layer.  Even though the composition of the interaction layer is, apart from Mo, 
comparable to the UAlx fuel, the different formation mechanism apparently did not provide 
the necessary open volume to accommodate the fission gas products or the presence of Mo 
has an important influence on it.  The latter is not impossible based on existing data on the 
dependence of metallic glass properties on composition, like, for example, the difference in 
swelling behaviour between U3Si and U3Si2.  On the other hand, the knowledge that 
nanometer size bubbles already exist in the crystalline U(Mo) also means that, as the U(Mo) 
is consumed by the formation of the interaction layer, the nanobubbles will have to be 
accommodated by the interaction phase.  As they can no longer be maintained in an ordered 
lattice, due to lack of a host lattice, they may agglomerate into the voids observed at the 
interface IL/matrix. 
 
5. Conclusions 
A sample of a high enriched uranium fuel plate (90% 235U enriched UAlx fuel dispersed in an 
Al matrix), irradiated to a burn-up of 21% 235U, was investigated with transmission electron 
microscopy.  It is observed that the fuel has completely become amorphous during 
irradiation.  Considering the irradiation dose and temperature and the general behaviour of 
intermetallics under irradiation, the amorphisation of the fuel could be expected.  The short 
range order is well preserved and a nearest neighbour distance of 0.24 ± 0.01 nm was 
measured. The Al matrix remains crystalline and contains a large number of radiation 
induced defects.   
 
Neither in the fuel nor in the Al matrix, fission gas bubbles were observed.  This observation 
indicates that the fission gas products are still in solid solution in the amorphised fuel.  The 
formation of porosities possibly resulting from the transformation of UAl3 into UAl4 probably 
accounts for the take-up of the fission gas thereby avoiding the formation of large fission gas 
bubbles, which would cause break-away swelling. 
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ABSTRACT 
 

For the last 30 years high uranium density dispersion fuels have been developed in 
order to accomplish the low enrichment goals of the Reduced Enrichment for 
Research and Test Reactors (RERTR) Program. Gamma U-Mo alloys, particularly 
with 7 to 10 wt% Mo, as a fuel phase dispersed in aluminum matrix, have shown 
good results concerning its performance under irradiation tests. That’s why this 
fissile phase is considered to be used in the nuclear fuel of the Brazilian 
Multipurpose Research Reactor (RMB), currently being designed. Powder 
production from these ductile alloys has been attained by atomization, mechanical 
(machining, grinding, cryogenic milling) and chemical (hydriding-dehydriding) 
methods. This work is a part of the efforts presently under way at IPEN to 
investigate the feasibility of these methods. Results on alloy fabrication by 
induction melting and γ-stabilization of U-10Mo alloys are presented. Some results 
on powder production and characterization are also discussed.  

 
 
1. Introduction 
 
This research is part of the efforts under way at National Commission for Nuclear Energy 
(CNEN), and particularly at IPEN (Nuclear and Energetic Research Institute) for the 
construction of the Brazilian Multipurpose Research Reactor (RMB), currently been 
designed. 
 
Gamma U-Mo alloys have been for long considered as fuel phase in research and test 
reactors using dispersion fuel in aluminium matrix [1]. Promising results concerning 
performance under irradiation tests of U-Mo alloys, especially with molybdenum content 
ranging from 6 to 10 wt.% Mo [2], have encouraged us to consider this fuel phase for the 
second stage of the reactor operation, since uranium silicide compound, U3Si2, already 
produced here, will be used at first. 
 
As a fuel based on dispersion concept U-Mo alloys must be used in powder form. At least 
three main fabrication routes for U-Mo powders could be listed: atomization (mainly 
centrifugal atomization by rotating disk method [3] or even rotating electrode process [4], 
mechanical comminution, i.e., machining or grinding [5,6], and chemical comminution, i.e. 
hydride-dehydride process, also known by its acronym HDH [7-10]. HDH of gamma U-Mo 
alloys can be accomplished by heating the alloy at temperatures where it decomposes in two 
phases, i.e. alpha and gamma’ (U2Mo). Since alpha uranium is easily hydrated, generating a 
very fine powder, its content must be carefully controlled (changing soaking time) in order to 
obtain particles within the desired size range. A variation of the last route, named HMD, 
combines hydriding-dehydriding with milling process [11]. According to the authors, gamma 
U-Mo alloys can form a U-Mo hydride (A-15 structure) that embrittles the alloy, but not 
intensively, so powder could only be produced by interposing a milling operation, before 
dehydriding. 
 



Each one of the previous routes are held by commercial or potential suppliers based on 
features like particle size range yield of the powder, costs, and the more important one, 
irradiation behaviour. Since there are some controversial arguments, an investigation at local 
process conditions is necessary to find the best technological solution. 
 
The focus of this preliminary work is to compare the characteristics of U-Mo alloy powders 
(10 wt% Mo) fabricated by two routes: mechanical grinding and HMDH. In this particular 
case, HMDH stands for hydrogenation-milling-dehydrogenation, since a hydride phase was 
not formed. It was reported before that gamma U-Mo alloys (particularly U-10wt%Mo) 
suffered a loss of ductility when submitted to a hydrogen atmosphere, by incorporating 
hydrogen interstitially [12]. This fact was used here to provide enough brittleness to the alloy 
to allow comminution by high-energy ball milling. Details of both procedures are given 
elsewhere.  
 
 
2. Experimental 
 
Ingots of U-Mo alloy with 10 wt% Mo were induction melted into a magnesia-stabilized 
zirconia crucible. Metallic uranium and metallic molybdenum were used as raw materials. 
Metallic uranium was home produced through magnesiothermic reduction [13] and the 
metallic molybdenum was supplied with 99.95% purity, as small cylinders with 3 mm in 
diameter and 3 mm in height. Both materials were charged inside the zirconia crucible and 
heated by induction under high-purity argon atmosphere up to melting. Melting temperature 
was maintained for 3 minutes providing homogenization, than the furnace was turned off 
allowing the alloy to be solidified inside the crucible. The solid material was a cylindrical 
piece with near 40 mm in diameter and 50 mm in height, weighting around 1200 g with a 
density of 16,87 g/cm3. The ingot was treated at 1000°C for 72 hours under pure argon and 
quickly cooled for retention of the gamma phase. It was cut in pieces for studding the two 
routes for powder preparation, namely mechanical grinding (MG) and hydrogenation-milling-
dehydrogenation (HMDH). 
 
For the mechanical grinding route, the powder was produced by using high-speed grinding 
(15000 rpm) with diamond abrasive wheel. The abrasive wheel was 4 mm in diameter, 
having impregnated diamond particles with mean diameter of about 100 μm. Grinding was 
accomplished inside a glove-box under protective argon atmosphere. 
 
For the HMDH route, small pieces were taken from the U-Mo ingot (with approximately 
10x50x5 mm in thickness) and were individually heated at 400°C for 3 hours under high 
purity hydrogen (99.9999%) at 3 bar. A Sievert type apparatus were used and no 
measurable hydrogen intake could be noticed, with the pressure gauge used (precision of 
0.5 bar). At this temperature and time, alpha phase is not supposed to be formed, since 
about 40 hours would be necessary to start the gamma decomposition according to 
published TTT diagram [14]. Next the pieces were manually crushed in a stainless steel 
mortar. The resulting granules were 3 mm in length. For comparison, crushing of pieces not 
hydrogenated treated was carried out but not succeeded due to ductile behaviour of the 
parts. This was taken as an indication that some hydrogen intake must be occurred in former 
pieces. U-Mo granules were milled in a planetary ball mill at 400 rpm for 10 hours, with ball-
to-powder weight ratio of 20:1. The vial and the balls were made from hardened steel. 
Loading and opening of the vial occurred inside a glove-box with protective argon 
atmosphere. After milling the powder was heat treated under vacuum at 400°C for 
dehydrogenization. 
 
X-ray diffraction was conducted on pieces of the heat treated ingot using Cu-Kα radiation. 
Powder particles were characterized by SEM analysis and also optical microscopy using 
image analysis for size distribution. For optical microscopy powder samples were dispersed 
over a glass thin plate. The images were taken by transmitted light which allows enough 



contrast for visualization. For each type of powder, measurements were carried out in 3 
samples, accomplishing 24 image fields and at least 6000 particles. The smallest dimension 
between two tangents of the particles projection was considered for measurement (minimum 
Feret’s diameter). This was done in order to reproduce the results that would be obtained by 
sieving analysis, since the powder mass produced was not enough to perform sieving in a 
reliable manner. By sieving, the second higher dimension of each particle is actually 
measured (which is able to pass trough the sieve openings), corresponding in this particular 
case to the minimum Feret’s diameter (on doing this it is assumed that the thickness of the 
particles was not measured in projected images). 
 
 
3. Results and Discussion 
 
Figure 1 shows the diffraction pattern from U-Mo ingot after heat treatment. BCC gamma 
phase was the major phase with some unidentified peaks of minor phases. The relative 
intensity of the (100) reflection from gamma phase should be the highest one, which 
indicates that some texture is still present. In spite of that, the heat treatment was considered 
suitable for the purpose of this preliminary investigation. 
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Figure 1 – Diffraction pattern of the U-10wt%Mo alloy showing BCC gamma phase. 
 
 

Figure 2 shows the morphology of the powders prepared by both routes, mechanical grinding 
(MG) and hydrogenation-milling-dehydrogenation (HMDH). It was observed that the powder 
prepared by MG route (left column in Fig. 2) presents particles with acicular and flake 
shapes, while the particles from HMDH route (right column in Fig, 2) are more regular and 
equiaxial. Particle size distribution curves along with optical micrographs from both powder 
production routes are shown in Figure 3. The powder prepared by MG route presented 
particles sensibly larger than the ones prepared by the HMDH route. The mean particle size 
(50 wt%) was about 50 μm for MG powder and 100 μm for HMDH powder. Furthermore 
HMDH powder particles fits very well the size requirements of dispersion fuels, 
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Figure 2 – Scanning electron micrographs of powder particles from both investigated routes. 
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Figure 3 - Particle size distribution curves for the powders prepared by mechanical grinding 
route (MG – red curve) and hydrogenation-milling-dehydrogenation route (HMDH – black 
curve). 
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with practically 100 wt% below 150 μm and about 30 wt% below 45 μm, while MG powder 
particles were shown to be larger, with more than 80 wt% above 150 μm. Other important 
difference was the aspect ratio of the particles (maximum to minimum Feret’s diameters). 
The aspect ratio reached 10 for the MG powder, much higher than the maximum ratio 
measured for HMDH powder, close to 4. 
 
 
4. Conclusions 
 
Despite the preliminary character of this work, the results indicate the technical feasibility for 
producing powders from both investigated routes. The control of variables of the MG route, 
as the size of the diamond granules of the abrasive wheel, the pressure of the tool under the 
alloy surface and the rotation of the grinding wheel machine, should promote the necessary 
adjustment in the particle size distribution. Powder produced by the HMDH present a particle 
size distribution compatible to be used as a dispersion fuel. Further work is necessary to 
increase the yields in order to evaluate both process routes as real technological alternatives 
for nuclear fuel powder production to research reactors. 
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ABSTRACT 
 

Uranium silicide has been used as nuclear fuel in modern research reactors. The nuclear fuel is based 
on a dispersion of uranium silicide and aluminum powder to form a fuel meat fabricated according to 
powder metallurgy techniques. The U3Si2 powder should attend technical specifications referring to 
the major crystalline constituent, which must be more than 80 wt% of U3Si2. IPEN/CNEN-SP currently 
produces the U3Si2-Al fuel to supply the IEA-R1 research reactor, which operates at 3.5 MW in order 
to produce primary radioisotopes used in nuclear medicine. The uranium concentration in the fuel 
should be increased from 3.0 gU/cm3 to 4.8 gU/cm3 in order to guarantee future fuel supplying for a 
new research reactor designed for radioisotope production, the Brazilian Multipurpose Research 
Reactor – RMB, which is planned to be constructed in the country. The new fuel will operate under 
much more severe conditions than the ones found currently in IEA-R1 reactor. So, the increasing of 
uranium concentration into the fuel requests urgent development of a new technology to qualify the 
uranium silicide powder produced by IPEN-CNEN/SP, referring to the characterization of crystalline 
phases. This paper describes a methodology developed to quantify crystalline phases in the silicide 
fuel powder, which is based in the Rietveld method for crystalline structures refinement. 
 
 
1. Introduction  
 

The IEA-R1 Reactor of IPEN/CNEN-SP is a pool type reactor operating since 1957. 
This reactor uses MTR type dispersion fuel element in a 5 X 5 core arrangement. The 
Nuclear Fuel Center of IPEN is responsible for the production of the necessary nuclear fuel 
to keep the continuous operation of the reactor. Development of new fuel technologies is 
also a permanent concern. The Nuclear Fuel Center had produced 77 fuel elements until 
now, including 14 control fuel elements. 

The program for silicide fuel development at IPEN had great impulse after the approval 
of the IAEA TC BRA/4/047 “Fuel Improvement for the IPEN Research Reactor” in 1999. The 
primary purpose of this program was to develop the whole fabrication process of U3Si2-Al 
dispersion fuel plate (including 4.8 gU/cm3), its irradiation test at the IEA-R1 reactor and 
post-irradiation analysis. This project proposal would give the necessary background to IPEN 
to produce and qualify its own U3Si2 powder and silicide based on dispersion fuel plates for 
the IEA-R1 fuel element fabrication. The project steps to achieve the objectives included the 
following steps: 
 
a) to develop the process for producing UF4 starting from UF6; 



b) to develop the process for producing metallic uranium starting from UF4; 
c) to develop the process for producing U3Si2 powder; 
d) to produce miniplates with 20% enrichment for irradiation tests; 
e) to irradiate miniplates at the IEA-Rl reactor and to perform non-destructive analysis on 

the irradiated fuel miniplates inside the spent fuel pool. 
 

Figure 1 shows a flow-sheet of the main project activities. More information of the 
project activities and results are available in the Project Progress Reports [1,2,3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1:  Main BRA/4047 Project activities. 
 
 

Since 2000, the Nuclear Fuel Center of IPEN has been dedicating great efforts to 
achieve expertise in production of intermetallic alloy U3Si2. After facing some difficulties, as 
reported previously [4], in 2004 IPEN has arrived to the full experimental route to produce, in 
production scale, the necessary alloy for nuclear fuel. 

From the produced uranium ingot, the metal was melted inside an induction furnace 
with silicon addition, with an adequate vacuum instrumentation and facilities for handling and 
melting uranium and uranium alloys. The zirconia crucible was specially designed to reach 
temperatures higher than 1750°C and to support the aggressive environment created by 
uranium chemical attack. The load arrangement inside the crucible was studied to help the 
sequence of melting in the several stages of that molten alloy, before reaching the final 
intermetallic composition, as shown in figure 1. More than 20 trials were carried out, using 
natural uranium, before the first LEU U3Si2 were successfully made. It was produced 3 
enriched U3Si2 melting in 2005, which consisted the first own produced load of fuel plate 
fabrication in IPEN. In general terms, the quality of this intermetallic has fully met the needs 
postulated by the requirements for a routine nuclear material.  

In relation to U3Si2 powder to IEA-R1 reactor fuel plate, technical specification requires 
that the bigger crystalline component of uranium silicide should be U3Si2 (>80% in weight). 
Inside this context, this paper aims to analyze uranium silicide nuclear fuel produced by 
IPEN/CCN in relation to recommended technical specifications, especially regarding 
crystalline phases percentage. To develop methodology to quantify uranium silicide fuel 
crystalline phases, the method developed by Hugo Rietveld will be used [5]. 

Rietveld developed a method to refine structures, based on the comparison between a 
calculated diffraction pattern and the observed one, which has been extended after to be 



applied in the quantitative phases analysis and micro-deformation studies. The Rietveld 
Method considers crystallographic theoretical data (crystalline system, spatial group, atomic 
positions, system parameters, occupation number and isotropic temperature factor) of 
crystalline phases. The calculated pattern is obtained using the single cell as a basis. This 
calculated pattern is, so, compared to the observed pattern and the model parameters are 
adjusted by the minimum square method [6]. 
 
 
2. MATERIALS AND METHODS  
 

U3Si2 powder analyzed was produced by Centro de Combustível Nuclear (CCN) of 
Nuclear and Energy Research Institute - IPEN/CNEN. 

X Ray diffraction analysis of the silicide fuel were obtained with a Philips X´Pert 
equipment, (λ = 1,54 Å) through the powder method. Analyses were done with 0,01o/ 5s and 
2θ from 10 to 90o (2 Theta).  

Crystalline phases were identified based on JCPDS database [7]. In order to obtain the 
crystallographic data, necessary to the structural refinement through the Rietveld Method, it 
was used the ICSD [8].  

The used refinement program was the DBWS 98. DMPLOT program made possible the 
comparison between the theoretical spectrum and the refined one. 

 
 

3. RESULTS AND DISCUSSION 
 

Figure 2 shows U3Si2 powder samples difracction. Identified crystalline phases were: 
U3Si2 (ICSD 31626) and USi 1,0147 (ICSD 81561). The Input data to the refinement by the 
Rietveld Method are presented in Table 1. 
 

 
 
 

Figure 2: X ray patterns of U3Si2 powder. 
 
 

Table 1: Crystallographic theoretical data of crystalline phase present in silicide fuel.  

Crystalline Phases 
Lattice 

parameters  
 (Å) 

Atomic Position Occupation 
Number 

Thermal 
Isotropic 

Factors (Bo) 
 a = b = 7.3299 U1(2a), x = 0.0 y = 0.0, z = 0.0 U1 (2a) = 1.0 Bo (U1) = 0.5 



U3Si2  

ICSD 31626 

P 4/m b m (127) 

Tetragonal 

c = 3.9004 

α = β = γ = 90 

U2(4h), x = 0.181 y = 0.681, z = 0.5 

Si1(4g), x = 0.611, y = 0.111, z = 0.0 

 

U2(4h) = 1.0 

Si1(4g) = 1.0 

 

Bo (U2) =  0.5 

Bo (Si1) =  0.5 

USi1,0147 

ICSD 81561 

I 4/m m m (139) 

Tetragonal 

a = b = 10.587 

c = 24.310 

 

α = β = γ = 90 

U1 (4e), x =0.0, y = 0.0, z = 0.2579 

U2 (8f), x = 0.25, y = 0.25, z = 0.25 

U3 (8j), x = 0.2652, y = 0.5, z = 0.0 

U4 (16n), x = 0.0 y = 0.2594, z = 0.0617 

U5(16n), x = 0.0, y = 0.3567, z = 01924 

U6(16m), x = 0.3132, y = 0.3132, z = 0.1156 

Si1 (2a) x = 0.0, y = 0.0, z = 0.10 

Si2 (4c) x = 0.0, y = 0.5, z = 0,.0 

Si3 (4e) x = 0.0, y = 0.0, z = 0.098 

Si4 (4e) x = 0.0, y = 0.0, z = 0.43 

Si5(8h) x = 0.234, y = 0.234 z = 0.0 

Si6 (16n) x = 0.0 y = 0.259, z = 0.3037 

Si7(16n) x = 0.0, y = 0.385, z = 0.399 

Si8(16m) x = 0.125, y = 0.125, z = 0.1552 

U1 (4e)= 1.0 

U2 (8f)=1.0 

U3 (8j)=1.0 

U4 (16n)=1.0 

U5(16n)= 1.0 

U6(16m)=1.0 

Si1 (2a) =0.5 

Si2 (4c)=1.0 

Si3 (4e)=1.0 

Si4 (4e)=1.0 

Si5(8h) =1.0 

Si6 (16n)=1.0 

Si7(16n)=1.0 

Si8(16m)=1.0 

 

U1 (4e)=0.0 

U2 (8f) =0.0 

U3 (8j)= 0.0 

U4 (16n)= 0.0 

U5(16n)= 0.0 

U6(16m)= 0.0 

Si1 (2a)=1.0 

Si2 (4c)=2.0 

Si3 (4e)=2.1 

Si4 (4e)=1.3 

Si5(8h)=0.5 

Si6 (16n)=0.7 

Si7(16n)=1.1 

Si8(16m)=0.9 

  

Figure 3 shows the comparison between U3Si2 powder experimental and simulate 
diffractions through Rietveld Method.  It is possible to observe a good concordance between 
diffractions, with good definition to peaks intensities and positions. Refinement quality is 
verified through two statistical numeric indicators Rp and Rwp, comparative parameters 
between theoretical and experimental diffractions, which can be used to the model 
convergence following. Rwp waste considers the fault associated to each intensity value, 
related to counting numbers, using w (2θ) pondering factor. According to MCCUSKER, L. D. 
et al. [9], Rwp value to good results is 2-10%, while typical values obtained vary 10-20%. Rwp 

value found was  8.55%,  in the best values range. 

20 40 60 80

2 theta (degree)

simulated

experimental

 
 

Figure 3:  X ray patterns of U3Si2 powder:  experimental and simulated by the Rietveld 
Method. 

Table 2 shows quantitative percentage of each U3Si2 powder crystalline phase and  
the single cell parameters after refinement. It is possible to observe that U3Si2 powder have 
90.31% of the U3Si2 phase and 9.69% of USi1,0147, matching, so, established technical 
specifications (U3Si2 > 80%). 



 
Table 2: Refined Lattice parameters and percentage of the crystalline phases calculated by 

Rietveld Method. 
Crystalline Phases Refined Lattice Parameters  

 (Å) 
Percentage of the Crystalline 

Phases  
U3Si2 a = b = 7.3186 

c = 3.9073 
90.31 

USi1,0147 a = b = 10.630 
c = 24.324 

9.69 

 
4. Conclusions 
 

Methodology to silicide fuel crystalline phases quantification through Rietveld showed 
itself very apropriated. Rietveld Method, due to the fact of using all X ray diffraction  profile in 
calculations, overcomes several compounds peaks superposition problem and turns possible 
to obtain results from all crystalline phases simultaneously, without the need of pattern 
samples and calibrations curves. It means an expressive gain in relation to other techniques 
to multiphase systems crystalline phases  quantification through X ray diffraction. 

Obtained results showed that U3Si2 powder produced by IPEN/CNEN matches 
technical specifications according to U3Si2 (90.31%) crystalline phase percentage. 
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ABSTRACT 
 
Treatment of spent nuclear fuel has received substantial attention over the last decade.  At 
Idaho National Laboratory, pyrochemical separation is used to treat irradiated fuel elements 
from the Experimental Breeder Reactor-II (EBR-II).  EBR-II, a sodium-cooled fast reactor at the 
Materials and Fuels Complex of the Idaho National Laboratory, was shutdown in late 1994 after 
30 years of operation.  It used uranium-10 wt% zirconium metallic fuel alloy enriched to 67-78% 
uranium-235.  Pyrochemical technology is applied to discharged spent fuel to separate uranium 
from other fuel components.  The experience and data obtained from this project may be used 
to treat newly designed high-density low-enriched uranium (LEU) research reactor nuclear fuel.  
This is consistent with the U.S. Department of Energy (DOE) Office of Nuclear Energy, Science 
and Technology goal to explore applications of pyrochemical separations to various fuel types.  
Therefore, pyrochemical processing of research reactor fuel is the focus of this paper. 
 
Introduction 

 
Research reactors are used for research, training, material testing and development, computer 
code validation, and the production of radioisotopes.  Their main goal is to provide a neutron 
source for a wide variety of scientific experiments.  There are many research reactor types with 
different designs and operating modes. 
 
Unlike power reactors, research reactors need far less fuel, but more highly enriched uranium 
(HEU).  Typically, they require about 90% U-235.  HEU is needed to meet the reactor fissile-
atom-density requirement.  This allows for smaller cores, higher neutron fluxes, and longer 
times between refueling. 
 
HEU has raised security concern among international community because of its potential for 
use in nuclear weapons.  HEU may be very attractive to terrorist groups for making a crude 
atomic bomb.  To guard against weapons proliferation from HEU fuels, in 1978 United States 
launched Reduced Enrichment for Research and Test Reactors (RERTR) program.  Under this 
program, new LEU fuels with higher density have been developed.  LEU is defined as less than 
20% enrichment in uranium-235; these enrichment levels don’t fall into the weapons grade 
material category.  The LEU is offset by higher uranium density to meet the same fissile-atom 
density in the fuel.  The RERTR program falls under DOE’s National Nuclear Security 
Administration (NNSA) Global Threat Reduction Initiative (GTRI) to better manage fuel design 
with other nonproliferation programs. 
 
In the United States, DOE’s plan is to develop LEU fuel for civilian research reactors first.  
These include five high-performance research reactors (HPRR), namely 1) the High Flux 
Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL), 2) the Advance Test Reactor 
at the INL, 3) the National Bureau of Standards Reactor (NBSR) at the National Institute of 
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Standards and Technology (NIST), 4) the Missouri University Research Reactor (MURR) at the 
University of Missouri-Columbia, and 5) the MIT Reactor-II (MITR-II) at the Massachusetts 
Institute of Technology (MIT).  The following table shows the current annual HEU fuel demand 
for these reactors: 
 

Reactor
HEU/yr 

Kg
ΣHEU 

Kg

235U/yr 
Kg

Σ235U  
Kg

1. MITR 8 7.4
2. MURR 24 21.9
3. NBSR 13 12.1
4. HFIR 85 79.1

5. ATR 120 111.6

250 232

 
 
Although development of suitable LEU fuel that can be used in most of the world’s research 
reactors is a challenge, management of spent nuclear fuel and scrap fuel is also a key 
component of this effort.  The technology needed to safely and economically recycle LEU 
research reactor fuel in large scale is not yet at hand.  Therefore, the pursuit of recycling 
technologies to save money and time must be considered as a worthwhile goal.  This paper 
reports on pyroprocessing as a possible solution for dealing with research reactors spent 
nuclear fuel and scrap fuel.  The goal is to have a technology validated for industrial deployment 
in the future.  In fact the most recent LEU fuel developed by the RERTR program is an ideal 
candidate for assessing the feasibility of pyroprocessing. 
 
Low-Enriched Uranium-Molybdenum Fuel 

 
Since 1978, the RERTR program has been involved with the development of a novel nuclear 
fuel having significantly low-enriched uranium.  In order to compensate for lower-enrichment 
fuel, higher density is necessary.  Therefore, methods to fabricate plates containing higher 
loadings of uranium were developed.  Work has continued to better understand the fabrication 
and fundamental behavior of these fuels.  Currently, U3Si2 dispersed in alumina matrix with 
density of 4.8 g/cm3 is the only fuel that has been licensed by Nuclear Regulatory Commission 
(NRC) for research reactor applications [1].  However, the most recent LEU fuel is based on 
uranium and 10 wt% molybdenum (U-10Mo) alloy in a monolithic form, clad in Al-6061.  In this 
configuration the monolithic fuel consist of a single foil (~ 0.010 inch thick) of the fuel alloy with a 
much higher uranium density than dispersion-type fuel. 
 
In order to mitigate detrimental fuel/clad interactions thin layer of zirconium is applied to the U-
10Mo foil.  This interlayer between the fuel matrix and cladding is necessary to achieve the 
desired performance during the fabrication process and during the reactor operation. 
 
Wachs, Clark, and Dunavant [1] estimate that the HPRR LEU (U-10Mo alloy) demand will be 
about 4759 Kg per year (see below).  This number includes all the fabrication process changes 
in going from HEU dispersion fuel to LEU monolithic fuel. 
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Reactor
LEU/yr 

Kg
ΣLEU 

Kg

235U/yr 
Kg

Σ235U  
Kg

1. MITR 233 46
2. MURR 419 83
3. NBSR 338 67
4. HFIR 1589 314

5. ATR 2180 431

4759 940

 
 

Spent Nuclear Fuel Management 
 

Currently, US HPRRs produce more than 250 Kg of spent nuclear fuel per year.  This nuclear 
fuel is no longer efficient in sustaining a nuclear chain reaction, but is highly radioactive.  Spent 
fuel from nuclear research reactors has considerable U-235, plutonium, minor actinides, fission 
products, activation products and remnants of cladding.  Of course, the exact composition of 
spent fuel depends on the initial enrichment and the amount of time fuel has been in the reactor.  
Separation of U-235 and Pu-239 from other components of spent fuel allows them to be used as 
reactor fuel.  Therefore, spent fuel is eventually sent for reprocessing or final disposal. 

 
The accumulated spent nuclear fuel must be stored as radioactive waste in disposal sites, either 
in a permanent repository or in temporary facilities (storage water pools).  The strategy is to 
keep the nuclear waste isolated until its radioactivity drops to safe levels.  A more responsible 
approach, one that avoids expanding geologic disposal areas and removes the uncertainty as to 
the long-term behavior of spent nuclear fuel or the geologic repositories is reprocessing.  
Nuclear reprocessing uses various technologies to separate spent fuel into its components.  
Recovery of fissile and fertile materials, such as uranium and plutonium, can provide feedstock 
for fresh fuel in future nuclear fuel rods, avoiding the waste of a valuable resource. 
 
Separation and Recovery of Actinides from Fission Products 
 
The separation and recovery of actinides and fission products of interest are carried out by 
aqueous or non-aqueous processes.  In the aqueous process, spent fuel is dissolved with acid, 
and its various components are chemically separated.  One of the most well-known aqueous 
process is PUREX (plutonium uranium extraction), in which fuel elements are dissolved in 
concentrated nitric acid, and uranium and plutonium are separated by solvent extraction.  Next, 
the uranium and plutonium are added to the top of the fuel cycle for fuel fabrication. 
 
The monolithic uranium-molybdenum alloy, with zirconium bonding layer, as nuclear fuel has 
shown potential to convert some of the targeted research reactors to low-enriched fuel.  
Argonne National Laboratory has conducted research to recover uranium from unirradiated fuel 
scraps [2].  To achieve this goal, lab personnel use a nitric acid dissolution technique for 
recovery of uranium from dissolved scrap material.    In this process, one of the important 
considerations is formation of uranium-zirconium intermetallic compounds, which introduce a 
risk of explosive reaction [3-5].  However, the presence of excess hydrofluoric acid eliminates 
this.  The explosive tendency of nitric acid dissolution of uranium-zirconium may not be an 
acceptable risk at an industrial scale.  An explosion involving high-level liquid waste could 
contaminate hundreds of square miles and send people to hospitals.  Thus, exploring other 
alternatives is a plausible effort. 
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Pyrochemical treatment of spent fuel (pyroprocessing) is one example of non-aqueous 
technologies being developed and implemented at the INL [6].  Pyroprocessing uses 
electrorefining techniques in which high temperature oxidation-reduction reactions in molten salt 
separate the actinides from the fission products.  In this type of separation, thermodynamic 
stabilities of the compound govern the degree of separation.  Pyroprocessing involves several 
stages.  It starts with separating spent fuel elements from the fuel assembly in a hot cell.  Then 
fuel elements are chopped into segments of 0.6 to 1.3 cm in length and the pieces are loaded 
into a steel basket.  The steel basket is transferred into an electrorefiner containing a liquid salt 
solution.  Using electrochemical process uranium is separated from the fission products.  
Cathode processor is used to remove residual salts and cadmium from the uranium.  Salts and 
cadmium are recycled back into the electrorefiner while uranium is cast into fresh fuel.  The two 
types of waste generated namely electrorefiner salt and cladding material are solidified for 
disposal.  The advantages of pyrochemical technique are, 1) the solvents used are typically 
resistant to radiation damage which makes then ideal for handling high burnup fuel, 2) handling 
increased fissile material due to absence of water moderator, 3) incomplete separation of fissile 
material from fission products makes this technique non-proliferation friendly and 4) compact 
footprint allows for co-deployment of separation facility with the reactor complex which 
eliminates the need for the transportation and security of the hazardous waste.  Therefore, this 
is an ideal technology for the treatment of HEU reactor fuels where radiation fields are high due 
to increased burnups. 
 
Electrochemical Separation Technology 
 
Electrorefining in a molten salt electrolyte is used to recover uranium and plutonium from spent 
fuel.  The electrorefiner is a carbon-steel vessel, 1 m in diameter, that contains about 500 Kg of 
liquid LiCl-KCl electrolyte and dissolved actinide chlorides, such as UCl3 and PuCl3 [7].  The salt 
is heated to a temperature of approximately 500 oC in order to obtain a molten solution.  In the 
electrorefiner, the steel basket with chopped fuel segments serves as an anode, and a steel 
mandrel and liquid cadmium serve as the cathodes.  As a current is passed through the 
electrodes, the spent fuel is electrochemically dissolved from anode basket into the molten salt.  
The uranium is deposited on a steel cathode because the uranium has a less negative free 
energy change as compared to transuranic elements and fission products.  The transuranics 
(plutonium, neptunium, americium, and curium) accumulate at the liquid cadmium cathode.  
Impurities with a more negative free energy than the desired product remain in the salt. 
 
Planned Activities 
 
Future work will explore monolithic fuel reprocessing on a demonstration basis.  A Hot Fuel 
Dissolution Apparatus (HFDA), a laboratory scale electrorefiner, will be used for initial testing of 
the unirradiated RERTR low-enriched uranium-molybdenum fuel scrap to show the feasibility of 
technology.  The HFDA, operated remotely in a hot cell, has a batch size of about 50 grams and 
a current capacity of 3.5 amps.  Tests will be performed to measure fuel dissolution and current 
efficiencies. 
 
Conclusions 

 
Research reactors are used to produce neutrons for many different purposes.  They are used in 
variety of different disciplines such as physics, chemistry, biology, information system, and 
nuclear medicine.  The RERTR program is helping to convert research reactors from HEU fuel 



Last Modified: March 3, 2010                                                                                                           Page 5 of 5 

to LEU fuel in the United States and throughout the world.  Its goal is to reduce the amount of 
nuclear material available that may be used for malicious purposes.  The RERTR program has 
developed U-10Mo monolithic fuels for research and test reactors with uranium densities of 15.3 
g/cm3. 
 
Among the biggest challenges is dealing with spent fuel.  Reprocessing is one possible solution 
where the volume of nuclear waste can be reduced and valuable elements from the spent fuel 
can be recovered.  However, the zirconium used to provide an interface between the fuel and 
cladding causes a problem with aqueous processing of spent fuel.  The uranium-zirconium 
forms an explosive compound in the presence of nitric acid.  Therefore, non-aqueous 
technologies for recycle of spent nuclear fuel should be pursued. 
 
One class of non-aqueous technology is pyroprocessing which may provide benefits over 
aqueous options.  In pyroprocessing electrochemical process instead of chemical reagents is 
used to separate actinides from irradiated fuel.  Research and development activities will be 
performed to access the pyrochemical processing of research reactor nuclear fuel. 
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ABSTRACT 
 

Two pin-type experimental fuel assemblies were tested in Petersburg Nuclear 
Physics Institute WWR-M reactor in support of development of LEU high-density 
fuel for some types of Soviet design research reactors. Pin fuel is being considered 
as a replacement of current standard tube type fuel. The experimental fuel 
assemblies contain pin type fuel elements (FE) with an aluminium matrix, 
containing either UO2 or U-Mo fuel. Fuel assembly design, irradiation conditions 
and current status of these fuel assemblies are discussed. The LEU UO2 and U-
Mo fuel assemblies were irradiated up to 60% and ≈30 % burnup respectively, at a 
maximum power density of 277 kW/l.  
 
The non-standard fuel design requires a revision of procedures for storage and 
further utilization of the spent fuel. The irradiated experimental fuel assemblies 
cannot be included in the existing fuel nomenclature, suitable for transportation to 
the Russian reprocessing plant Mayak. However, the basic principles for spent fuel 
management were observed to ensure safe storage of experimental fuel 
assemblies (EFAs). The paper describes the cooling and radiation safety control 
requirements for safe storage of the LEU WWR-M experimental fuel assemblies. 

 
 
1. Introduction  
 
Two pin-type experimental fuel assemblies were tested in the PNPI WWR-M reactor in 
support of demonstration of LEU high-density fuel for research reactors [1]. Pin type fuel 
offers several advantages compared to the tube type, and is considered an alternative for 
conversion of HEU fuel and replacement of standard tube type fuel elements. Pin fuel 
technology provides additional volume for fuel, but requires a fuel assembly shroud, which 
slightly increases parasitic neutron absorption.  
 
The irradiated LEU experimental fuel assemblies were developed and fabricated by VNIINM 
Bochvar [2]. One of the irradiated fuel assemblies contains UO2 and the other U-Mo fuel 
meat in aluminium matrix and cladding. Each of the fuel assemblies contains 37 pin elements 
(see Fig.1) inside of an hexagonal aluminium assembly shroud. The volume contents of fuel 
fission component in both type fuel elements are approximately identical (see Table 1). Main 
characteristics of the experimental fuel assemblies are presented in Table 2. 

Table 1. Main Characteristics of the Fuel 
N 
o  

Fuel 
composition  

Average 235U 
load per FE, 
g  

Uranium 
concentration in 
fuel, g/cm3  

Length of 
fuel meat, 
mm  

Volume share of fuel 
component, %  

1  (U-Mo) + Al  2.54  5.3  500  33.9  
2  UO2 + Al  1.30  2.7  500  31.0  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig .1. Pin and Tube type Fuel Assembly Designs 

 
Table 2. Main Characteristics of the Fuel Assemblies 

Characteristics of FA  Fuel UO2+Al  Fuel (U-9%Mo) +Al  

Quantity of FE in a FA  37  37  
U-235 content in a FA, g  48.0  93.8  
Water flow area, mm2 467.3  467.3  
Cooling surface, m2 0.288  0.288  
Hydraulic diameter, mm  2.74  2.74  
Volume of fuel, cm3  94.8  94.8  
Volume share of water  0.523  0.523  
Total length of FA, mm  748.5  748.5  
Across the flats dimension, mm  32  32  
 
Irradiated fuel assembles were loaded in WWR-M reactor active core and reshuffled several 
times in order to maintain the power, required by the experimental conditions (see Fig.3).  

 
 
 

2. Irradiated fuel characteristics 
 

 



The irradiation energy loading was nearly identical for both fuel assemblies with different 
uranium density of the fuel meat. The UO2 and U-Mo type fuels were irradiated up to 60%  
and 30 % burn-up respectively. During the irradiation, the maximal power density of 277 kW/l 
was achieved, which is a typical value for Soviet designed pool-type research reactors.   
 
The test program included measurements of the reactor loop radiation. The value of the pin 
fuel with UO2 leakage parameter 1.3·10-5, remained lower than the permissible value of 2·10-

5 in accordance with requirements of the test program. However, this value was 2.6 times 
higher comparing to maximum WWR-M2 energy release.  
 
The leakage parameter is used as an operational indicator of fuel element non-integrity in 
WWR-M reactors. The criterion is defined as the ratio of the number of fission products 
released in the coolant to the number of fission product generated in the fuel [3,4]. The 

equilibrium activities of six nuclides: 
85m

Kr, 
87

Kr, 
88

Kr, 
135

Xe, 
135m

Xe,
 138

Xe were used to 
evaluate the of leakage rate (β) of the irradiated fuel assemblies. PNPI experience shows 
that the increasing of β from 10-7 to 10-6 is normal for dispersion fuel elements with aluminium 
matrix during fuel irradiation. Both types of experimental fuel assemblies have acceptable 
values of fission product leakage. However, comparisons of these values to the similar 
standard tube type WWR-M2 fuel assembly data shows slightly higher leakage of fission 
gasses from experimental fuel assemblies. Both difference and the fact that the cladding 
thickness of the experimental fuel element is less than the WWP-M2 standard tube fuel, were 
taken into account during planning of long-term storage of the test assemblies. The 
parameters of discharged fuel assemblies are presented in Table 3 before final reloading into 
the spent fuel pool (data on October 2006). Test results confirm the integrity of the fuel 
cladding. 
 

Table 3. Irradiation characteristics of discharged fuel 
#FA  Average 

burnup, %  
Max power 
density of the 
core, кW/l  

Max  thermal 
flux, W/cm2

  

Leakage 
parameter β, 
related units 
(max.)  

Operating time 
at power, days  

#11  61.3  252  55  1.3·10-5
  321  

#22  31.9  277  61  6.7·10-6
  372  

 
3. Storage process   
   
The non-standard design of fuel requires a revision of procedures for storage and further 
utilization. The irradiated experimental fuel assemblies cannot be included in the existing fuel 
nomenclature, suitable for transportation of irradiated standard tube type fuel assemblies to 
the reprocessing plant at present time. However, the basic principles for spent fuel 
management were observed to ensure safe storage of experimental fuel assemblies (EFAs).  
The design and safety requirements for research reactor operation are established by the 
Russian Federal regulations [5]. Fuel management procedures are part of the safety analysis 
report of WWR-M reactor submitted to the National Regulator. Special attention was paid to: 

a) coolability of the spent fuel 
b) nuclear safety and particularly criticality of the spent fuel storage 
c) coolability and water level of the storage 
d) radiation safety 
e) spent fuel storage water chemistry and radioactivity 
f) physical protection and MC&A 



 
 

Fig.3. Experimental fuel assemblies 
arrangement during irradiation in reactor 

Fig. 4. Spent fuel storage No.1 

 
From Fig.1 can be seen that EFAs have the same outer dimensions and shape as standard 
WWR-M5 and WWR-M2. This allowed EFAs to be loaded along with standard tube type fuel 
assemblies into spent fuel storage (SFS) No 1. The current arrangement of EFAs (on April 
2009): in the Block No. 1 of SFS No 1: EFA No.11 with UO2 fuel is located in cell No. B-8 (in 
Russian Б-8), EFA No.22 with U-Mo fuel is located in cell No.G-3 (Г-3)  (see Fig. 4). 
 
SFS No.1 is operational fuel storage and is used for reactor reloading in case of emergency 
situation. The SFS No 1 contains mainly intermediate burnup fuel and it will be used for 
formation of the reactor active core configuration. The operation procedure envisages 
transfer of spent fuel from SFS No. 1 to SFS No.  2 for long-term storage after achieving 
burnup limit.  Aluminum alloy is used as material for the inner wall of the SFS double-walled 
casing and construction block for fuel assembly arrangement. SFS is equipped with a water 
purification system, including pump, ion-exchange filters and piping. 
 
A Special inclined channel is used for the fuel transfer from reactor into SFS No.1. A 
Transport cask is used for fuel transfer between SFS No. 1 and SFS No.2. This operation is 
possible after reducing of the decay power below a certain level, because the fuel could be 
exposed in air for a prolonged time. Coolability assessment of FEAs’ for these regimes and 
conditions was conducted.   
 
The nuclear safety has been provided by arrangement of a system of B4C control rods. The 
fuel cells are arranged between absorbing rods. The principle "one absorber for each one 
fuel cell" is used to determine the number of absorbers. All absorbers are welded with a 
block and cannot be extracted. This arrangement of the reactivity control secures maximum 
Keff =0.56 at limiting value of  Keff <0.95. 
 
Aluminium cladding corrosion of the stored EFA and associated water chemistry 
management are two main parameters, and have been closely monitored. The water 
chemistry in the ponds and its activity have been checked periodically. Water sampling is 

 



provided by special equipment for activity measurement and gamma - spectra analyses. It is 
usual practice for fuel assemblies which exceed water activity limits not to be reloaded into 
reactor active core.  
 
The water chemistry requirements for the primary coolant in the reactor core of pool-type 
research reactors are established by the Russian standard OST 95 10134-91. The following 
limits of coolant chemistry should be applied for WWR-M reactor operation: pH 5.5÷6.5 
conductivity ≤ 2·10-4 S/m (The limit is ≤ 4·10-4 S/m), concentration Mg+Ca ≤ 3 μg-
equivalent/kg, concentration Al, Fe or Cl ≤ 50 μg/kg. Water circulation within 2 hours 
accompanies each procedure of water sampling. The integrity of the experimental 
assemblies, based on results of water samples from EFAs and adjacent fuel assemblies was 
in the limits. The activity of water did not exceed 3·10-6 Cu/l (approximately average 
background activity for other discharge fuel assemblies during measurements). 
 
The cooling of EFAs has lasted more than 3 years after irradiation in accordance with the 
regulatory requirements and conducted assessment of FEAs power decay and coolability. 
The conservative residual heat was estimated in accordance with cited references [6 and 7]. 
Estimated residual power with variation of the time and equal energy release was assessed 
to be in the range of 1.9 W and 2.3 W. These values are slightly lower compared to typical 
data based on ORIGEN calculation [8]. The estimates showed that for April 2009 the residual 
heat did not exceed 3 W for the each of the EFAs. 
 
4. Conclusion 
 
Cooling and radiation safety control requirements for safe storage of LEU WWR-M 
experimental fuel assemblies in the SFS No.1 are presented. Special attention is paid to 
coolability of the experimental fuel assemblies, pool criticality and coolant chemistry.     
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ABSTRACT 
 

Neutronic, thermal-hydraulics and accident analysis calculations were developed to 
estimate the safety of a miniplate irradiation device (MID) to be placed in the IEA-
R1 reactor core. The irradiation device will be used to receive miniplates of U3O8-Al 
and U3Si2-Al dispersion fuels, LEU type (19,9% of 

235
U) with uranium densities of, 

respectively, 3.0 gU/cm
3
 and 4.8 gU/cm

3
. The fuel miniplates will be irradiated to 

nominal 
235

U burnup levels of 50% and 80%, in order to qualify the above high-
density dispersion fuels to be used in the Brazilian Multipurpose Reactor (RMB), 
now in the conception phase. For the neutronic calculation, the computer codes 
CITATION and TWODB were utilized. The computer code FLOW was used to 
calculate the coolant flow rate in the irradiation device, allowing the determination of 
the fuel miniplate temperatures with the computer model MTRCR-IEA-R1. A 
postulated Loss of Coolant Accident (LOCA) was analyzed with the computer code 
LOSS and TEMPLOCA, allowing the calculation of the fuel miniplate temperatures 
after the reactor pool draining. This paper also presents a system designed for fuel 
swelling evaluation. The determination of the fuel swelling will be performed by 
means of the fuel miniplate thickness measurements along the irradiation time. 

 
 

1. Introduction 
 
The IEA-R1 reactor of IPEN-CNEN/SP in Brazil is a pool type research reactor cooled and 
moderated by demineralized water and having Beryllium and Graphite as reflectors. In 1997 
the reactor received the operating licensing for 5 MW. Since 1998, IPEN has been producing 
and qualifying its own U3O8-Al and U3Si2-Al dispersion fuels. The U3O8-Al dispersion fuel is 
qualified up to a uranium density of 2.3 gU/cm

3
 and the U3Si2-Al dispersion fuel up to 3.0 

gU/cm
3
 [1]. The IEA-R1 reactor core is constituted of the fuels above, with low enrichment in 

235
U (19.9% of U-235). IPEN has no hot cells to provide destructive analysis of the irradiated 

fuel. As a consequence, non destructive methods have been used to evaluate irradiation 
performance of the fuel elements [2]. For fuel qualification, complete fuel elements were 
irradiated in the IEA-R1 reactor core and the fuel element evaluation consisted of two items: 
i) monitoring the fuel performance during the IEA-R1 operation for the following parameters: 
reactor power, time of operation, neutron flux at the position of each fuel assembly, burnup, 
inlet and outlet water temperature in core, water pH, water conductivity, chloride content in 
water, and radiochemistry analysis of reactor water; ii) periodic underwater visual inspection 
of fuel assemblies and eventual sipping test for fuel element suspect of leakage. Irradiated 
fuel elements have been visually inspected periodically by an underwater radiation-resistant 
camera inside the IEA-R1 reactor pool, to verify its integrity and its general plate surface 
conditions. 
 
Nowadays, IPEN-CNEN/SP is interested in qualifying the above dispersion fuels at higher 
densities. Ten fuel miniplates, five of U3O8-Al fuels and five of U3Si2-Al fuels, with densities 
of, respectively, 3.0 gU/cm

3
 and 4.8 gU/cm

3
, which are the maximal uranium densities 

qualified in the world for these dispersion fuels, were fabricated at IPEN-CNEN/SP. The 
miniplates will be put in an irradiation device, with similar external dimensions of IEA-R1 fuel 



elements, which will be placed in a peripheral position of the IEA-R1 reactor core. In order to 
certify miniplate safety irradiation in the IEA-R1 reactor core, neutronic, thermal-hydraulics 
and accident analysis calculations were developed.  
 

2. Neutronic, Thermal Hydraulics and Accident Analysis Calculation for the 
Irradiation Device 
 
A special Miniplate Irradiation Device (MID) was designed for irradiation of the fuel 
miniplates in the IEA-R1 reactor. Figure 1 shows the MID. The MID has the external 
dimensions of the IEA-R1 fuel element. The miniplates will be allocated in a box with 
indented bars placed inside the external part of the MID. Figure 2 shows the transversal 
section of the MID.  

 

 
Fig 1: Miniplate Irradiation Device – MID. 
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Fig 2: Transversal section of the MID (dimensions in mm). 

 



As seen from Figure 2, up to ten miniplates can be placed in the box with indented bars 
inside of the MID. The qualification of the U3O8-Al and U3Si2-Al dispersion fuels with higher 
235

U density will be made in use, which is based on the irradiation of the dispersion fuel 
miniplates in the IEA-R1 reactor followed by the use of non-destructive analysis techniques, 
mainly fuel miniplate visual inspections performed regularly with a radiation-resistant 
underwater camera [2]. 
 
A new special system [3] was designed for the fuel miniplate swelling determination. The fuel 
swelling determination will be performed by means of the fuel miniplate thickness 
measurement during the irradiation period in the IEA-R1 reactor. During the measuring 
period, the fuel miniplates will be transferred from the reactor core to the measurement 
system. Figure 3 shows the fuel miniplate thickness measurement system. It consists of a 
mobile metallic column held by an X-Y coordinate table system for miniplate thickness 
measurement. The table is supported by another metallic structure fixed at the border of the 
reactor pool. The thickness measurement is performed by eletronic probes (LVDT). The 
results are obtained through the instrumentation connected to the probes. The system is 
operated from the reactor pool border.  
 
                                         Table Y 

      Mobile Column                     Table X 

 

 

 

 

      Pool water level 

     

                                                     

Fuel miniplate                         

 dimensions                                   Measuring 

Sensors 

                   
             170 mm 

              
       52 mm                                                      1,52 
Thickness 1,52 mm 

                        (A)                                                       (B)                                    (C) 

Fig 3: Fuel miniplate thickness measurement apparatus at IEA-R1:  (A) schematic view at 
the reactor pool border; (B) lateral view; (C) profile view (thickness).  

 
For commissioning the measurement system in the reactor pool area, two sets of 
measurements were made. The first set of measurements consisted of thickness 
measurements of an aluminum dummy miniplate, outside the reactor pool. These 
measurements evaluated the system performance in dry condition. The second set of 
measurements was performed for another dummy miniplate in the reactor pool. Dimensional 
results were in good accordance with those of the standards blocks supplied by TESA [4]. 
The results showed that the equipment was efficient and accurate, with measurement 

precision of 1 µm. 

 
2.1 Neutronic calculation for the irradiation device 
 
In the neutronic calculation, the computer code CITATION [5] was used for the three-
dimensional core calculation and for burnup calculation. The cross sections were generated 
by the computer code TWODB [6]. The calculated radial and axial density curves were used 
as input data for the thermal-hydraulics reactor core and MID analysis. The core 
configuration number 236 of the IEA-R1 reactor [7] was used, with 24 elements, being 20 
standard elements of U3O8-Al and U3Si2-Al dispersion fuels, four control elements, and one 
beryllium irradiation element in the central position of the core. In the calculation was 
considered that every fuel miniplate was made of U3Si2-Al with a uranium density of 4.8 

miniplate 



gU/cm
3
. In this situation will be generated the maximal power density in the miniplates, due 

to the maximal uranium density used. Three positions in reactor core matrix plate were given 
by the reactor operation to place the MID: 1) position 26; 2) position 37; and 3) position 36. 
In order to define the best position for the miniplate irradiation, calculations of the power 
densities were developed for three positions. The maximal power density was obtained for 
the position 36. In this position the miniplates will achieve the highest burnup in the shortest 
period of time. 
 

2.2 Thermal-Hydraulics Analysis 
 
A new thermal-hydraulics model MTCR-IEA-R1 [8] has been developed in 2000 at IPEN-
CNEN/SP using a commercial program Engineering Equation Solver (EES). The use of this 
computer model enables the steady-state thermal and hydraulics core analyses of research 
reactors with MTR fuel elements. The following parameters are calculated along the fuel 
element channels: fuel meat central temperature (Tc), cladding temperature (Tr), coolant 
temperature (Tf), Onset of Nucleate Boiling (ONB) temperature (Tonb), critical heat flux 
(Departure of Nucleate Boiling-DNB), flow instability and thermal-hydraulics safety margins 
MDNBR and FIR. The thermal-hydraulics safety margins MDNBR and FIR are calculated as 
the ratio between, respectively, the critical heat flux and the heat flux for flow instability and 
the local heat flux in the fuel plate. Furthermore, the MTCR-IEA-R1 model also utilizes in its 
calculation the involved uncertainties in the thermal-hydraulics calculation such as: fuel 
fabrication uncertainties, errors in the power density distribution calculation, in the coolant 
flow distribution in the core, reactor power control deviation, in the coolant flow measures, 
and in the safety margins for the heat transfer coefficients.  The calculated thermal-
hydraulics core parameters are compared with the design limits established for MTR fuels: 
a) cladding temperature < 95°C; 2) safety margin for ONB > 1.3, or the ONB temperature 
higher than coolant temperature; 3) safety margin for flow instability > 2.0; and 4) safety 
margin for critical heat flux > 2.0. 
 
The placement of the MID in the matrix plate of IEA-R1 reactor will deviate part of the reactor 
coolant flow to cool the fuel miniplates. The flow rate in the core of the reactor IEA-R1 is 
3400 gpm which provides a flow rate of approximately 20 m

3
/h per fuel element, sufficient to 

cool a standard fuel element. Results of the parametric tests developed with the program 
MTCR-IEA-R1 showed the need of a minimum flow rate of 10 m

3
/h through the MID. The 

simulations have considered the MID with ten identical miniplates, with the same 
composition (U3Si2-Al), with the same uranium density (4.8 gU/cm

3
), in order to analyze the 

most critical device configuration. The value of 12,3 m
3
/h was defined for the coolant flow 

rate through the MID. It is sufficient to cool the miniplates and represent only a small 
deviation of the total coolant flow rate in the reactor core. A special flow restrictor was 
fabricated in order to maintain this coolant flow rate in the MID (see Figure 1). 
 
No design limit was achieved for the analyzed irradiation device. The calculated cladding 
temperatures are below the value of 95°C, and the coolant temperatures are below the ONB 
temperature, indicating one-phase flow through the MID. The margins for critical heat flux 
(MDNBR) and flow instability (FIR) are well above the value of 2.0, admitted as design limit.  
  

2.3 Accident Analysis 
 
The Loss of Coolant Accidents (LOCA) in pool type research reactors are normally 
considered as limiting in the licensing process. For the IEA-R1 research reactor, a special 
Emergency Core Cooling System (ECCS) was constructed in order to avoid the core melting 
during a postulated primary coolant boundary rupture. With two redundant systems with 
passive action, the ECCS will be able to cool the reactor core after a reactor pool draining. 
However, the action of this system is limited to the boundaries of the reactor core and the 
ECCS is not able to cool the MID which is placed in a reactor core peripheral position. Two 



computer codes LOSS [9] and TEMPLOCA [9] were used to calculate the temperatures 
achieved in the fuel miniplates during the core draining. The computer code LOSS 
determines the time to drain the reactor pool down to the level of the bottom of the core, and 
the computer code TEMPLOCA can calculate the maximal temperature to be achieved in the 
fuel miniplate during this transient. The calculations showed that about 7.5 min are 
necessary to drain the reactor pool during a postulated primary coolant boundary rupture 
accident. After the pool draining, the maximal fuel miniplate temperature achieved was 180 
ºC, below the blistering temperature, which is the fuel temperature design limit [9]. At the 
blistering temperature the fuel miniplate will swell due to the fission gases released in the 
fuel and can close the fuel miniplate cooling channels with the fuel temperature increasing 
up to miniplate melting. The value of blistering temperature for dispersion fuels can vary 
between 350°C e 600 °C, depending on dispersion fuel type, fuel enrichment and burnup 
achieved. 
  

3. Conclusions  
 
The neutronic calculations showed that the inclusion of the MID in the IEA-R1 reactor core 
will not affect its operation, since the change in reactor reactivity will be irrelevant. The best 
reactor core position for miniplate irradiation is the core position 36, which will have the 
highest power density, allowing higher burnup in a shorter period of time. Through thermal-
hydraulics calculations was determined that a flow rate of 12,3 m

3
/h will be sufficient for 

cooling the fuel miniplates and will represent only a small deviation of the total coolant flow 
rate in the reactor core (600 m

3
/h). The accident analysis concluded that there will not be 

done any damage to the miniplates in case of a postulated primary coolant boundary 
rupture. 
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ABSTRACT 

 
The paper presents results of performance evaluation of the R6R018 fuel 
plate using PLATE code.  R6R018 is a U-7Mo dispersion type mini-plate with 
Al-3.5Si matrix irradiated in the RERTR-9B experiment.  The design of this 
plate is prototypical of the planned LEONIDAS irradiation test.  Therefore, a 
detailed performance analysis of this plate is important to confirm acceptable 
behavior in pile, and to provide baseline and justification for further analysis 
and testing. 
 
Specific results presented in the paper include fuel temperature history, 
growth of the interaction layer between the U-Mo and the matrix, swelling, 
growth of the corrosion layer, and degradation of thermal conductivity.  The 
methodology of the analysis will be discussed including the newly developed 
capability to account for the formation of the interaction layer during fuel 
fabrication. 

 
1. Introduction 
 
The purpose of this paper is to present results of the performance evaluation of the 
R6R018 plate. R6R018 plate is a U-7Mo dispersion type mini-plate with Al-3.5Si matrix 
irradiated in the RERTR-9B experiment.  The design of this plate is prototypical of the 
planned LEONIDAS [1] irradiation test.  Therefore, a detailed performance analysis of 
this plate is important to confirm acceptable behavior in pile, and to provide baseline and 
justification for further analysis and testing. 
 
2. Analysis methodology 
 
Local performance metrics were calculated using PLATE fuel performance code [2].  
The following empirical behaviour models were used in this analysis.  Swelling due to 
fission products was calculated as a sum of swelling due to fission gas [3]: 
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and swelling due to solid fission products: 
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where fd = fission density,  
 
The interaction layer growth was calculated using the following power law [4]: 
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where: 
Y = IL thickness (cm) 
A  = 7.5x10-18, pre-exponential factor 
Fr = fission rate (f/cm3-s) 
T  = temperature (K) 
t  = time (s) 
Q  = 8000 (cal/mol), activation energy 
 
The PLATE code was modified to account for the as-fabricated interaction layer between 
the U-Mo particles and Al matrix.  Previously, presence of the as-fabricated interaction 
layer was ignored in the PLATE fuel performance calculations.  Formation of the reaction 
product during fuel fabrication results in the reduction of thermal conductivity of the fuel 
meat.  In addition, since the reaction product contains fissile nuclides, it is subject to 
fission-induced degradation, which, in turn, is a function of the local fission density.  The 
PLATE code tracks both the local fission density, and the extent of degradation.  It is 
expected that the EOL fission density in the reaction product generated by the 
fabrication procedures would be higher than that in the reactor product formed in-pile.  
This may lead to earlier amorphization of the reaction product formed during fabrication 
as compared to the reaction product formed in-pile.   
 
Corrosion of the cladding by the coolant is modelled according to the methodology 
proposed elsewhere [5].   
 
3. Results 
 
Calculated parameters included heat flux, peak temperature, temperature profile, fuel 
particle swelling, interaction layer thickness, plate thickness swelling, and corrosion layer 
thickness.  The calculations were based on the nominal dispersion fuel plate design, 
plate as-built data, and on the power history calculated by Chang et al. [6,7].   
 
Results of the evaluation of the R6R018 fuel plate at the end of life (EOL) using PLATE 
code are shown in Table 1.  Results correspond to the plate transverse cross-section 
located at the axial mid-plane.  As evident from Table 1, the temperature throughout the 
plate varies primarily due to variation of the local power and due to burnup-dependent 
thermal conductivity degradation of the fuel meat.  The key reasons for meat thermal 
conductivity degradation are formation of the fuel cladding interaction layer and 
formation of the fission gas bubbles in the fuel particles and in the interaction layer.  
Formation of the corrosion layer on the waterside and its effect on the temperature is 
also modelled.  



Table 1. Results of the evaluation of the R6R018 fuel plate at the EOL using PLATE 
code.  Results correspond to the plate transverse cross-section located at the 
axial mid-plane.  As-fabricated fuel-matrix interaction layer of 5 micron was used 
as an input parameter. 
 

Fission density, x1021 

fissions/cm3 
Node Power 

factor 
from  
[7] 

Meat  Fuel 
particle 

Reaction 
product  

Local 
U-235 
Burnup 

Fuel 
particle 
swelling 

Heat 
flux, 

W/cm2 

1 (hot 
edge) 

1.907 7.155 10.99 3.333 0.521 0.618 488.038 

2 1.553 5.829 9.086 2.755 0.433 0.508 393.687 
3 1.358 5.095 8.018 2.431 0.383 0.446 342.106 
4 1.218 4.573 7.245 2.197 0.347 0.402 305.806 
5 1.107 4.154 6.626 2.009 0.318 0.366 276.870 
6 1.004 3.769 6.052 1.835 0.291 0.333 250.383 
7 0.939 3.526 5.689 1.725 0.274 0.313 233.815 
8 0.884 3.317 5.377 1.630 0.259 0.295 219.557 
9 0.837 3.140 5.11 1.551 0.246 0.280 207.588 
10 0.791 2.968 4.855 1.472 0.234 0.265 195.901 
11 0.779 2.861 4.3694 1.423 0.226 0.256 188.698 
12 0.684 2.512 4.169 1.264 0.201 0.226 165.222 
13 0.694 2.549 4.225 1.281 0.204 0.229 167.687 
14 0.684 2.512 4.169 1.264 0.201 0.226 165.22 
15 0.713 2.619 4.330 1.313 0.209 0.235 172.378 
16 0.703 2.582 4.275 1.296 0.206 0.232 169.909 
17 0.713 2.619 4.330 1.313 0.209 0.235 172.377 
18 0.713 2.619 4.330 1.313 0.209 0.235 172.377 
19 0.732 2.689 4.436 1.345 0.214 0.241 177.066 
20 
(cold 
edge) 

0.760 2.791 4.590 1.392 0.221 0.250 183.984 

 
Node Power 

factor 
from 
[7] 

Boehmite 
thickness, 

micron 

Peak fuel 
temperature, 

oC 

Plate 
surface 

temperature, 
oC 

Interaction 
layer 

thickness, 
micron 

Meat 
thermal 

conductivity, 
W/cm-s 

1 (hot 
edge) 

1.907 4.882 158.7 94.2 7.26 0.1075 

2 1.553 5.534 156.8 99.5 7.11 0.1163 
3 1.358 5.454 149.4 99.4 6.77 0.1226 
4 1.218 5.132 141.5 97.5 6.45 0.1270 
5 1.107 4.782 134.1 95.0 6.19 0.1310 
6 1.004 4.472 127.3 92.5 5.98 0.1343 
7 0.939 4.240 122.3 90.3 5.85 0.1360 
8 0.884 4.066 118.3 88.6 5.75 0.1380 
9 0.837 3.946 115.2 87.4 5.68 0.1395 
10 0.791 3.889 113.2 86.8 5.63 0.1407 
11 0.779 3.500 106.0 82.1 5.51 0.1410 
12 0.684 3.454 102.5 81.6 5.45 0.1501 
13 0.694 3.440 102.4 81.4 5.45 0.1489 
14 0.684 3.434 102.1 81.4 5.44 0.1501 
15 0.713 3.446 103.1 81.5 5.46 0.1467 
16 0.703 3.437 102.7 81.4 5.45 0.1478 
17 0.713 3.420 102.6 81.1 5.45 0.1466 
18 0.713 3.366 101.6 80.3 5.44 0.1466 
19 0.732 3.246 99.9 78.5 5.42 0.1444 
20 
(cold 
edge) 

0.760 2.978 94.1 74.12 5.36 0.1410 



PLATE code prediction of the EOL thickness of the fuelled portion of the R6R018 plate is 
shown in Figure 1.  The plot shows thickness that is a sum of the cladding, meat and 
corrosion layer thicknesses at specific locations.  Initial thickness of the plate is 1.4 mm.  
The PLATE thickness increase is due to formation of the interaction layer between U-Mo 
and Al and due to the swelling (solid and gaseous fission products) of the particles and 
the interaction layer.  The maximum swelling is observed in the corners of the foil close 
to the reactor core, where maximum local power was predicted [7]. 
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Figure 1.  PLATE code prediction of the EOL thickness of the fuelled portion of the 
R6R018 plate.  The plot shows thickness that is a sum of the cladding, meat and 
corrosion layer thicknesses at specific locations.  Initial thickness of the plate is 
1.4 mm. 
 
PLATE code prediction of the EOL thickness of the interaction layer in the R6R018 plate 
is shown in Figure 2.  Noting that the irradiation commenced with the as-fabricated 
interaction layer of 5 microns, it becomes obvious that very little generation of the 
reaction product occurred al the low-power side of the plate. 
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Figure 2. PLATE code prediction of the EOL thickness of the interaction layer in 
the R6R018 plate.   



Peak fuel temperature distribution at the end of the second irradiation cycle is shown in 
Figure 3.  Fuel temperature reached its highest value at the end of the second irradiation 
cycle.  
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Figure 3.  Peak fuel temperature distribution at the end of the second irradiation 
cycle.  Fuel temperature reached its highest value at the end of the second 
irradiation cycle.  
 
Temperature and interaction layer growth history in the peak power node are shown in 
Figure 4.  The step changes in temperature are due to the changes in the local power 
history.  The steady increase of the temperature between the step changes is due to the 
degradation of the thermal conductivity of the fuel meat.   
 
The following effect of the as-fabricated interaction layer on the plate performance was 
noted from the simulation results.  When the as-fabricated interaction layer is not 
present, the interaction layer growth is quite rapid in the beginning of life (BOL).  The 
layer grows even faster on the high power side of the plate. When the as-fabricated 
interaction layer is present, the in-pile interaction layer growth is slow in the BOL and 
throughout the plate life.  The effect is explained by the reduction of the surface area 
available for fuel-matrix interaction as the matrix phase is depleted due to formation of 
the as-fabricated interaction layer.  In this context, formation of the as-fabricated 
interaction layer can be viewed as a passivation measure that leads to a more 
favourable in-pile performance. 



0

50

100

150

200

250

0 20 40 60 80 100 120 140

Time, days

T
em

p
er

at
u

re
, C

0

2

4

6

8

10

12

14

16

18

20

In
te

ra
ct

io
n

 la
ye

r 
th

ic
kn

es
s,

 m
ic

ro
n

s

Temperature

Interaction layer thickness

 
Figure 4.  Temperature and interaction layer growth history in the peak power 
node. 
 
4. Conclusions 
 
PLATE code was used to obtain performance metrics for R6R018, a U-7Mo dispersion 
type mini-plate with Al-3.5Si matrix irradiated in the RERTR-9B experiment.  The 
calculation results inform fuel developers about the changes occurring in the plate during 
irradiation.  The calculation results could assist interpretation of the post irradiation 
examination data and help establish reference points to compare behaviour of the plates 
from this and other irradiation experiments. 
 
Steep power gradients existing in the plate resulted in a wide range of irradiation 
conditions throughout the fuel foil.  The plate featured both the low temperature and low 
burnup regions that exhibited little degradation, as well as highly degraded regions that 
were exposed to high power and high burnup.  This information could be useful to guide 
PIE data collection. 
 
A new methodology that accounts for as fabricated interaction layer was implemented in 
the code and successfully applied for the performance analysis of the present fuel plate.  
It was suggested that the EOL fission density in the reaction product generated by the 
fabrication procedures may be higher than that in the reactor product formed in-pile 
leading to earlier amorphization of the former.  This observation can be further explored 
by performing parametric studies with the PLATE code.  It was also noticed that 
presence of the as-fabricated interaction layer results in slower in-pile interaction layer 
growth rate at the beginning of irradiation. 
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ABSTRACT 
 

This article presents thermo-mechanical analysis of the monolithic fuel plates and their 
structural behavior during fabrication and thermal annealing performed by commercial FE solver 
COMSOL Multiphysics.  The detailed 3D non-linear FEM analysis of the monolithic fuel plates 
has been useful not only for benchmarking the new model, but also for obtaining an in-depth 
understanding of fuel-cladding stress/strain characteristics. In particular, the 3D FEM analysis 
has revealed existence of stress gradients at the fuel/cladding interface region which could lead 
to structural failure. Large difference in the coefficient of thermal expansions between the U-
10Mo foil and AL6061-TO cladding is the main reason for these gradients.  During the thermal 
transient, thermo-mechanical behavior of the plate is driven by the significant mismatch 
between thermal expansion and basic mechanical properties of the foil and the cladding 
materials. By using elasto-thermo-perfectly plastic material models, it was shown that cladding 
material exceeds its yield limit; and therefore, deforms plastically; while the fuel foil remains 
below its elastic limit. In addition, it was observed that fabrication-induced residual stresses play 
major role in overall performance of monolithic fuel plates. The simulation results show 
existence of the critical temperature at which the normal and shear components of stresses 
change from compressive to tensile on both cladding and fuel. Furthermore, thermo-mechanical 
analysis of dispersion fuel mini-plates was presented. In order to properly identify three 
dimensional stress states over the dispersion particles and cladding material, micro-structure 
based finite element simulation was performed. It was shown that residual stresses in 
dispersion fuels cannot be neglected and should be included in proceeding simulations.  
 
1. Introduction 
 
Monolithic fuel plates comprised of uranium-molybdenum alloy foils encapsulated in aluminum 
alloy cladding are proposed for conversion of high performance research reactors to low 
enriched uranium fuel [1].   
 
In this article, mechanical behavior of the monolithic plates during fabrication [2] by hot isostatic 
pressing (HIP) and during consequent thermal annealing is considered.  The consequent 
thermal annealing is essentially the so-called “blister test” often performed on the fuel plates. 
 
The process of fabrication of monolithic fuel mini-plates by HIP is as follows [3]. The foils are 
fabricated by arc-melting uranium and molybdenum feedstock in an inert atmosphere glove box, 
casting this alloy into a thin coupons and hot rolling at 650°C to the targeted thickness of 0.250 
mm. Foils are further annealed at 650-675C for 30-120 minutes and assumed to be free of 
residual stresses before HIP process. Cladding material for the RERTR fuel plates was 6061Al-
T6 alloy.  After placing fuel foils between cladding materials, pressure and temperature are 



 

 

gradually increased to 560°C and 104 MPa respectively. Specimens are held 90 minutes under 
constant pressure and cooled down to room temperature with the rate of 4.8 min/s while 
reducing the pressure gradually. Dimensions for final product are given in Figure 1.  
 
The furnace annealing of the as-fabricated plates was assumed to proceed with a heating rate 
of 4.8 C/min to the temperature of 530C. 
 

 
 

Figure 1 Nominal Dimensions (Millimeters) of the Monolithic Fuel Plate. 
 

2.   Modeling 
 
2.1 Background 
 
There are numbers of published works investigating thermal stresses in multi-layered structures. 
However, the modeling of mechanical behavior of the proposed monolithic fuel plates is still in 
its early development stages. This article will provide in-depth understanding of thermo-
mechanical behavior of the fuel plates including residual stresses. Residual stresses are known 
to influence materials mechanical properties such as creep or fatigue life. Sometimes, the effect 
on properties is beneficial; other times, the effect is very deleterious. Therefore, it is important to 
be able to monitor and control the residual stresses. To provide an effective tool for assessment 
of thermal stresses in monolithic fuel plates, it would be more realistic to use a simulation model 
as close as possible to the actual product. Simulations demonstrated the importance of 
temperature dependence and material plasticity on analysis results. The failure would be 
caused by the difference in thermal expansion coefficient and mechanical mismatch between 
neighboring materials. A multiphysics simulation would consider heat transport, along with 
structural stresses and deformations.  
 
2.2 Finite Element Model 
 
General purpose commercial finite element solver COMSOL Multiphysics was utilized for this 
work to calculate the residual stresses in a monolithic fuel plate after the HIP process. Because 
of the symmetry, only one-half of the plate was modeled. Since eight-node hexahedral elements 
produce more accurate results than other elements, brick elements were used for discretization. 
Fuel was represented by using 3 layers totaling 3375 elements, while cladding contains 16200 
elements. Total degrees of freedom solved for was 114660. Elasto-thermo-perfectly-plastic 
models were assigned to both cladding and fuel materials to simulate thermo-plasticity. One 



 

 

node (lower left corner) of the model was constrained in three directions to prevent rigid body 
motion. Resulting symmetric FE model along with partial cut is presented in Figure 2. 
 

 
 

Figure 2 Corresponding FE Symmetric Model 
 

Elasto-plastic parametric solver with reduced integration was used. Since amount of time under 
temperature is small, thermal creep was assumed to be zero. It was also assumed that 
complete mechanical bonding would be achieved at exact HIP temperature, and therefore 560C 
was assumed to be reference starting point for the HIP simulation. From 560C, 28 sub-steps 
were used to reach the room temperature. Solution was stored for every 20C temperature drop. 
Once residual stresses were identified in step 1 (HIP simulation), the same methodology was 
used to solve step 2 (furnace annealing simulation). Results from HIP simulation were 
considered as initial condition for step 2. Namely, normal and shear components were supplied 
to the solver. Same sub-stepping was chosen to reach from room temperature to desired 
annealing temperature (530C). For both simulations, yielding was defined according to Von-
Mises criteria, formulated as, 
   

( ) ( ) ( ) ( )2 2 2 2 2 2
11 22 22 33 11 3 12 23 31

1 6
2eqσ σ σ σ σ σ σ τ τ τ⎡ ⎤= − + − + − + + +⎣ ⎦    (1)  

      
2.3 Material Properties 
 
As the HIP temperature is 560C, material properties at such high temperatures are crucial to 
obtain more accurate simulation results. These properties and experimental details are available 
elsewhere [4-10]. For completeness, material properties used in thermo-plastic simulations are 
given in Table 1.  The temperature dependence of the U-10Mo yield stress was derived from the 
U-10Mo hardness temperature dependence data [7]. 



 

 

Table 1 Material Properties 
 

        
Cladding – [AL6061-TO]  Fuel foil – [U10Mo]  Dispersion fuel meat [U7Mo–AL6061]  

(2) 
        
Thermal Expansion [6]  Thermal Expansion [7]  Thermal Expansion (derived from 

[6,7]) 
[C] [1/K]  [C] [1/K]  [C] [1/K] 
100 23.60x10-6  50 11.81x10-6  50 18.40x10-6 
200 24.30x10-6  100 12.42x10-6  100 18.60 x10-6 
300 25.40x10-6  200 13.63x10-6  200 19.30 x10-6 

   300 14.84x10-6  300 19.90 x10-6 
Modulus of Elasticity [6]  400 16.05x10-6  400 20.60 x10-6 

[C] [GPa]  500 17.26x10-6  500 21.20 x10-6 
21 69.63  600 18.47x10-6  600 21.80 x10-6 
38 68.94       

93 66.39 
 Modulus of Elasticity [7]  Modulus of Elasticity (derived from 

[6,7]) 
149 63.43  [C] [GPa]  [C] [GPa] 
177 61.50  21 83.00  21 74.98 
204 59.63  126 80.00  93 72.22 
232 57.29     149 70.06 

260 54.12 
 Yield Stress (Derived from hardness 

data [7]) 
 

204 67.78 
274 52.53  [C] [MPa]  232 66.37 
287 49.92  20 734.00  287 61.95 

   100 644.73    
Yield Stress [6, 9]  200 549.73  Yield Stress (derived from [6,7]) 

[C] [MPa]  300 464.82  [C] [MPa] 
24 55.15  400 424.58  24 326.69 
38 55.15  500 306.53  100 257.89 
93 55.15  600 295.08  150 272.36 

149 55.15  700 181.35  200 219.89 
177 51.71  800 115.17  300 185.93 
204 44.81     400 169.83 
232 36.54  Poisson’s Ratio (1) [10]  500 122.61 
260 27.57  [C] [-]    
288 22.06  23 0.25  Poisson’s Ratio (1) [derived from 

[4,5,6]) 
315 17.92     [C] [-] 
371 12.41  Density [7]  23 0.30 
560 6.89 (extrapolated)   [C] [kg/m3]    

   23 17200  Density [4,5]  
Poisson’s Ratio (1) [6]     [C] [kg/m3] 

[C] [-]     21 6711 
23 0.33       

    
Density    

[C] [kg/m3]   
23 2702   

        
(1) Temperature dependent data for Poisson’s ratio were not available.  Poisson’s ratio was assumed to be independent of 
temperature. 
(2) Mechanical properties of the dispersion fuel meat were not available. Rule of mixtures was used to derive meat mechanical 
properties from known properties of U10Mo and AL6061TO. 
(3) Properties at undefined temperatures were approximated by interpolation. Piecewise cubic formulation was used to 
interpolate between known values.  

 



 

 

2.4 Constitution of the Continuum 
 
Material properties were assumed to be independent of direction but dependent of temperature. 
Therefore, modulus of elasticity (E), Poisson’s ratio (v) and shear modulus (G) were, 
 

( )x y zE E E E T= = =           (2) 

 

( ) xy yx xz zx yz zy Tν ν ν ν ν ν ν= = = = = =        (3) 

 

( ) ( ) ( )
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E T
G G G G T and G T

Tν
= = = =

+⎡ ⎤⎣ ⎦
      (4) 

 
Assuming the material of interest undergoes small strains, linearized form of the strain tensor 
can be expressed as, 
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2

jtotal i
ij

j i

uu
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ε
⎛ ⎞∂∂

= +⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠
          (5) 

 
where,  and ij uε strain tensor and displacements respectively. At each point of the plate, the 

total-strain components total
ijε  are represented as the sum of the corresponding components of 

the elastic, plastic, thermal and initial ones. Such as, 
 

( ), ,
1
2

total el pl th in
ij i j j i ij ij ij iju uε ε ε ε ε= + = + + +        (6) 

 
Thermal strain tensor th

klε  is expressed by, 

 

( )th
kl kl T Tε α= ×Δ           (7) 

 

( )kl Tα is the tensor governing coefficient of thermal expansion, and TΔ is the temperature 

change from the reference point. The mechanical constitution of the plate was assumed to be in 
the following form: 
 

el in
ij ijkl kl ijDσ ε σ= × +           (8) 

 
where, ijklD  is 6x6 temperature dependent elasticity matrix (i.e. ( )ijklD T ), el

klε elastic strain 

tensor, and in
ijσ is initial stress (i.e. residual stress). Substituting elastic strains from (6) into the 

mechanical constitution in (8) gives stress distribution on the plate expressed as,  
 
 

( )total pl th in in
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3. Results 
 
In order to identify mechanical behavior during the specified thermal cycle, two-step simulation 
was performed. First, HIP simulation was performed to calculate the residual stresses. Once 
residual stresses were identified, they were used as initial condition for second step. HIP 
simulation started at the reference point (560C) and ended at the room temperature (21C). 
Annealing simulation started at the room temperature and ended at 530C. At the end of second 
step, elasto-plastic response was analyzed. Results for thermo-elasto-plastic simulations were 
discussed below. Due to the non-linearity, drastic shifts on the location of maximum stresses 
should be expected. Therefore, stresses presented in all graphs below were captured at 
wherever they were maximum regardless their location. However, for completeness, stress over 
the interface region was captured separately. 
 
3.1 HIP simulation and residual stresses 
 
Equivalent stress distribution with regional zoom is shown in Figure 3. Figure 4 presents contour 
plot for effective plastic strain on the domain. It seems cladding material over the fuel region 
deforms plastically while fuel does not go beyond its elastic limit.  
 

  
Figure 3 Equivalent Stresses Figure 4 Effective Plastic Strain 

 
Figure 5 and Figure 6 show normal and plastic strain history during cooling of the plate from 
560C to room temperature. It seems that the cladding material manifests higher normal strains 
due to its higher compliance, while fuel shows more rigid behavior. Nearly 50% of total strain 
recorded by cladding is plastic deformation. 
 

  
Figure 5 Normal strain history Figure 6 Effective plastic strain history 



 

 

Figure 7 shows maximum equivalent stresses over the body including both cladding and fuel 
materials. Recorded stresses on the fuel are nearly 10 times higher than those on the cladding. 
This is due to property mismatch between the neighboring layers. The fuel has a much higher  
yield stress and somewhat higher modulus. Not surprisingly, this creates significant amount of 
stress gradient at the interface region and raises attention to survivability of the bond and its 
quality.  
 

Figure 7 Equivalent stress history Figure 8 Stresses at the interface 
 
Figure 8 shows equivalent stress history calculated for interface region including edges and 
corners. Maximum calculated stress at the interface is 275 MPa. If maximum equivalent stress 
theory is selected as the failure criteria, then acceptable bond strength should be higher than 
this value.  

 
3.2 Annealing simulation and thermal stresses 
 
By using the results shown in 3.1, behavior of the plate during annealing was calculated. Same 
sub-stepping was chosen to reach the annealing temperature (530C). Yielding was defined 
according to the Von-Mises criteria. Equivalent stress distribution is shown in Figure 9. Figure 
10 presents contours for effective plastic strain on the plate. Similar to previous simulation, 
cladding material over the fuel region exhibits plasticity while the fuel still stays in the elastic 
region. However this time, it seems that plastic deformation on the cladding is significantly 
higher while equivalent stresses are much lower. Equivalent stresses on the fuel are more or 
less uniform, however, higher concentration was noted closer to the fuel ends (indicated by 
circle in Figure 9). 
 



 

 

  
Figure 9 Equivalent stress Figure 10 Effective plastic Strain 

 
Figures 11 and 12 show normal and plastic strain history during the annealing of the fuel plate. 
Unlike HIP simulation, a clear transition temperature (approximately 300C) from compression to 
tension was noted. At this temperature (visible in Figure 11, at approximately 300C) plate would 
be free of any stresses. Similar to HIP simulation, cladding material manifests higher normal 
strains, while fuel still holds its rigidity. Total plastic strain is approximately 3 times of the plastic 
strain computed for the HIP simulation.  
 

Figure 11 Normal strain history Figure 12 Effective plastic strain history 
 
Figure 13 shows maximum equivalent stresses over the body including both cladding and fuel 
materials. It seems that annealing acts a stress relief on the plate. However, there is a bigger 
stress gradient between the cladding and fuel material. This time, maximum equivalent stress 
calculated for fuel is approximately 200MPa while it is approximately 7 MPa for cladding. 
Therefore, stress gradient between the two is nearly 30 times as opposed to 10 times as 
calculated for HIP simulation.  
 



 

 

Figure 13 Equivalent stress history Figure 14 Stresses at the interface 
 
Figure 14 presents equivalent stress history calculated for the interface region. It can be seen 
that stresses are relieved during the thermal annealing. Maximum residual stresses drop to 100 
MPa which is significantly lower than 275 MPa as computed for the HIP. Assuming there are no 
significant microstructural changes that would hinder and defect the mechanical properties, it 
would be safe to postulate that if plate survives HIP process, it should overcome the thermal 
stresses raised during the annealing step. 
 
3.3 Residual stresses in U7Mo-Al dispersion plates 
 
To highlight the difference between the monolithic and dispersion fuel designs, a calculation of 
residual stresses induced in the dispersion plates by the hot rolling fabrication procedure was 
performed. The hot rolling temperature of 500C was adopted [11]. To construct the FE model of 
the dispersion fuel meat, a representative image of the U-Mo powder (Figure 15) taken from the 
reference [12] was selected. Resulting FE model is shown in Figure 16. The boundary 
conditions and the finite element solver settings were the same as described in Section 2 of the 
present paper. In order to identify residual stresses over the mechanical domain after the hot 
rolling, single step elasto-plastic simulation was performed. Hot rolling simulation started at the 
reference point of 500C assuming that mixture is free of residual stresses at this temperature. 
Parametric solver was used with 25C drop in each step until reaching to the room temperature 
(21C).  
 

  
 

Figure 15 A representative micro-structure 
 

Figure 16 FE model of the micro-structure 
 
Equivalent stress distributions over the domain and just on the particles are shown in Figure 17 
and Figure 18 respectively. A complete plastic deformation of the matrix (Al6061TO) and high 



 

 

compressive stresses on the particles (U7Mo) was observed. Existence of several hot spots is 
evident from Figure 18, while the stress in most particles remains below the yield point. It was 
concluded that although there are high local residual stresses around the particles the bulk of 
the fuel meat should have experienced residual stresses of approximately 55 MPa. 
  

  
Figure 17 Stresses after Hot Rolling Figure 18 Stresses in the particles 

 
4. Conclusions 
 
Thermo-mechanical response of the monolithic fuel mini-plates during fabrication by hot 
isostatic pressing and consequent furnace annealing was investigated using commercial finite 
element solver COMSOL Multiphysics. The analysis demonstrated that large residual stresses 
are induced by fabrication.  Residual stresses dominate the mechanical behavior of the 
monolithic plate during thermal annealing.  Existence of the stress gradients at the interface 
region that could lead to the structural failure has been shown. This observation emphasizes the 
significance of the fuel-cladding bond strength on the structural integrity of the plate. It was 
noted, that during the analyzed thermal cycle, the cladding exceeds its yield point, while fuel foil 
remains in the elastic region. A transition temperature a clear transition temperature 
(approximately 300C) from compression to tension during annealing was noted. A micro-
structure based finite element simulation was performed to identify the residual stresses and 
stress concentrations in the dispersion fuel plates.  
 
The accuracy of the results presented in the paper relies on the availability and accuracy of the 
mechanical property data.  Currently, such data is scarce.  The model will be updated when 
mechanical properties become available.  Until then the results of this work should be used with 
caution. 
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Conversion of LVR-15 reactor to LEU
V. Brož, J. Ernest, M. Koleška, M. Vinš, J. Zmítková

Nuclear Research Institute Rez, Czech Republic

UO2-AlUO2-AlFuel material

0,7 mm0,64 mmFuel plate thickness

2 x 0,3 mm2 x min.0,4 mmCladding thickness

1,6 mm2 mmTube wall thickness

263,8 g198 g3/6 tubes

300 g230 gMass of 235U 4/8 tubes

5,2 kg3,2 kg3/6 tubes

6 kg3,7 kgTotal mass of the assembly 4/8 tubes

69,6 x 69,6 mm67 x 67 mmSection square

71,5x 71,5 mm71,5x 71,5 mmSection square - head

600 mm580 mmActive length

882 mm882 mmTotal length

IRT-4M, 19,7% 235UIRT-2M, 36% 235UFuel

Conversion started with experiment 5. 2. 2010

Reactor
Thermal power: 10MW
Fuel: 28 - 32  FAs

– fabricated in NZCHK Novosibirsk
– HEU, IRT-2M, enrichment 36 %
– LEU, IRT-4M, enrichment 19,7%

Max. fast neutron flux
– In the core: 3 x 1018 n/m2s

Max. thermal neutron flux
– In the core: 1.4 x 1018 n/m2s
– Irradiation channel in fuel :

1 x 1018 n/m2s
– Irradiation channel in reflector:

3-5 x 1017 n/m2s

Conversion plan
Trial irradiation

– 2/2010 – 9/2010:  3 IRT-4M FAs in core
– Irradiation time: 6 campaigns
– Only IRT-2M FAs will be added into core

Evaluation of tests
– Performed since 6/2010
– Visual inspection of FAs with under-water 

camera
– Sipping tests
– Primary circuit water activity observation

Mixed cores planned since 10/2010
– 16 mixed cores 
– only IRT-4M FAs will be added into core

Conversion is funded by US DOE

Hydraulic characteristics
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2) Experiment – HEU (K116_e2M)
5. 2. 2010 
3 fresh IRT-2M FAs (B6, C6, C7)
Operation – 4 hours, 5 MWth

Flux measurement using foils
– fuel (C6)
– beryllium reflector (B7, A8)
– air(C8)

Critical state
– HT: 680 mm
– AR: 350 mm
– KT: 310 mm (287 mm real)

Control rods in  K116_e2M

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

KT2 KT3 KT9 KT8 KT4 KT5 KT11 KT10 HT6 HT1 HT12 AR7

Rod

W
ei

gh
t (

b e
ff 

)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

K116_e2M

Position Position [%PAZ] [kW] PPF DPF
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EOC - -

Power inequalityMax. core power density Max. power per FA
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3) Experiment – LEU (K116_e4M)
12. 2. 2010
3 fresh IRT-4M FAs (B6, C6, C7)
Operation – 4 hours, 5 MWth

Flux measurement using foils
– fuel (C6)
– beryllium reflector (B7, A8)
– air(C8)

Critical state
– HT: 680 mm
– AR: 350 mm
– KT: 320 mm (317 mm real)
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XOC C6 170 C6 5.264 263 1.474 2.516
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Power extremes for configuration: 
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4) Operational core – LEU
(K116_p2M)
9. 2. 2010
3 fresh IRT-4M FAs (B6, F2, G6)
Critical state

– HT: 680 mm
– AR: 350 mm
– KT: 295 mm (281 mm real)
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1) Operational core – HEU
(K116_p2M)
5. 2. 2010
3 fresh IRT-2M FAs (B6, F2, G6)
Critical state

– HT: 680 mm
– AR: 350 mm
– KT: 300 mm (280 mm real)
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FULL INSTANTANEOUS TRAVERSAL RUPTURE OF THE PRIMARY LOOP 
PIPELINE. 

Baytelesov S.A., Kungurov F.R. 

Annotation 
Accident, reflecting full immediate cross rupture of primary loop pipe of WWR-SM 

research reactor of INP AS RUz is observed in this paper. Calculations for accident situation 
and analysis for different reactor cores, formed from fully IRT-3M type high enriched fuel 
(36% enrichment on 235U), first mixed core, compiled from 16 IRT-3M fuel assemblies and 4 
IRT-4M type fuel assemblies with low enriched fuel (19,7% enrichment on 235U) and the core 
fully formed from low enriched fuel are carried out. 

Introduction 

The process of conversion of a WWR-SM reactor of INP AS RUz from use of high 
enriched uranium fuel (HEU) on uranium-235 to low enriched uranium fuel (LEU) now has 
begun. It is the long-term process which is carried out in some steps. Calculations of various 
accidents for carrying out of conversion have been executed by us for the purpose of the 
analysis of safety of transfer of a reactor on use of low enriched fuel. 

For thermohydraulic calculations of steady state and accidents we used the methods 
described in [1]. 

Following assumptions were made for the calculations: 
• Uniformity of spray is an assumption. 
• If the water does not fully vaporize, then a higher coolant flow rate will be required to 

remove the same amount of heat. 
• Vaporizing water (even some of it) produces steam which wants to flow upward and 

will inhibit the downward flow of liquid water between the fuel tubes. If steam up flow 
is sufficiently fast it can totally prevent down flow of liquid, a situation know as 
"flooding" or "counter current flow limitation". Supplying additional spray water does 
not necessarily eliminate this phenomenon. 

• In a transient analysis, the fuel could be allowed to heat somewhat during the early part 
of the LOCA as long as the fuel does not exceed its structural integrity limit and then 
show decreasing temperature as decay power decreases and coolant flow is maintained. 

• Residual energy release decreases in accordance with Wigner and Wei law.  
• The bounding analysis was performed for the peak FA assuming that all tubes have the 

peak power density. 
Accident, presented in article, was calculated with PARET [2] code using two-channel 

model. The hottest and averaged fuel plates (the first and second channel) and the water 
fluxes related to them are chosen for calculations. As PARET allows to calculate only one 
type of the characterized fuel having certain geometrical parameters and a composition of 
materials entering into it, data for the mixed core gained separately for a FA of IRT-3M type 
and IRT-4M, then powers of an energy release were summed [3]. Following data were used as 
input parameters at calculations: accident occur on the nominal peak power (10 MW for HEU 
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core and 11 MW for the first mixed and LEU cores), reactor shutdown occurs on 12 MW. The 
delay time between excess of the peak power and the beginning of shim rod drop in a core is 
0.1 seconds for both types of a FA. Reactor shutdown caused by three safety rods dip in a 
core (SR) from completely withdrawn position and six control rods (CR) from critical 
position. Insertion of SR rods on 0,6 m length occurs in 0,5 sec, control rod plunges into a 
core with constant velocity of 35 mm/sec. 

 
Description of accident and its analysis 

Accident with the full instantaneous traversal rupture of the primary loop piping of a 
reactor is one of the most dangerous accidents. 

In the case of full instantaneous traversal rupture of the primary loop piping 
(inhausting or pressure head) out of a reactor tank, the reactor shuts down by  emergency 
protection system because of a diversion from normal values of the following parameters: 

- Pressure in primary loop is less, than 10%; 
- Water flux rate in primary loop is less, than 20%; 
- Water level in the reactor central tank is less, than 30 cm; 
- Pressure drop in a core is less, than 20%. 
At water level decrease in the central tank of a reactor to a mark of 2,7 m (less than 1 

meter over core) special valves will open automatically and water delivery from tanks of a 
spare distilled water in a reactor tank through the spraying device of the core emergency 
irrigation system. Spare distilled water tanks volume is 40 м3. Water flux rate through the 
spraying device - 15 m3/h. 

The water, leaking from a reactor tank, is collected in the gathering system channel of 
emergency leakings, located in a floor of a pump premise of the primary loop. As soon as the 
water level in the channel of system of gathering of emergency leakings will reach a point of 
700 mm from a channel floor, one of two emergency pumps for return of water to the central 
tank of a reactor through system of an emergency irrigation of a core automatically will be 
turned on. Remaining heat release of the active core is tapped by an irrigation of fuel elements 
surface, preventing their heating to fusion temperature. At an emergency irrigation of a core 
the part of the water agglomerated in the channel of emergency leakings gathering system, 
partially vaporized. The volume of vaporized water will replenish automatically by operation 
of an emergency irrigation system (at delivery of the distilled water from tanks). If distilled 
water reserves are settled, then technical water from a water supply system or from the 
secondary loop moves in a core emergency irrigation system. There are also possibilities of 
delivery of technical water from a fire waterpipe or from a fire-engine. 
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Fig. 1. Sideway view of a reactor tank.   

PARET code cannot calculate a transient of water loss from a reactor tank in case of 
the full instantaneous traversal rupture of the primary loop pipeline. We yield an estimate of 
time of a devastation of a tank and an estimate of the underload of water flux rate through 
ызкфнштп device providing cooling of fuel elements of a FA in a core. 

For an estimate of time necessary for the full devastation of a reactor tank, the tank is 
divided on 3 parts: 

1 - diameter 1100 mm, height H1=4,7 m and volume 4,464 m3, 
2 - diameter 682 mm, height H2=1 m and volume 0,365 m3, 
3 - diameter 350 mm, height H3=1,3 m and volume 0,125 m3. 

 
The full volume of a reactor tank - 4,954 m3. The formula used by us: 

ii HgV ××= 2 , i

i
i VS

HDST
×
×

=
3  

Where: Vi - velocity of water in pipe S3, m/s, g - a free fall acceleration - 9,8 m/s2, Si - the 
second part, S3 - 3,14×(0,175)2, 
HD - a step on distance of 0,1 m. 
Time estimated by us for operation of an irrigation system - 3,72 sec. Time estimated by us 
demanded for the full devastation of: 
the first part - 4,92 sec, 
the second part - 0,44 sec,  
the third part - 0,42 sec. 
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Thus, the estimate time demanded for the full devastation of a reactor tank - 5,78 seconds. 
After water losses, FA cooling is provided by water spraying which flows downwards on a 
surface of fuel elements. At functioning of this shower the temperature of fuel elements a 
little differs from water boiling temperature. At the insufficient water flux rate flowing 
downwards on a FA, it dries up, not reaching FA shaft. Thus, the dry part of fuel elements 
will be cooled only by steam and can heat up to higher temperature. 
The necessary water flux rate at a residual energy release defined by equality of energy in a 
FA and a heat immersed by water, impinging on a FA. Water heating occurs at the expense of 
pinch of its temperature on an inlet in a FA to saturation temperature, at the expense of 
absorbing of the additional energy caused by a water dusting. Minimum water flux rate occurs 
in case of its full evaporation. The energy balance can be expressed in the form: 

,
)(min rtcn

РQ FA

+Δ
=  (1) 

Where: 
Р - residual energy release in the core, calculated by Wigner and Wei formula: 
P (t) =0,0622×P0×(t-0,2 (t0+t)-0,2) 
t0 - reactor operation time on power P0, t0 = (20 days) ×(24 hours/days) ×(3600 seconds/hours)  
t - time after a reactor shutdown, seconds 
n - FA quantity in a core. 
c - water heat capacity - 4,2 kJ/kg °К 
Δt - a difference of saturation temperature and heated water or 105-45=60 °C 
r - steam formation energy 2256 kJ/kg 

FAQmin  - minimum water flux rate for FA with a average residual energy release. 
 

Analysis of a core with high enriched IRT-3M fuel 
Calculated values for the full core combined from a IRT-3M type FA are the 

following: power in 1 sec - 6,2 % of 10 MW or 0,62 MW. 18 FA loaded in a core, average 
power of one FA - 0,034 MW for 1 sec (the same values as for the first mixed core). 
Calculated non-uniformity of an energy release is 1,39 for FA to FA and 1,16 - for pipe to 
pipe within FA, having the peak power; superimposition of two non-uniformities - 1,61. 
Therefore power which will be removed from one FA, taking into account non-uniformity, is 
equal to 0,0547 MW. Minimum water flux rate, necessary for cooling of one FA (formula 1) - 
0,022 kg/sec or 0,082 m3/h (the same values, as for the first mixed core). Delivered water flux 
rate in FA - 0,184 kg/sec or 0,245 m3/h from a spare tank or the emergency pump, 
accordingly, as shown above. Therefore the excess factor of the actual water flux rate over the 
necessary flux rate in IRT-3M core is 2,2 or 3,0. 

Residual power is known on a "decay" curve.  
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Fig. 2. Residual energy release calculated by Wigner and Wei formula. 
 

After 1 second energy release reduction is approximately 6,2% or 0,682 MW if the 
reactor rated power was 10 MW, after 10 seconds the energy release is 3,3%, and after 2,2 
hours - 1%. 

 
Analysis of the first mixed core 

Average power in FA is equal to the full power of a reactor divided into number of FA 
(18 FA for HEU or 20 FA for the mixed cores with HEU and LEU or completely LEU core), 
thus for the first mixed core is 0,034 MW after 1 second. 

Combined non-uniformity in FA is 1,62 and it is used for definition of average power 
which should be removed from one FA which is, in the worst variant, - 0,0551 MW in 1 sec 
to prevent fuel heating. This power P is used in the formula (1) above. 

Let's score, that the evaporation heat dominates over a denominator of the formula (1) 
because the full evaporation of water is supposed. For this core, the water flux rate at it 
spraying on one FA is 0,022 kg/sec or 0,082 m3/h (at calculations water density is accepted 
equal to 960 kg/m3). 

Sprayed water from a spare tank is 15 m3/h, and of the emergency pump - 20 m3/h. 
The certain part of sprayed water as it is supposed, will flow by a reactor tank (because of a 
pulverization of splashes from a nose), that makes 20 % of total amount of sprayed water, and 
80 % (or 12/16 m3/h) sprayed water will begin to flow in a reactor tank. 

Let's guess, that within a reactor tank water allocation is homogeneous at spraying; 
each FA gains that rate of water flux which falls on it (on the sides 71,5×71,5 mm or with the 
area 0,005112 м2) concerning the full area of a reactor tank (the area of a circle in diameter of 
0,652 m that makes 0,334 м2) which is the factor of field 0,0153. Multiplication of this factor 
of field to the rate of sprayed water flux 12 m3/h from a spare tank or 16 m3/h from the 
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emergency pump in a reactor tank shows, that volume of the water flux rate, falling to one FA 
is equal to 0,184 or 0,245 m3/h, accordingly. This value exceeds necessary water flux rate 
0,082 m3/h (calculated above) in 2,2/3,0 times. 

 
Analysis of a core with low enriched IRT-4M fuel 

Calculated values for a core with IRT-4M FA are the following: power after 1 sec is 
6,2% from 10 MW that equal s to 0,682 MW. At a core with 20 FA, average power in one FA 
is equal to 0,034 MW after 1 sec (as well as for a core from IRT-3M FA and the first mixed 
core). Combined non-uniformity is 1,5. Therefore power which should be removed from one 
FA in a second at the worst variant is 0,051 MW. The underload  water flux rate, necessary to 
cool one FA (the formula 1) is equal to 0,02 kg/sec or 0,076 m3/h. Water flux rate on a FA 
will be 0,184 or 0,245 m3/h from a spare tank or  emergency pump, accordingly, as shown 
above. Therefore the water flux rate exceeds the necessary water flux rate in 2,4 or 3,2 times 
in a core completely loaded by an IRT-4M FA. 

 
Conclusion. 

Performed calculations and the accidents analysis, when there is the full instantaneous 
rupture of the primary loop pipeline of a WWR-SM reactor at reactor conversion on use of 
low enriched IRT-4M type fuel show, that the reactor safety system, including spraying, will 
cope with failure not causing melting of a core and not creating threat to the safety of the 
reactor personnel and associates. 
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ABSTRACT 
 

In the present work, we have analyzed the CREOLE experiment on the reactivity 
temperature coefficient (RTC) by using the MCNP code with the recently updated nuclear 
data evaluations. In this experiment performed in the EOLE critical facility located at 
CEA/Cadarache, the RTC has been measured in both UO2 and UO2-PuO2 PWR type lattices 
covering the whole temperature range from 20°C to 300°C. An accurate model of the EOLE 
reactor was developed by using the three-dimensional continuous energy code MCNP5. This 
Monte Carlo code guarantees a high level of fidelity in the description of the reactor core 
components at all temperatures taking into account their consequence on neutron cross 
sections data and all thermal expansion effects. In this case, the remaining discrepancy 
between calculation and experiment will be awarded mainly to uncertainties on nuclear data. 
The cross section libraries were generated by using NJOY-99.259 code with point-wise cross 
sections based on ENDF-BVII and JEFF3.1 evaluation files. The calculation-experiment 
discrepancies of the RTC were analyzed and the results have shown that the JEFF3.1 
evaluation gives more consistent values than those obtained by ENDF-BVII. By using the 
JEFF3.1 evaluation, it may be pointed out that for UO2 clean lattices; the discrepancy is 
generally less than 0.17 pcm/°C whereas for the UO2-PuO2 lattices it is less than 0,23 
pcm/°C. These results confirm those previously published and show that the error on RTC in 
the MOX lattices case is greater than that obtained in the case of UOX clean lattices, 
particularly at room temperature range. 
 
 
KEYWORDS: CREOLE experiment, EOLE Reactor, PWR, UO2 lattices, RTC, Fission 
rate, Power distribution, MCNP5, ENDF/B-VII, JEFF3.1, NJOY99.259. 
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1. Introduction 
The reactivity temperature coefficient is a very important parameter for safety and control of 
light water reactors. Although an exact calculation of this parameter presents a very delicate 
problem (because of its dependence on several fuel and moderator parameters) the 
calculation-experiment discrepancy can be highlighted by using the MCNP code based on 
the Monte Carlo technique as a reference code. 
 
In this study, we have analyzed this RTC parameter through the CREOLE experiment 
performed in the EOLE critical facility located at CEA/Cadarache. This experiment was 
mainly dedicated to the RTC studies in both UO2 and UO2-PuO2 PWR type lattices covering 
the whole temperature range from 20°C to 300°C. By using the three-dimensional continuous 
energy code MCNP5, we have prepared our model for the EOLE reactor which guarantees a 
high level of fidelity in the description of different configurations at all temperature values. In 
order to predict accurately the measured RTC values we have prepared our own cross 
section library by using NJOY99.259 code with point-wise nuclear data based on ENDF-BVII 
and JEFF3.1 evaluation files. This MCNP model was validated through the axial and radial 
fission rate measurements at various temperatures and calculation-experiment discrepancies 
of RTC analysis was performed. The obtained results of discrepancies are largely less than 
the current accuracy requirements for the RTC calculation in the light water reactor lattices. 

 
2. CREOLE experiment 
The CREOLE experiments, performed in the EOLE critical facility at CEA-Cadarache, has 
been designed to provide an interesting and complete information on the temperature effects 
in the PWR lattices in the whole temperature range from 20°C up to 300 °C [1]. 
 
The EOLE reactor consists of a tank in which is placed a central loop surrounded by the 
driver core. At room temperature, the tank is filled with water just above the fuel assemblies 
[2]. 
 
The central test loop contains a PWR type assembly of 200 UO2 or UO2-PuO2 fuel pins with 
Zircaloy cladding. These fuel rods were arranged in a 1.26cm square lattice pitch. The main 
characteristics of the fuel rods are summarized in table1. Concerning the driver core, it was 
loaded with UO2 (3.5% enrichment) fuel pins with Aluminum cladding arranged in a 1.43cm 
square lattice pitch [3]. 

Table 1 : CROLE experiment fuel rods characteristics [3] 
Pellet diameter 8 mm 

Outside diameter of cladding 9.4 mm 

Uranium enrichment 3.1% for UO2 fuel rods and natural uranium 
for UO2-PuO2 fuel rods. 

Plutonium characteristics - 80 fuel rods with 3.2% of fissile Pu. 

- 120 fuel rods with 2% of fissile Pu. 

 



    In the CREOLE experimental program, a large number of measurements were carried out 
in various configurations of the central test loop and at different temperatures [2]. In this 
study, we are only interested in the calculation of the reactivity temperature coefficient and 
fission rate distribution for the following configurations of the experimental loop: 
 

- UO2 clean lattices (200 fuel rods of 3.1% enrichment). 
- UO2-PuO2 clean lattices (80 fuel rods with 3.2% of fissile Pu and 120 fuel rods with 

2% of fissile Pu). 
 

3. MCNP modeling of EOLE reactor 
Our modeling of the EOLE reactor is based on the MCNP5 code which allows describing the 
real geometry and materials composition. This lead to quantify exactly the calculation-
experiment discrepancy for the reactivity temperature coefficient which will be related to 
nuclear data libraries. Figures 1 shows the geometry of EOLE reactor as it was presented in 
the MCNP Visual Editor.  

 
 
 
The EOLE core criticality calculations are based on both ENDF/B-VII and JEFF3.1 cross 
sections libraries constructed, for all the isotopes constituting materials of this reactor, at 
various temperature ranges by using the NJOY99.259 nuclear data processing system [4]. 
The thermal scattering law data, S(α,β), for H/H2O and graphite were used to account for the 
molecular binding effects at energies below ~4eV [5]. The repeated structure capability of 
MCNP code was utilized for loading different parts of the core with various types of fuel 
subassemblies. The TMP card of MCNP was used to define the temperature in each cell and 
to accurately simulate the neutron transport in low energies. The initial source distribution for 
the keff  calculations were given at the center of each fuel element in the central loop by using 
the ksrc option of the MCNP code. Thermal expansion effect in the fuel and the structural 
materials was accounted for by using the following equations for changing density and 
dimensions of the expanded materials as function of temperature [6]:  
 
 

Figure 1 : MCNP modeling horizontal and vertical views of the whole core of EOLE reactor 

Test loop Driver coreSafety rods 

Control rod 



)31)(()( 0 TTT Δ−= αρρ     and    )1)(()( 0 TTxTx Δ+= α  

where:  
)(Tρ  : density in temperature T. 

)(Tx  : dimension in temperature T. 

α(Τ) : linear coefficient of thermal expansion whose values are given in the following table: 

Table 2 : linear thermal expansion coefficients [2]. 

Material UO2 or UO2-PuO2 Zr-2 SS304 

α(°C-1) 8,379.10-6 + 5,792.10-9 T 5,770.10-6 + 6,154.10-9 T 18. 10-6 
 
It must be noted that all of the calculations were performed by using the last updated nuclear 
data evaluations (ENDF-BVII, JEFF3.1) with 432 millions of neutron histories (7,200 active 
cycles with 60,000 neutrons each, and 100 discarded cycles for converging the source 
distribution), leading to statistical uncertainties around 3.10−5 on the multiplication factors and 
~1% on the axially averaged fission rates on the 1 σ level. 

 
4. Results and discussion 
1.1    Fission rate distributions 
The EOLE MCNP model was validated through the axial and radial fission rate distributions 
by comparing the measured and calculated values. As an example, figure 2 shows the 
measured and calculated axial profiles comparison for UOX configuration at room and 289°C 
temperatures. It can be observed that, there is an overall satisfactory agreement between 
calculation and experiment with differences essentially within the uncertainties. The 
insignificant underestimation of calculation towards the upper edge is mainly due to the 
underestimation of neutron slowing down effect by the relatively important quantity of water 
above the central loop [7].  



 

Figure 2 : Calculation-experiment comparison of the axial fission rate profiles for the UOX 
configuration at room temperature based on JEFF3.1 nuclear data evaluation files. 
 

1.2    Reactivity Calculation: 
In a given temperature range [T1, T2] the reactivity temperature coefficient was calculated 
from the effective multiplication factors keff1(T1) and keff2(T2) at temperatures T1 and T2, 
respectively, by using the following expression [6]:  
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21

21

TkTk
TkTk

T effeff

effeff −

Δ
=α  

In order to reach a suitable accuracy with the MCNP5 model of the EOLE reactor, an 
extremely long computing time was consumed. Calculations which we carried out made it 
possible to achieve inherent statistical uncertainty around 3pcm during 5619.08 minutes on a 
lab Desktop – Intel (Intel(R) Xeon(R) Core 2 Duo CPU 3065 @ 2.33GHz) architecture.   
 
Figures 3 and 4 show the calculation-experiment discrepancies of the RTC as a function of 
temperature for UOX and MOX configurations, respectively. As it can be seen from these 
figures, the calculation-experiment discrepancy is largely less than the current target 
accuracy in LWR design calculations (1 pcm/°C). The experimental values of the RTC are 
always overestimated when using JEFF3.1 nuclear data evaluations (C-E < +0.23 pcm/°C). 
For UOX configuration based on ENDF-BVII evaluation, these RTC values are 
underestimated in the temperature range below roughly 160 °C by a maximal value of 0.63 
pcm/°C and overestimated otherwise by about 0.27 pcm/°C. In the case of the MOX 
configuration based on ENDF-BVII nuclear data files, the measured RTC values are 
overestimated by a maximal value of 0.17 pcm/°C. Seen this very satisfactory agreement 
between calculations and experiment, especially for JEFF 3.1 evaluation,  we can conclude 
that our MCNP model for EOLE reactor was correctly prepared and the remaining 



discrepancies between calculation and experiment will be awarded to nuclear data 
evaluations.  
 

 
Figure 3 : Discrepancy between calculated and measured RTC with error presentation for the 
UOX configuration 
 

 
Figure 4 : Discrepancy between calculated and measured RTC with error presentation for the 
MOX configuration. 

 



5. Conclusion 
In this study we have analyzed the CREOLE experiment by calculating the reactivity 
temperature coefficient for UOX and MOX light water lattices covering a relatively large 
temperature range from 20°C to 300°C. Calculations are based on our MCNP model for 
EOLE reactor which is validated through the axial and radial fission rate distributions in the 
central loop. Both, ENDF-BVII and JEFF-3.1 nuclear data evaluations have been tested and 
the results show that the JEFF 3.1 gives more efficient results than ENDF-BVII especially for 
the UOX configuration. Generally, the calculation-experiment discrepancies are less than the 
current accuracy requirements for the RTC calculation in the light water reactor lattices. In 
this case, the residual discrepancy between calculations and experiment will be awarded to 
uncertainties on nuclear data evaluations. A comprehensive sensitivity and uncertainty study 
based on the last updated covariance matrices will be performed to evaluate the impact of 
neutron cross-section uncertainties on the reactivity temperature coefficient. 
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ABSTRACT 
 

Measurement of sub-criticality is a challenging and required task in nuclear industry 
both for nuclear criticality safety and physics test in nuclear power plant. A relatively 
new method named as Modified Neutron Source Multiplication Method(MNSM) was 
proposed in Japan. This method is an improvement of traditional Neutron Source 
Multiplication(NSM) Method,  in which three correction factors are applied 
additionally. In this study, MNSM was tested in calculation of rod worth using an 
educational reactor in Kyung Hee University, AGN-201K. For this study, a revised 
nuclear data library and a neutron transport code system TRANSX-PARTISN were 
used for the calculation of correction factors for various control rod positions and 
source locations. Experiments were designed and performed to enhance errors in 
NSM from the location effects of source and detectors. MNSM can correct these 
effects but current results showed not much correction effects.  

 
 
1. Introduction  
 
In this study, a theory of modified neutron source multiplication(MNSM) method[1] was tested 
in a small educational reactor, AGN-201K. This method is an improvement of correction to a 
conventional neutron source multiplication(NSM) method[2] using correction factors 
considering source location and detector locations. It has already been tested at Kyoto 
University Critical Assembly and a PWR plant core. A reactor tested in this study is a small 
core which has a sensitive effect of source location in a complex geometry.[3] 
Generation of cross section library was developed and a SN code, PARTISN was used for the 
evaluation of adjoint flux as well as real flux.  
In order to investigate an effectiveness of correction, experiments for NSM method were 
designed to enhance the location effects of source as well as detector. Three kinds of 
correction factors were calculated in advance of experiment for all conditions of different 
control rod locations, source locations and detector locations. 
 
 
2. Modified Neutron Source Multiplication Method 
 
Conventional NSM method[2] is a straightforward and easy method to evaluate a control rod 
worth. This method is an economical one because expensive device is not required and only 
source and detectors are required. However, this method can be worked only for the steady 
state and cannot be used for the dynamic mode. Higher mode flux is not concerned and 
measured reactivity is highly dependent on the perturbations of sources and detectors 
locations. And also measurement is not reliable when the signal is weak and sub-criticality is 
very deep from critical condition. The basic formula for this method is as the following Eq. (1). 
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Here ref  is a reactivity at a reference sub-critical state, n  is a reactivity at n state, refM  is a 

count rate at a reference state and nM  is a count rate at n state. MNSM method[1]  applied 

three correction factors like as the following Eq.(2). 
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Derivation of three correction factors were derived from kinetics equations in Ref.[1]. ext

nC  is an 

extraction correction factor which is defined as a ratio of fundamental mode extraction of 
reference state to n-state. im

nC  is an importance field correction factor which is defined as a 

ratio of importance weighted source intensity of n-state to reference-state. sp
nC  is a spatial  

correction factor which is defined as a ratio of detector signal from fundamental mode flux of 
n-state to reference-state. Those three correction factors are defined as ratios of weighted 
integral sum of eigenvalue fluxes or fixed source fluxes. In this problem weighting has been 
done by adjoint fluxes. Therefore, for each state of sub-criticality where control rod position are 
different, eigenvalue multi-group diffusion problems should be solved for normalized real 
fluxes and normalized adjoint fluxes.  For each sub-criticality state, fixed source problems 
should be also solved for normalized fixed source fluxes. Therefore three kinds of problems 
should be solved in advance for all kinds of reactor conditions in order to solve three kinds of 
fluxes. These three kinds of fluxes should be put into formula for three correction factors as a 
energy-group weighted integrals as well as spatial node-volume adjoint-weighted integrals. At 
each reactor condition-n, three correction factors sp

n
im
n

ext
n CCC ,,  are calculated as a ratio to 

the reference state. This is a drawback of this method, we should know exactly the reference 
state reactivity just below the critical state. This method needs an extensive calculation burden 
compared with the other method. However, once you have a proper calculation tool, 
computational cost is not a problem anymore at these days because of increased computing 
power.  Once we prepared correction factor tables for each given conditions without 
measurement, all sub-critical reactor conditions can be evaluated as an interpolation scheme 
with computing automation. 
 
 
3. Reactor AGN-201K 
 
Research and Education Reactor, AGN-201K is a zero-power reactor which has been 
operated at Suwon campus of Kyung Hee University(KHU) since 1982. It was originally 
installed at Colorado State University in 1967 and was moved to Korea in 1976. It was 
dedicated for education for nuclear engineering students in KHU. Because of obsolescence, 
refurbishment project was carried out with government research fund during the period of 2004 
through 2007. Reactor power was up-rated by 100 times and an old analog-type operational 
console and I&C parts were replaced. Additional shielding walls and a new digital-type console 
were also installed. The average thermal flux at the central hole is 3.0x108#/cm2-sec. The 
maximum thermal power of AGN-201K is 10 watt. Therefore there is no cooling system for a 
homogeneous reactor. Core is a cylinder of 25.6cm diameter and 24cm height and consists of 
9 disks which is a homogeneous mixture of 19.5w/o UO2 powders and polyethylene. There is a 
small diameter glory hole penetrating the core central zone which is utilized for neutron 
activation. There are 4 beam ports (8 in total in both direction) which penetrate a 20cm-thick 
graphite reflector zone outside of core.  Reflector zone is surrounded by 10cm-thick lead for 
gamma shield and 55cm-thick water for neutron shield. Safety against nuclear transients and 
hypothetical radiation accidents was proved by accident analysis. [7], [8] 
 



Two safety rods and one coarse control rod have a reactivity worth of 1.25% and one fine 
control rod has 0.3%. Neutron flux is measured at three locations outside of reflector zone in a 
biological shield water. Therefore flux measurement is very weak to see many effects from the 
reactor console. They are connected to reactor protection systems. Additional detector system 
is used for this study to investigate an location effects. 
 
 
4. Calculation Tool & PARTISN Model 
 
AGN-201K has water at the core boundary, graphite as a reflector outside of core and 
polyethylene as a homogeneously mixed moderator with fuel. Cylindrical geometry core is 
complex because of cylindrical shape holes and control rods. There is no proper calculation 
tools and cross section library for the calculation of flux, adjoint flux and fixed source flux in 
AGN-201K. In a previous study in 2006, PARTISN(PARallel, TIme-dependent SN)[5] and 
ZZ-KASHIL-199N[6] was chosen after a verification study in which results of PARTISN were 
compared with MCNP and DANTSYS for AGN-201K. PARTISN is a time-dependent, parallel 
processing, neutron transport calculation code developed at Los Alamos National Laboratory 
as a expanded version of DANTSYS.  ZZ-KASHIL-199N library is a library (of 199-groups for 
total and 35 groups for thermal)  developed for HELIOS code for LWR applications. was 
chosen to be the best.  
The following Fig.1 is a cross-sectional view of AGN-201K and its PARTISN calculation model. 
Because of complex configuration, an approximate model was established where cylindrical 
control rod was approximated as a volume equivalent cylindrical node pieces. Total lengths 
were divided into 31 nodes in R-direction, 10 nodes in theta-direction, 66 nodes in Z-direction. 
 

     

Fig. 1.  Cross-sectional view of AGN-201K and mesh configuration for PARTISN 

 
The following Fig. 2 and Fig.3 show normalized group-163(thermal) flux shapes and their 
adjoint flux shapes along the line passing two control rod and core center positions at the 
axially center plane. Fluxes were calculated at 5 sub-critical state of 5 coarse control rod(CR) 
positions. As we expected flux shape is quite symmetric except minor deviations in shape near 
the CR positions. 
Fig.4 and 5 show normalized fixed source thermal (group-163) flux shapes along the line 
passing two control rod and core center positions at the axially center plane when the source is 
located at the core center and at the core boundary. There were no differences among different 
subcritical states, but big differences in shape as the source location moved. 
 
 



    
Fig. 2.  Normalized real flux shape for group-163 along the center line 

 
 

 
Fig. 3.  Normalized adjoint flux shape for group-163 along the center line 

 
 

    
Fig. 4.  Normalized fixed source flux shape for group-163 along the center line 

(with source at the center) 
 
 

    
Fig. 5  Normalized fixed source flux shape for group-163 along the center line 

(with source at the core boundary) 



5. Experimental Results 
 
NSM experiment was done for the five subcritical state including one as a reference state. This 
experiment is a straightforward experiment with source and detectors. In order to check an 
effectiveness of correction factors. experiments were done for different source locations and 
detector locations. 
 
5.1 Source Position Effect to Detector 
 
Three different source location were tested for NSM experiment. Fig. 6 shows geometrical 
layout of source and detector in use. The case s0c0 has higher importance because source is 
located at the center and has a more capability of source multiplication before leakage. s1c0 
and s2c0 has the same condition in source multiplication, but s2c0 case longer distance 
across the core between source and detector. Therefore source multiplication effect will be the 
highest in s0c0 and s2c0 and the lowest in s1c0. Fig. 7 & Table 1 shows this expectation is 
right. However control rod depth brought the same sensitivity along the positions. The 
differences in reactivity from the source location change is high and this should be corrected by 
the correction factors. 
 

 
Fig. 6  Three different source location layout 

 
 

   
Fig. 7. Measured CR rod worth curve for different source locations 

 
CR Position s0c0 s1c

0  
s2c
0  

12cm  1  1  1  

9cm  1.25 1.18 1.23 

6cm  1.42 1.35 1.37 

3cm  1.50 1.44 1.48 

0cm  1.56 1.51 1.53 

Table 1: Measured CR rod worth for different source locations 



 
5.2 Detector Position Effect to Source 
 
Four different detector location were tested for NSM experiment. Fig. 8 shows geometrical 
layout of source and detector in use. The case s0c0, s0c1, s0c2 have the same importance of  
source multiplication because detector is located with the same distance from the source at the 
center. However sensitivity from CR depth is different from each other. CR is located at the 
middle between source and detector in s0c0, at the shifted location to the side between source 
and detector in s0c1, and at the other side location between source and detector in s0c2. 
Therefore sensitivity would be high in the order of s0c0, s0c1, s0c2. In case of s0c3, detector is 
located outside of water tank and signal is very weak enough to make experimental 
measurement  wrong. Fig. 9 & Table 2 shows this expectation is not right every case. 
Sensitivity of control rod depth did not show the same order. The differences in reactivity from 
the detector location change didn't show any differences. 

 

 
Fig. 8  Four different detector location layout 

 
 

 
Fig. 9. Measured CR rod worth curve for different detector locations 

 
 

CR Position  s0c0 s0c1 s0c2 s0c3 

12cm 1 1 1 1 

9cm 1.25 1.16 1.19 1.39 

6cm 1.42 1.31 1.38 1.68 

3cm 1.50 1.42 1.49 1.83 

0cm 1.56 1.52 1.56 1.67 

Table 2: Measured CR rod worth for different detector locations 
 
 



 
6. Correction Effects 
 
Three correction factors were calculated for five CR positions for three source locations. 
Following figures shows the calculated correction factors, but magnitudes of them are almost 
unity even though trend of change are reasonable. The maximum deviation from the reference 
state were less than 1%. Therefore correction was not done effectively as shown in Fig.13. 
 

 
Fig. 10 Calculated correction factors of s0c0 layout 

 

 
Fig. 11 Calculated correction factors of s1c0 layout 

 

 
Fig. 12 Calculated correction factors of s2c0 layout 

 
 



 

  
Fig. 13 Integral rod worth before and after the correction 

 
 

7. Conclusions 
 
The whole procedure of MNSM method was done for a educational small zero power reactor, 
AGN-201K and NSM experiments showed a relatively large effect in source location changes 
in sub-criticality measurement. For an evaluation of correction factors, approximated core 
model was solved for fluxes , adjoint fluxes and fixed source fluxes. Even though flux shapes 
are dependent on source locations, calculated correction factors are very insensitive. The 
maximum differences in correction factors are less than 1%. Therefore correction in 
sub-criticality measurement was not done effectively. More analysis should be done in order to 
explain this result.  
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ABSTRACT 
 

The tri-structural-isotopic (TRISO) fuel directly cooled by boiling light water 
is used in the boiling water reactor with pebble-bed coated particles (BWR-PB). At 
the lower coolant temperature, the TRISO fuel particles demonstrate an 
unacceptable irradiation swelling in the silicon carbide coating layer during a fuel 
cycle. So, the objectives of this paper, on the one hand is to evaluate some 
neutronic parameters of a new fuel concept, Spherical Cermets Fuel (SCF), for a 
BWR-PB reactor. On the other hand, to assess the fact of SCF fuel concept on the 
fuel assembly lifetime and the burn-up characteristic. All the parameters as well as 
Infinite Multiplication Factor, Spectrum Index, Instantaneous Conversion Ratio and 
Neutron Energy Spectrum was calculated then compared for the TRISO and the 
SCF fuel concept. 

It can be seen from the assessment of fuel assembly burn-up 
characteristics that the normalised neutron spectra of all the assembly’s parts 
pointed out a thermal spectrum for the SCF fuel assembly’s parts than the TRISO 
one. The SCF fuel element increase the assembly life time about 6.1 EFPY 
corresponding 8000 MWd/t. So, the fuel assembly can be operated for a 
reasonably long period without outside refuelling. The difference in the assembly 
lifetime might leads to SCF fuel concept adopted, because the geometry and 
concept of TRISO fuel particles are wholly different to SCF ones. 
 
Keywords: BWR-PB, Spherical Cermets Fuel, TRISO particles, Infinite 
Multiplication Factor, Burn-up. 
 
 
 

1. Introduction 
 
The Boiling Water Reactor with Pebble Bed coated particles (BWR-PB) is one of the 

small reactors without on site refueling. It has a capability to operate without refueling for 
reasonably long period with a minimum inventory of fresh and spent fuel being stored at the 
site outside the reactor during its service life. Our work is performed to assess some 
neutronic parameter of the unit fuel assembly of BWR-PB reactor. 

The proposed fuel concept adopted is the tri-structural isotropic (TRISO) fuel. The 
latter is micro fuel particle which is a set of spherical UO2 kernels surrounded by graphite 
coating layers [1]. At the lower coolant temperature, the TRISO fuel particle demonstrated by 
irradiation a swilling in the silicon carbide coating layer during a fuel cycle [2]. As a result, an 
alternative fuel concept was developed by eliminating the graphite coating incompatible with 
the low coolant temperature. Is the spherical Cermet fuel particle, is consist of coated UO2 
kernels embedded in a Zirconium matrix which is then over coated with a Zirconium layer as 
shown in Fig. 1.  

So, the assessment of fuel assembly neutronic parameters is necessarily to define 
the impact of new concept in fuel assembly lifetime and of the burn-up characteristic. 

 



 
 

Fig.1: Cermet fuel particle. 
 

2. Fuel Composition and Unit Assembly Description 
 
The unit assembly proposed; it is a square form with 6.25 cm pitch. The BWR-PB fuel 

assembly is composed of a fuel kernel of uranium dioxide enriched with 235U of 9%. Fig. 2 
illustrates the cross section of BWR-PB fuel assembly with uranium dioxide and water 
reflector. It is characterized by three principal axial parts with different coolant conditions. 
Eight guiding tubes of control rods are uniformly accommodate between coolant collectors.   

 
Fig. 2: Longitudinal section of fuel assembly with upper and lower water reflector. 

 

 
Fig. 3: Structure of fuel-water composition (TRISO coated particles with surrounding layer of 

steam-water). 
 
On the one hand, the single fuel assembly adopted, in the previous study [3], uses 

pebble-bed coated particles similar to TRISO fuel with an outer diameter of 0.09cm. They 



consist of Uranium Dioxide spheres coated with three layers as illustrate in Fig.3. On the 
other hand, TRISO coated fuel particle used in the previous BWR-PB fuel assembly is 
changed to Cermet fuel particle as shown in Fig. 1. In the fuel region, the coated particles are 
dispersed in steam water mixture. The volume fraction of fuel particles to the fuel region is 
60.0%. Table 1 presents the summarized major characteristics of fuel assembly design. 

 
3. Calculation Code and Methodology Used 

 
The analysis of the assembly physics parameters started with the APOLLO code [4] 

by using the proposed unit assembly. To the modelling capabilities, the APOLLO code uses 
the CEA-93 cross sections library based on the European JEF2.2 nuclear data file, 
containing the most recent and reliable evaluations available.  

The APOLLO code has the capability of taking into account the real structure of the 
fuel with coated particles by calculating the flux inside the particles using the PIJ method. 
This characteristic of the code allows us to evaluate the double heterogeneity effect on the 
infinite multiplication factor for the considered unit assembly. The reflective condition was 
used at the external boundary of the each assembly’s part. For the self-shielding 
calculations, APOLLO has several options and we have used the recommended ones [3]. A 
full two dimension model of the BWR-PB assembly was constructed with explicit and 
independent treatment of each part of assembly (top, middle and bottom). The homogenised 
modelling has been used in the calculation. The double heterogeneity effect has not been 
evaluated in the present paper. 

As a next step, the fuel assembly calculation is calculated by CRONOS [5] code using 
the above assembly constants, and also the cross sections generated by APOLLO code. The 
burn-up characteristic is calculated by one CRONOS code. The latter was designed to 
provide all the computation means necessary for the calculations of the nuclear reactor core. 
The CRONOS code is based on a modular structure that allows a great flexibility to the user. 
It solves a diffusion equation for all available geometries (Cartesian, hexagonal and 
cylindrical) based on diffusion, transport SN and simplified transport SPN theories. 
4.  Calculation results for burn-up characteristics: 

 
The infinite multiplication factor (kinf) predictions for the unit fuel assembly using the 

proposed Cermet fuel and the TRISO coated particle fuel are shown in Fig.4. The kinf of 
Cermet fuel is higher than the TRISO one during a fuel cycle because the low thermal 
spectrum in TRISO unit fuel assembly. The neutron spectrum of unit fuel assembly in both 
cases is shown in figures 5, 6 and 7; it was calculated for 172 energy groups.  

The kinf for unit fuel assembly in both concepts seem to show the same variation 
versus the burn-up. But we make out the difference kinf values of about 5400 pcm at 
beginning of cycle. With burn-up steps, the difference has a maximum values, is about 7500 
pcm at the end of cycle. This difference may be leads to Cermet fuel concept adopted, 
because the geometry and concept of TRISO fuel particles are wholly different to Cermet 
ones. However, the fuel assembly using a Cermet fuel particles attains a critical lifetime at 56 
GWd/t and at 48 GWd/t for TRISO one. So, the fuel assembly lifetime, using the Cermet fuel 
particles, is increase of about 6.1 EFPY.  

The figures 5, 6 and 7 illustrate the normalised neutron spectra variation, at end of 
cycle (EOC), of each assembly’s axial part of both fuel particles concept. The normalised 
neutron spectra pointed out a thermal spectrum for the Cermet fuel assembly’s parts than the 
TRISO one. On the other hand, the Instantaneous Conversion Ratio (I.C.R) in Fig. 8 
indicates different values between each assembly’s parts, due to non-uniformed distribution 
of moderator in the axial direction. The I.C.R values of the top, middle and bottom parts of 
the Cermet fuel assembly at 40 GWd/t are respectively 0.5867, 0.4697 and 0.440. For the 
TRISO case are respectively 0.844, 0.688 and 0.642. So, the fuel fertile matter is more 
exploited from the bottom to the top in both concepts. 
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Fig.4: Infinite multiplication factor of BWR-PB assembly. 
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Fig. 5: Neutron energy spectrum of TOP part (EOC). 
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Fig. 6: Neutron energy spectrum of MIDDLE part (EOC). 
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Fig. 7: Neutron energy spectrum of BOTTOM part (EOC). 
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Fig.8: Instantaneous Conversion Ratio. 

5. Conclusion: 
 
In order to resolve the problem about the swelling of silicon carbide (SiC) layer by 

irradiation at low temperature and the possibilities of maintain the structural integrity of 
coated fuel particle throughout the life of the fuel element, we investigate the possibility to 
use the spherical Cermet fuel element. The new concept with the zirconium matrix is 
significantly different from the TRISO concept with the SiC coated micro-fuel element. It can 
be seen from the assessment of fuel assembly burn-up characteristics that using the Cermet 
fuel element increase the assembly life time about 6.1 EFPY corresponding 8000 MWd/t. So, 
the fuel assembly can be operated for a reasonably long period without outside refueling. 
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NEW TRENDS IN NUCLEAR FUEL EXPERIMENTAL IRRADIATION.  
MODERN CONTROL AND ACQUISITION OF THE IRRADIATION 

DATA 
 

MARIN PREDA, MARIN CIOCANESCU, EMIL MUGUREL ANA 
Institute for Nuclear Research Pitesti,  

Campului Str. No. 1, 115400, Romania 
 

ABSTRACT 
With the irradiation devices used in the irradiation tests, the following experiments 
have been performed in TRIGA-SCN reactor : 
a) In capsule-type irradiation devices 
- fission gases composition determination  
- dimensional measurements 
- fission gases pressure measurement 
- power pre-ramp and ramp 
- power cycling 
- structural materials testing  
b) In loop-type irradiation device  
- power ramp 
- multiple power ramps 
- overpower  
Aiming to develop irradiation tests for advanced nuclear fuel elements, it is 
mandatory to increase the maximum neutron flux in the core with about 20%. This 
will lead to reactor power increase up to 21 MW.  
This objective can be reached through: 
- increasing the number of fuel clusters in the reactor core 
- using the 6x6 fuel cluster to replace the present 5x5 clusters 
- relocation of the control rods 
In this context, the new control system and the data acquisition system operates 
online and allows real-time data evaluation. 
 

 
 Our TRIGA reactor was commissioned in 1980 (first criticality has reached on November 
17th 1979). 
During time the experimental facilities were used to perform the following test types: 
a) Loop A:  
- overpower type tests on fuel element,  
- power ramp type tests on fuel element,  
- corrosion and mechanical behavior studies on structural materials used in CANDU 
pressure tubes,  
- LOCA type tests and on line and off line water chemistry control: pH 6÷10,5; conductivity: 
O2 – 20÷100ppB; H adition; solid residues. 
b) Capsule C1, C2: 
- Fuel element dimensional measurement 
- Fission products pressure – on line 
- Power ramp 
- Short-time irradiation for residual deformation of the cladding determination 
- Central temperature measurement in the fuel element 
- Fission gases release effects on the measured temperature during irradiation 
- Fission gases composition for fuel element 
- Densification - fuel element 
c) Capsule C5: 
- Structural materials irradiation tests in inactive environment: Zircalloy-4, steel 403-M, Zr-
2,5%Nb until 2,3X1022 nvt 
- Irradiation and tensile test of Chorpy standard minisamples – maximum 30 samples per 
irradiation campaign 
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d) Capsule C6: 
- Thermomecanical behavior of CANDU type fuel element in fast power transients 
- Analysis of fuel elements clad failure limits and mechanisms for pellet clading interaction 
- Determination of energy level for fuel element failure depending on its geometry and 
microstructural characteristics 
- Studies on clad-fuel mechanical interactions 
- Database development regarding fuel element behavior in transient regimes 
e) Capsule C9: 
- Cycling tests on fuel elements that should confirm the fuel capacity to support a wide range 
of power cycling that occurs in normal operation of a CANDU reactor during power load 
following. 
All irradiation devices are equipped with digital control system. 
The irradiation data are on line gathered and processed. 
C6 irradiation device is equipped with fast data acquisition system for fast transient 
processes. 
In fact, as it could be seen in the Figure 1, the TRIGA reactor consists in two reactors:  

 A Steady State Reactor, 14MWt. 
 An Annular Core Pulsing Reactor of 20.000MWt. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure1 TRIGA reactor pool arrangement 
 
All data acquisition systems are connected to a server that gathers and display in real time 
the main parameters of irradiation devices in reactor control room taking to the reactor 
operator to act adequately. 
Aiming to develop irradiation tests for advanced nuclear fuel elements, it is mandatory to 
increase the maximum neutron flux in the core with about 20%. This will lead to reactor 
power increase up to 21 MW.  
This objective can be reached through: 
- increasing the number of fuel clusters in the reactor core 
- using the 6x6 fuel cluster to replace the present 5x5 clusters 
- relocation of the control rods 
The optimal solution seems to be the one with 6x6 fuel cluster, which results in: 
- maximum neutron flux increase from 2,9E+14n/cm2s to 4,1 E+14 n/cm2s 
- Keff increase from 1,139 to 1,164 
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- the overall size of the fuel shroud remains unchanged 
- the core configuration remains unchanged 
- the thermal–hydraulic regime is preserved: an analysis performed with PARET code shows 
that using 6x6 fuel clusters the maximum value for fuel temperature is 729 degrees at 20 
MW, below the maximum temperature of 750 degrees allowed by fuel manufacturer. 
The following figures illustrate the actual core configuration emphasizing the irradiation 
devices position and sample results of data acquisition and processing during tests: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Irradiation devices position in reactor core 
 
 

 
 

Figure 3 Loop A – Correlation between neutron flux and sample holder temperature 

Loop A 

Capsule C9 

Capsule C2 

Capsule C5 
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Figure 4 Capsule C2 – Correlation between sample holder temperature and reactor thermal 

power 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Capsule C5 – Correlation between sample holder pressure and reactor thermal 
power 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6 Capsule C9 – Correlation between CTM and reactor thermal power during a power 

cycle 
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In 2008 the control-command of primary cooling system was improved and in 2009 the 
reactor protection and control and monitoring systems were upgraded in cooperation with 
INVAP Argentina. 
The modernization of all the control-command systems, including the reactor operation and 
safety systems take into account of the operation experience and IAEA guides. The basic 
requirement for Instrumentation&Control System modification is the separation between 
safety and operating components in order to decrease the human error consequences and 
avoid the common cause failures. 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
Once these modernization of control-command systems were accomplished we are able to 
carry out the following activities: 
a) In TRIGA SSR 14MW: 
- Power cycling on CANDU fuel elements 
- CANFLEX fuel irradiation 
- BWR fuel irradiation 
- PHWR fuel irradiation 
- ACR 1000 irradiation 
- SEU fuel irradiation 
- Irradiation on samples of Zr-2,5%Nb from the pressure tubes of the Cernavoda NPP 
- Topaz irradiation 
- Power ramp tests 
- Irradiation on refabricated fuel 
- Radioisotopes production: Ir 192, Co 60, I 129; for Mo 99 the technology under 
development 
b) In ACPR: 
- RIA type tests  
- Tests on nuclear fuel in transient conditions. 
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ABSTRACT 
 

Works for the rehabilitation of nuclear and radioactively contaminated objects of 
the RRC Kurchatov Institute, continued for several years and now the experts of 
the center began work to prepare for the decommissioning of research reactor MR. 
As part of this work is carried out radiation survey radwaste repositories located in 
its premises, characterization of high-level waste that has accumulated in the 
storage basin and the extracts of the CPS, a survey of loop reactor facilities. 
Radiation survey carried out using robotic tools Broкк, equipped with gamma 
locator for the identification of intense gamma radiation sources. The gamma 
locator installed on a robotic tool serves for control and gamma vision of the Brokk. 
Management of the robotic tool and the gamma locator made from a safe place. 
Transfer of control signals and measurement data of the gamma locator were 
carried over by radio channel. For the radiation survey of the waste placed in 
cooling pools and the gateway of the reactor, the clarification and decontamination 
of water in these reservoirs was carried out. The clarification of the water was not 
carried out from 1993, when the reactor MR was shot down. Water purification was 
executed by standard water treatment systems for small basins. Sand coarse 
filters water collected radioactive particulate matter present in the pools and the 
gateway. Upon completion of the filter as radioactive waste were sent to long-term 
storage of Radon enterprise. Use of standard equipment was fully justified in 
referring to relatively low costs of conducting operations. In 2008 the 
characterization of the high level radwaste placed at the storages in the reactor hall 
was executed. For measuring of specific activities of the casks containing the 
radwaste the gamma locator installed at robot Brokk was used. The gamma locator 
allowed measuring of distribution of activity along the casks. This works allowed 
planning of amount of containers for removing of the high level radwaste from the 
reactor premises.In addition, work carried out on the removal of accumulated spent 
fuel from research reactors, including reactor MP. Now the project of 
decommissioning of research reactor MR is prepared and held its state expertise. 
If it approved at the end of 2009 it’s expected to start work of decommissioning the 
reactor. 

 
 
1. Introduction 
 
In 2008, specialists of Research Center “Kurchatov Institute” began work on 
decommissioning of Center’s research reactors under the Federal Program" Ensuring 
nuclear and radiation safety of Russia in 2008 and until 2015 ". In 2008-2009, in RRC 
“Kurchatov Institute” has been developed the project of “Decommissioning research reactors 
MR and RTF Federal government agencies of Russia Research Center "Kurchatov Institute" 
[1-4]. An endorsement of the FGA "Glavgosekspertiza Russia" and the endorsement of the 
State Ecological Expertise were received. This project was approved by the Federal Agency 
for Science and Innovation. Currently documentation for obtaining a license for the 



decommissioning of the reactors MR and RTF is preparing. As part of preparatory activity 
purchase of the necessary equipment will be entered. According to experts from the RRC 
“Kurchatov Institute” it should be removed up to 3-4 thousand m3 of solid waste and 
extracted and processed about 10 thousand m3 of radioactively-contaminated soil.  
In 2009, major efforts were aimed at obtaining of permits, removal of loop channels of the 
MR reactor, a survey of reactor storage, currently used as a repository for high level waste, 
as well as a sluice hatch between the storage pool and reactor pools, the depths of which 
are ~ 9 and ~ 6 m respectively.  
 
 
2. Radiation survey of reactors premises and removal of loop installations 
 
In the period after the final shutdown in 1993 at the reactor complex the preparatory 
activities, mainly aimed at ensuring the necessary level of its nuclear and radiation safety 
was carried out [2]. In 1996, from the active zone and from the reactor pool-storage working 
spent fuel and loop fuel assemblies (FA) were unloaded. They were placed in "dry" reactor 
storage. To date, radiation survey of the MR and RTF reactors and loop installations of MR 
reactor, which includes more than 600 pieces of equipment located in ~ 70 technological 
areas, has been done. As a result it was found that the contaminated systems, equipment 
and piping loop of the reactor and its facilities is mainly due to the inner surfaces of 
contamination by radionuclides 137Cs, 90Sr and 60Co. Therefore, radiation survey techniques 
and tools developed to perform remote measurements have aimed on the measuring of 
radiation of these radionuclides. Levels of specific activity of equipment and building 
constructions being in the range from 103 Bq/kg and 107 Bq/kg, which determines the range 
of measured values and requirements of the remote means developed. Now some of the 
established means are installed on the robotic systems Brock to use of in the works of 
improving of the radiation situation in the reactor facilities [5].  
To assess the current status and planning of engineering systems and technological support 
for work on the decommissioning of the reactors a radiation survey of systems of radiometric 
control, ventilation, sewage, water, electricity, heating was carried out. Engineering survey of 
the reactor building was made.  
In order to improve the radiation situation in the reactor hall the work of removing parts of the 
loop channels over the pool water storage was carried out. Removing of the loop channel 
items was carried out using robotic «BROKK-330" and “BROKK-180", remotely controlled 
with the help of the developed video system (Fig. 1). Then with the help of “BROKK-180" cut 
channel element was placed in a concrete container. Dose rate, measured from the deleted 
items loop channels, ranged from 2 mSv/h to 0.03 Sv/h. After the segments, protruding 
elements of loop channels were again placed in the pool-store below the water level. As a 
result of work background of gamma radiation in the central hall of the reactor above the 
pool-storage was reduced by more than 20 times (from 0.63 to 0.03 mSv/h), outside the 
basin storage - 2 times (at 0.04 to 0.02 mSv/h).  

 
 

3. Radiation survey of the sluice hatch of the reactor MR. 
 
In 2009 radiation survey sluice hatch between the pool and the reactor’s cooling pools, in 
which large quantities of radioactive products has been accumulated during the exploitation 
of the reactor, was held. There are no events for the purification of these reservoirs has not 
been since the shutdown of the reactor in 1993. Its transparency was very low and does not 
allow for visual inspection and survey tools video. Therefore it was decided to hold water 
clarification to remove the suspension and removal of impurities. Established system of water 
purification using ion exchange resins, today, demanded the audit and repair. 
The work to restore its performance had been scheduled for 2010. Therefore it was decided 
to hold water clarification using the basin of the mechanical filter with a filling of quartz sand.  
After achieving the necessary transparency of water in the gateway was carried out a visual 
examination of objects under a layer of water, and a detailed inspection of the underwater 



area with a special TVsystem. Visual inspection revealed that in the pool sluice hatch 
organized storage of beryllium and graphite blocks of masonry, propellants rods and control 
rods. Storage is organized in two tiers. After the preliminary survey of the contents of the 
pool - the gateway, was detected a number of objects that require a thorough radiation 
survey. The purpose of the survey was to assess the EDR -radiation of different types of 
blocks and products, and the definitionγ spectrometric methods the main dose forming 
nuclides. Based on the study of design documentation it was selected objects for 
measurements that were in the process of exploitation in the immediate vicinity of the 
working fuel assembly channels of the reactor - Beryllium blocks of three types, two blocks of 
displacer and the graphite block. 
 

 

Fig. 1. Cutting elements of loop channels, using remote-controlled robotic mechanisms 
«BROKK-180" and «BROKK-330" 

 
For measurements the assembled leak tight canister was hang out into the pool. The 
detector was placed in the canister at a height of 30 cm from the blocks, located on the lower 
tier in the sluice hatch, and the distribution of EDR was measured. EDR values ranged from 
0,3 to 8,2 mSv/h. For a preliminary assessment of EDR of γ-radiation and the distribution of 
activity planned for the height measurements of products were extracted from the pool, the 
staff left the room and measurements were performed remotely using a measuring complex 
"Gamma-pioneer" in the Brock-90. Simultaneously, the EDR at distance of 1 m was 
measured by a standard dosimeter (see Fig. 2). 
The results of radiation surveys were identified products for spectrometric measurements. 
Spectrometric measurements were carried out by gamma-spectrometric complex ISO-CART 
firm ORTES, spectrometer DigiDART, detector GEM40P4.The detector was located outside 
the reactor hall, at a distance of 14.5 m from the measured object. According to the results of 
measurements it was found that the main emitting radionuclide is 60Co, in the spectrum of the 
beryllium block there is radiation 152Eu and 154Eu.  
 
 
4. Radiation survey of dry repository.  
 
In preparation for the decommissioning of the reactor MR the spent fuel was removed from 
dry repository and placed in the repository of SNF of the center (SFR in the building #109). 
Precise data on the distribution of the spent assemblies and their types were missing. To 
develop the technology unloading of the dry repository it was needed to store inventory of its 
content and get the following inputs: 

- number of loaded cells. 
- type of suspension products in the cell. The presence of protective plugs in the cells. 



- characterization of products by their appearance - SFA, canister, open canister, the 
size of products, weight, presence of markings, etc. 

- technical state of items and its pendants - corrosion, breaking of the guy.  
- the content of the cells - one or two tiers. 
- radiation characteristics – EDR of γ-radiation, measured at a distance of 1 m. 
- video recording of done work. 

 

 

Fig.2. Radiation survey of the objects extracted from the sluice hatch. 
 
The expected dose rate could be hundreds of mSv/h. Therefore it was decided to use for the 
dry repository revision the measuring complex "Gamma-pioneer", which was mounted on 
robot Brock-90 [5]. The staff who managed of the Brock-90 and the complex of "Gamma-
pioneer" was placed outside the hall and was protected by the biological defense of the 
thickness of 1,5 m. The Brock-90 with the complex of "Gamma-pioneer" was installed near 
the dry repository so that the measuring unit of the complex was on distance of 1 m from the 
investigated object. 
During the examination of SFA the radiation characteristics, overall length, diameter of the 
SFA (to determine the type of hermetic packing), the type of connection SFA to the 
suspension canister are evaluated. As a result of works the certification of all 30 cells of dry 
repository was carried out, spent fuel, placed in them, was removed in the main repository of 
the Center.  
 
 
5. Development of the project of decommissioning the reactors MR and RTF. 
 
All data obtained during the preparatory phase were used in developing of the design of the 
MP and RTF reactors decommissioning. As base strategy of design a variant DECON – 
immediate stage-by-stage dismantle of constructions and the equipment of MR reactor and 
its loopback installations, including dismantle of the constructions of the RFT reactor is 
accepted. The validity of the choice confirmed by multivariate analysis and its comparison 
with other alternatives (SAFSTOR, ENTOMB) [4].  
It is planned to use a remotely-controlled means (BROKK), the operator of which can be 
located in the radiation-safe place and manage these mechanisms, using video monitors. 
Dose load on the staff at this case will be 10-100 times lower than with traditional methods. 
All dismantling procedures were divided into three categories, requiring of the similar 
dismantling technologies.  
The first category includes equipment cooling loop and loop facilities, located outside the 
pool of the reactor MR and pit of the reactor RTF. Dismantling of equipment in this category 
will be carried out using remote-controlled means, equipped with different attachments. An 



increase in openings in the technological areas will require for the delivery of equipment in 
the premises and removal of containers with radioactive waste.  
The second category includes equipment located in the pool of the MR reactor. This 
equipment will be dismantled in the pool under a layer of water. In this regard, it was 
proposed the use of remotely-controlled mechanical arm-manipulator mounted on a special 
platform.  
The third category of operations was classified the works executed in the shaft of the RTF 
reactor. For dismantling works, related to the recovery of the graphite stack and cutting the 
reactor, the use of remotely-controlled mechanical robotic arm, installed on a specially 
designed platform, provides. After the removing of the graphite blocks it is planning to 
dismantle and cut the reactor vessel in the shaft. Then the large pieces of shell and 
constructions will be subsequently fragmentized in the pool under a water layer to prepare 
them for the transportation. According to the radiation survey data in the technological rooms 
of reactor cooling system, loops of the MR reactor and analysis of the weight and dimensions 
characteristics of equipment estimations of the amount of solid RW resulting from the 
dismantling operations are made. 
In accordance with the classification of solid waste, depending on their specific activity 
(SPORB-99) with the decommissioning of reactors MR and RTF will form solid waste related 
mainly to the categories of medium-and low-active, amounting to ~ 300 and ~ 1500 m3 
respectively. Thus the total activity of solid radioactive waste resulting from the dismantling of 
reactors and loop systems was estimated as ∼1,0х1014 Bq (∼2700 Ci). 
 
 
6. Results and conclusions  
 
During the preparation for the decommissioning of reactors MR and RTF the radiation survey 
of equipment and their facilities was carried out. The characterization of the high-level waste 
at the sluice hatch between the storage pool and the pool of the reactor MR was executed. 
For each cells of the dry reactor repository the type of the object and canister, the object 
size, weight, presence of markings, the technological status and suspension (the presence of 
corrosion, violating of the guy), the radiation characteristics of objects were determined. 
According to the developed regulations the extraction works, repacking of highly active waste 
and the spent fuel in the made canisters and their moving to special repository of the spent 
fuel in the Center were executed. 
Currently, design of decommissioning of the above reactors is developed, all the necessary 
allowances are received, documents for obtaining a license for decommissioning are 
prepare.  
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ABSTRACT 
 

The in-pile performance of nuclear fuel plates is strongly influenced by the 
mechanical contact between fuel and cladding. Today, there is not much 
information available about the bond strength of two layer systems typical for 
monolithic fuel plates. The bond strength is considered to be a plausible indicator 
for the quality of the mechanical contact. Using tensile tests, the bond strength of 
the following material combinations were examined: fuel / cladding, fuel / diffusion 
barrier and diffusion barrier / cladding. Double layer foils, consisting of uranium-
molybdenum alloy with 8 wt.% Mo (DU-8Mo) as fuel surrogate, Al 1050 as cladding 
and Ti, Nb or Zr as diffusion barrier materials were used. They were produced by 
sputtering. Beforehand, the behaviour of the adhesive used to mount the samples 
onto the specimen holders has been examined. Bond strengths of DU-8Mo on Ti 
and Nb larger than 70 MPa have been achieved. 

 
 

1. Introduction 
 

The RERTR program (Reduced Enrichment for Research and Test Reactors) aims on 
developing new fuel forms in order to convert research reactors to use fuel with a lower 
enrichment preferably LEU. It is well known that the in-pile performance of nuclear fuel 
plates is strongly influenced by the mechanical contact between fuel / cladding, cladding / 
diffusion barrier and fuel / barrier. It is therefore important to study their bond strength as this 
indicates the quality of the mechanical contact between metal layer systems that are suitable 
for research reactor fuels. The examination of the bond strength is a current point of 
worldwide investigations and has also been carried out by [4]. 
 

2. Experimental Methods and Materials 
 

2.1 Test specimens 
 
Test specimens were fabricated by a DC-magnetron sputtering device [3]. The test 
specimens consisted of two metal layers, a substrate and a sputtered layer. Specimens 
consisted of aluminium, niobium, tantalum, titanium and zirconium as substrate and of a 



sputtered layer of Ti, Nb or an uranium-molybdenum alloy with 8wt.%Mo which were 
approximately 8 µm thick. The specimens were circular with a diameter of 25 mm or were 
quadratic with an edge length of 25 mm. These specimens are considered to represent 
interfaces to occur eventually in future fuel plates of monolithic type. 
 

2.2 Tensile Tests 
 
Every specimen was mounted on top of a specimen holder, made of stainless steel. The 
surface of this stainless steel measured 314 mm², which corresponds to the area of the 
specimens to be loaded. Detailed information about test specimens and preparation can be 
found in [1]. The adhesive EP-15 of MasterBond needed curing at 200 C° for 90 minutes to 
achieve the utmost bond strength. SEM analyses of heated specimen showed no negative 
results due to the applied heat treatment. The bond strength was examined by tensile tests 
that were executed according to a standardised procedure [2]. The tensile tests were carried 
out with a universal testing machine, a Zwick Roell Z100. All tensile tests were conducted at 
room temperature with a constant crosshead rate of 0.5 mm/min. The specimens were 
loaded until rupture occurred. The following combinations were examined concering their 
bond strength: substrate/sputtered layer 
Al/Ti, Al/Nb, Al(non-polished)/DU-8Mo, Al(high polished)/DU-8Mo, Ta/DU-8Mo, Zr/DU-8Mo, 
Ti/DU-8Mo, Nb/DU-8Mo 
 

 
Figure 1: Tensile test machine with specimen holders 

 

3. Results and Discussion 
 
SEM photographs of the fuel-clad interface and the fuel-barrier interface are shown in the 
figures 2 to 5. 
In all the photographs of the specimen no interlayer is apparent. All specimens are compact 
and there are no visible cracks. In photographs referring to titanium and zirconium 
substrates a clear uninterrupted line is visible. In contrast to the niobium and aluminium 
substrates they show an irregular craggy bond line. Due to this, the effective bonding area 
on niobium and aluminium substrates is larger as it is on titanium and zirconium substrates. 
Preliminary tests were made to determine the optimum parameters which resulted in a high 
degree of bond strength of the adhesive. A bond strength of (70.03 ± 4.91) [MPa] was 
achieved [1]. As soon as a rupture occurred, the reasons for it were allocated to a specific 
failure mode, as recommended by ASTM C 633 [2].  

 



 
Figure 2: SEM photograph of a fuel-

barrier interface Ti/Du-8Mo 

 
Figure 3: SEM photograph of a fuel-

barrier interface Nb/DU-8Mo 

 
Figure 4: SEM photograph of a fuel-

barrier interface Zr/DU-8Mo 

 
Figure 5: SEM photograph of a fuel-

cladding interface Al/DU-8Mo 

 
Figure 6: Bond strength of 
Al(polished)/DU-8Mo, cladding/barrier 
system 

 
 
Figure 7: Bond strength of Al/DU-
8Mo, cladding/barrier system 

 
Figure 8: Bond strength of Al/Nb, 
cladding/barrier system 

 
Figure 9: Bond strength of Al/Ti, 

cladding/barrier system 

 
 
Figure 10: Bond strength of Zr/DU-
8Mo, fuel/barrier system 

 
Figure 11: Bond strength of Ti/DU-
8Mo, fuel/barrier system 

 
Figure 12: Bond strength of Ta/DU-8Mo, 
fuel/barrier system 

 
 
Figure 13: Bond strength of Nb/DU-
8Mo, fuel/barrier system 

 
 

• Failure mode 1 
The sputtered layer separated from the substrate. In this case, the bond strength of 
the adhesive was stronger than that of the specimen. The real value of the bond 
strength can be identified. Failure mode 1 is illustrated in red in the figures 6 - 13. 

• Failure mode 2 
The rupture occurred between adhesive and specimen holder or adhesive and 
specimen. This bond strength provides only a lower limiting value of the bond 
strength of the sputtered layer on the substrate. Failure mode 2 is not as meaningful 



as failure mode 3, as the adhesive did not reach the optimum bond strength. Failure 
mode 2 is illustrated in blue in the figures 6 - 13. 

• Failure mode 3 
The failure occurred within the adhesive. The adhesive is visible on both sides, i.e. on 
the surface of the specimen and the specimen holder. The cohesion failure indicates 
that the adhesive has reached its maximum bond strength. The cohesion failure 
happens when the bonding from adhesive to the surfaces is stronger than the 
cohesion within the adhesive. In failure mode 3 a higher bond strength is present. It 
is therefore more suitable to estimate the quality of the bonding. Failure mode 3 is 
illustrated in green in the figures 6 - 13. 

 
The number of experiments associated with each failure mode is presented in parentheses 
in the plots. Further in table 1, the bond strengths of the different failure modes are 
presented. The results for Ti/DU-8Mo and Zr/DU-8Mo scatter in a broad range. Three 
essential reasons for this can be identified. First, the Ti, Zr, Nb and Ta substrates were 
punched out to get a circular form. Ti and Zr were partially bent by this procedure. This 
deformation led to a minor bond strength as the adhesive bonding was difficult to achieve. 
Second, some specimens were affected by crumbs within the sputtering device, that 
degraded the bonding. Third, as shown by the SEM photographs, the interface of niobium 
was much better interlocked as it was the case with titanium and zirconium. These reasons 
explain why failure mode 1 occurred of titanium and zirconium specimens. If failure mode 2 
and 3 are coexistent, failure mode 3 provides a better lower limiting value. As for niobium 
and tantalum no failure mode 1 occurred, a lower limiting value for the bond strength can 
definitely be stated. 

 
 

Specimen Failure mode 1 Failure mode 2 Failure mode 3 
Ti/DU-8Mo (38.81 ± 10.29) [MPa] 

(3) 
(6.38 ± 5.51) [MPa] 

(3) 
(70.13 ± 2.46) [MPa] 

(5) 
Zr/DU-8Mo (68.67 ± 2.89) [MPa] 

(2) 
(23.10 ± 13.27) [MPa] 

(2) 
(67.17 ± 40.78) [MPa] 

(2) 
Ta/DU-8Mo  (26.74 ± 6.48) [MPa] 

(4) 
(61.50 ± 4.96) [MPa] 

(6) 
Nb/DU-8Mo  (55.51 ± 3.76) [MPa] 

(2) 
(69.27 ± 4.14) [MPa] 

(5) 
Al-non-
pol./DU-

8Mo 

(18.02 ± 2.33) [MPa] 
(4) 

(34.76 ± 10.21) [MPa] 
(5) 

(50.80 ± 12.04) [MPa] 
(3) 

Al-pol./DU-
8Mo 

(31.68 ± 10.26) [MPa] 
(3) 

(52.78 ± 5.37) [MPa] 
(3) 

 

Al/Nb (55.88 ± 4.75) [MPa] 
(5) 

(55.11 ± 33.25) [MPa] 
(2) 

 

Al/Ti (40.25 ± 9.17) [MPa] 
(5) 

40.28 [MPa] 
(1) 

(67.76 ± 12.83) [MPa] 
(2) 

Table 1: Bond strength according to failure mode of different specimens that were coated with DU-8Mo, Nb or Ti 
by DC-magnetron sputtering [3], number of experiments for each specimen are in parentheses 

 
 

The results of the fuel-cladding systems Al/DU-8Mo showed that there exists no significant 
difference between the non-polished and high polished aluminium specimens. The bond 
strength of failure mode 2 of the high polished aluminium compared to the bond strength of 
failure mode three of the non-polished aluminium is at the same level. The uncertainty of the 
bond strength of those test specimens with aluminium (polished and non-polished) as 
substrates is too high to estimate whether polishing the substrate improves the bonding 
between fuel and cladding in a significant way. Up to now, no real improvement by polishing 
the aluminium substrates can be stated. Al/Ti and Al/Nb specimens showed a mixed 



behaviour. Failure of the specimens and of the adhesive occurred, with mode 1 being 
dominant. Al/Ti and Al/Nb did not reach the bond strength that the barrier/fuel specimens 
achieved. This result is mainly due to the different substrates. The aluminium used was a 
commercial product, AW-1050A with a purity of 99.5%. This aluminium foil was either 80 µm 
(non-polished) or about 450 µm thick. Al 1050 foils had not the same quality standard as the 
barrier substrates and were more sensitive to deformation. Ta, Ti, Zr and Nb substrates were 
of the same manufacturer with a thickness of 127 µm and a purity of 99.99%. Finally, DU-
8Mo sputtered on the barriers niobium and tantalum showed the best results after the tensile 
tests. They did not fail in mode 1 and reached a high lower limiting value concerning their 
bond strength. It has to be emphasised that the maximum load is limited due to the bond 
strength of the adhesive. Therefore the real bond strength, although not measured in the 
tensile tests, is higher. 
Similar tests were conducted at the INL [4], in examining the bond strength of monolithic 
specimens produced by HIP (hot isostatic pressing), TLPB (transient liquid phase bonding) 
or FSW (friction stir welding). For those tests the same adhesive EP-15 was used [5]. The 
following bond strengths were reported: FSW 6.42 MPa, TLBP 15.4 MPa and HIP 60.3 MPa, 
whereby in case of HIP an adhesive failure occurred. The sputtered specimens have a larger 
bond strength than the TLPB or FSW specimens. Compared to the HIP specimen the bond 
strengths reported in this work are more conclusive. More tests could be carried out and a 
more effective tensile test machine was available. In contrast to tensile tests of [4] a constant 
crosshead rate of the tensile test machine could be guaranteed for all bond strengths. 
 

4. Summary 
 
Tensile tests of fuel/cladding, fuel/barrier and barrier/cladding specimens were carried out in 
order to determine their bond strength. The tests revealed different results and failure 
modes. It has to be stated that the bond strengths of DU-8Mo on niobium and tantalum were 
the highest as no rupture of the specimen itself occurred and cohesive failure of the 
adhesive occurred on level of 70 MPa. A higher bond strength by using high polished 
substrates could not be proven. As some results varied considerably the sputtering process 
has to become more reproducible, the couple barrier system sputtered on DU-8Mo has to be 
tested and further tensile tests are necessary. 
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ABSTRACT 
 

As the Reduced Enrichment for Research and Test Reactors (RERTR) fuel 
development program has furthered the technology of low enriched uranium fuels, 
much effort has been expended to specify requirements, perform appropriate 
inspections, and to qualify experimental fuel plates and assemblies for irradiation. 
A great deal of consideration has been given to generate examinations and criteria 
that are both applicable to the unique fuel types being developed and consistent 
with industry practices for inspecting plate-type reactor fuel. Recent developments 
in quality assurance (QA) methodologies have given a heightened confidence in 
satisfactory fuel plate performance. At the same time, recommendations are given 
to further develop a system suitable for the testing and acceptance of production 
fuel elements containing low enriched uranium fuels. 

 
1. Introduction 
 
The RERTR program has been tasked with developing low-enriched uranium (LEU) nuclear 
fuels to be used in lieu of high-enriched uranium (HEU) fuels in research reactors worldwide 
[1]. Specifically, the RERTR Advanced Fuel Development project (RERTR-AFD) has 
developed LEU fuels with uranium densities that are high enough to enable the conversion of 
several high power research reactors. The RERTR-AFD project has developed uranium-
molybdenum (U-Mo) alloy fuels in both dispersion and monolithic (i.e. foil) forms. As the 
RERTR-AFD project advances toward qualification of U-Mo fuels and subsequent technology 
transfer and commercial deployment, much effort has been expended to establish QA 
practices that are pertinent to these fuel types and consistent with current QA practices for 
plate-type reactor fuels. 
 
Due to similarity in fabrication technique (i.e. powder blending, fuel core compacting, and 
cladding via roll bonding) anticipated changes in QA methodology will be minimal for those 
reactors able to convert using the U-Mo dispersion system. Monolithic fuels, however, differ 
somewhat in fabrication technique and other characteristics which directly affect QA 
methodology. Since the higher uranium density of monolithic type fuels will be required for 
conversion of five US High Power research Reactors (HPR) [1], careful examination of the 
current QA practices for these five reactors has been performed to avoid the establishment 
of techniques that are not sensible for commercial fabrication. Accordingly, this document is 
primarily focused on QA methods pertaining to monolithic type fuel plates. 
 
Although the conversion of these high power research reactors will occur at least a few years 
from the current time, the institution of commercially suitable QA methods for LEU monolithic 
fuel assemblies is of immediate concern to the RERTR-AFD project due to the near term 
schedule of the RERTR Full-size Element (RERTR-FE) demonstration. The RERTR-FE 
demonstration will consist of the irradiation of driver fuel elements in Idaho National 
Laboratory’s Advanced Test Reactor (ATR). RERTR-FE demonstration elements are 
planned to be identical to existing ATR driver fuel elements except that 11 of the 19 fuel 
plates will have LEU fuels cores in place of the current HEU aluminide dispersion fuel. The 
selected fuel type for use in RERTR-FE monolithic fuel plates is a monolithic foil composed 



of U-10Mo (10wt% Mo), coated with a thin zirconium interlayer on both sides, and clad in 
aluminium alloy 6061 by Hot Isostatic Press (HIP) [2]. Current efforts to define commercially 
appropriate QA practices are tailored to this fuel system and fabrication process. Unlike any 
RERTR-AFD irradiation to date, the RERTR-FE demonstration will be performed in driver 
fuel reactor positions (as opposed to experiment positions) and the monolithic fuel will be 
required to “drive” the reactor. Consequently, RERTR-FE demonstration elements must 
conform to a QA system of equivalent rigor as is currently required for commercially 
produced driver fuel elements. 
 
2. QA Methods 
 
Due to close collaboration with the ATR, much of the QA methodology currently adopted by 
the RERTR-AFD project has been modelled after existing specifications for ATR driver fuel. 
Although the majority of QA specifications currently applied to RERTR-AFD experimental 
monolithic fuel plates are identical to those for ATR driver fuel, there are a few exceptions. 
These exceptions are primarily attributed to differences in fabrication scale (i.e. research vs. 
production), status of current technologies and data relating to monolithic fuels, and 
differences in the fuel type/fabrication method. Figure 1 provides a summary of the 
fabrication processes for both dispersion and monolithic type fuels. Figure 2 displays a 
summary of QA inspections and outputs correlating to each respective fabrication stage seen 
in Figure 1. More detailed information regarding these summaries can be found in references 
[3], [4], [5], and [6]. 
 

 
Figure 1: Fabrication Processes Overview 

 
Figure 2: QA Inspections and Outputs 



A close look at the summaries in Figure 1 and Figure 2 reveals that monolithic and 
dispersion fuels differ only somewhat in fabrication and QA methods; particularly in plate and 
element processing stages. Notable differences occur predominantly in fuel preparation and 
processing stages (2 through 4) as well as stages 6 and 7. Several of these differences are 
likely to be inconsequential for industrial fabricators of monolithic LEU fuel. For example, 
dimensional inspection of cast coupons rather than sieve analysis of atomized powder will 
not require establishment of novel, complicated, or unproven QA inspections. Some 
differences, however, may prove to be noticeable departures from current industrial QA 
practices. These dissimilarities occur primarily in fabrication stages 4, 6, and 7 and are 
discussed in greater detail in section 3 of this paper. 
 
It is also worth noting that a few deviations from industrial QA methods are practiced by the 
RERTR-AFD project due to differences in production scale and data evolution rather than 
fuel nature or fabrication techniques. Other deviations from industrial QA are due to the 
experimental nature of RERTR-AFD irradiations. For experimental irradiations there are 
safety driven upper fuel loading limits, but, since these experiments are not required to 
“drive” the reactor, there are no lower fuel loading limits. As mentioned earlier, upcoming 
RERTR-FE irradiations will use monolithic fuel in driver positions. Consequently, lower 
loading limits, as well methods to characterize uranium mass loading, are currently being 
established. It is also worth noting that radiography for fuel loading homogeneity (i.e. hot/cold 
spots) may be effectively performed on monolithic foils prior to encapsulation in cladding 
since the HIP process does not “form” the fuel core like roll bonding processes.  This 
deviation in the sequence of inspection is not noted in Figure 2, but would allow for 
fabricators to reject suspect foils before further processing and may be of benefit. 
 
3. Discussion and Recommendations 
 
As the technology state of the monolithic LEU fuel departs from laboratory scale and 
approaches commercial deployment many of the deviations from conventional QA methods 
for plate type fuel will likely be rectified. For example, established fuel systems, such as the 
HEU aluminide currently used in the ATR, are fabricated by established formulas via 
qualified processes [6]. As the processing parameters necessary to produce qualified 
monolithic fuels become more mature then inspections may be augmented with process 
controls. In some cases, this will enable inspections to be performed on a statistical sampling 
basis whereas RERTR-AFD experimental fuel plates are currently qualified on a 100% 
inspection basis. For example, HIP processing parameters such as time, temperature, and 
pressure will likely be established as part of a qualified process in a production setting. 
 
The same will be true of QA practices currently driven by incomplete data set for monolithic 
fuel. As the data set for monolithic LEU fuel approaches completeness, distinct criteria may 
be deployed. For example, ultrasonic testing (UT) for bond quality on RERTR-AFD plates 
currently enforces no specific criteria for acceptance over monolithic foils due incomplete 
data [5]. However, much UT data, such as average signal attenuation through fuel, has been 
obtained for monolithic fuel plates during recent RERTR-AFD irradiation campaigns. 
Corresponding criteria will likely be deployed in forthcoming specifications. 
 
Another example of incomplete monolithic data relates to fuel plate forming. The majority of 
the HPR’s that will require monolithic fuel for conversion use fuel plates which are formed to 
specific curvatures. Current commercial fuel plate qualification processes use UT inspection 
of fuel plates to determine bond quality and minimum cladding thickness when the fuel plate 
is in the flat, or pre-formed, condition. Due to the presence of U-Mo foils, the mechanical 
behaviour of monolithic fuel plates differs somewhat from dispersion fuel plates. As a result, 
phenomena regarding monolithic fuel plate behaviour under forming (i.e. bending stress) 
have not yet been entirely quantified. Upcoming RERTR-AFD irradiations will test monolithic 
fuel plates in curved arrangements [7]. Additionally, fabrication of a UT scanner capable of 
inspecting curved fuel plates is underway. It is not anticipated that forming will have a 



deleterious effect on monolithic fuel plates and that UT of these plates for QA purposes in the 
flat condition will be sufficient. UT inspection of formed plates will likely elucidate this matter. 
It is also acknowledged that future RERTR-AFD irradiation will incorporate burnable poisons, 
such as boron carbide, into monolithic fuel plates. QA methodology for burnable poison 
homogeneity in monolithic fuel plates will likely be addressed as it is now; by process 
qualification and intermittent destructive examination of fabricated fuel plates. 
 
As mentioned previously, a handful of QA practices and inspection techniques are unlike 
industrial practices due to the nature of the monolithic fuel and fabrication methods. These 
practices have received particular attention in preparation for the RERTR-FE irradiations. 
The first such item involves massing the fuel core of each plate. In conventional dispersion 
fuels the matrix, fuel, and poison powders are massed, blended, and compacted before 
encapsulation in cladding. This method allows for direct measurement of the mass of the fuel 
material which, in conjunction with chemical and isotopic analysis of fuel materials, can be 
used to determine uranium 235 (U-235) masses in the fuel plates. In the monolithic system, 
cast U-Mo coupons are formed into raw monolithic foils and bonded to Zr interlayers as part 
of the same rolling operation. These raw foils are then sheared to final size and massed. 
Consequently, the final foil weight cannot be obtained until the thin Zr interlayers are bonded 
to the U-Mo; making it impossible to mass the U-Mo alone. 
 
Since tolerances for U-235 mass loading can be as rigorous as ± 1% for HPR’s [6], it is 
recommended that a suitable method for inspecting the mass of monolithic fuel cores be 
established. One such method may involve the use of microscopy to establish the average Zr 
interlayer thickness based on initial thicknesses, rolling reduction schedule, and other 
pertinent variables. These thicknesses may then be used to calculate the portion of the 
monolithic foil mass that is U-Mo. Another method may involve performing immersion density 
measurements on each monolithic foil, prior to HIP operations, in order to obtain foil volume. 
This volume may be used, in conjunction with the known physical densities of U-Mo and Zr, 
to calculate the portion of the monolithic foil mass that is U-Mo. At the present time, 
immersion density is performed on production HEU dispersion fuel plates to assess void 
density. Void density measurement will not likely be required for commercially produced 
monolithic plates, but a similar inspection may be implemented on the foils themselves to 
quantify foil volume. In either case, chemical and isotopic analysis of U-Mo material may then 
be used to determine the U-235 mass. 
 
Currently, fuel plates for HPR’s are bonded and formed to final thickness by roll bonding; 
giving a surface finish typical of rolling processes. For monolithic plates, the current 
fabrication scheme involves machining fuel plates to final thickness. Subsequent to either of 
these processes, fuel plates are chemically cleaned and treated in an autoclave to create a 
corrosion resistant aluminium oxide layer in the form of boehmite. Although the surface finish 
of machined plates can meet current HPR specifications for average roughness, laboratory 
inspections of the boehmite layer thickness via eddy current instrumentation have shown 
some sensitivity to different kinds of surface finish (i.e. rolled vs. machined). It is 
recommended that this matter be investigated more fully and that appropriate standards be 
developed for machined monolithic fuel plates. 
 
Another concern regarding proposed monolithic QA practices is the practice of blister 
annealing. Blister annealing is performed on dispersion type plates by holding the plates at 
an elevated temperature for a prescribed amount of time in order to form raised areas on the 
plate (blisters) due to the coalescence and expansion of entrapped gases [4]. It has been 
shown that blister annealing is detrimental to monolithic fuel plates due primarily to 
differences in thermal expansion coefficients between aluminium 6061 cladding and U-Mo 
foils, causing two-dimensional out-of-plane bending [8]. It is also proposed that blister 
annealing treatments are not applicable to HIP’ed monolithic fuel types due to lack of 
porosity in the fuel core and degas/evacuation steps associated with the HIP method. For 
this reason, it is recommended that commercial QA regimes for monolithic fuel do not 



enforce blister anneal treatments. This recommendation however, will leave something of a 
schism in the current HEU QA system. It is worth mentioning that, unlike existing industrial 
HEU QA processes, bend tests are performed on excess cladding strips which are removed 
from RERTR-AFD experimental fuel plates during final plate sizing [5]. In some ways, this 
test may be used to compensate for the proposed elimination of blister anneal testing as it is 
easily performed and can be an effective determination of clad-to-clad bond strength. 
However, bend testing may not be a suitable substitution for blister annealing in commercial 
monolithic QA practices since it is a destructive test that cannot be performed on actual 
plates and it does not inspect for clad-to-fuel bond quality. 
 
For the above reasons, it is recommended that future commercial QA processes for 
monolithic fuels adopt 100% UT inspection for bond quality on all fuel plates (as opposed to 
partial scan). It has been shown that UT inspection is capable of detecting bonding defects 
typical of the monolithic system without blister annealing treatments [8]. Substituting blister 
annealing with more rigorous UT inspection will likely require investigation of UT 
methodology and acceptance criteria with particular attention given to monolithic type plates. 
These considerations might include phenomena such as pronounced edge effect, signal 
attenuation through monolithic foils, and kissing bonds at bonding surfaces (i.e. bonds that 
adequately transmit UT signal but are not effectively bonded). In regard to the latter, some 
research has been performed to non-destructively characterize kissing bonds with ultrasonic 
techniques [9], [10]. It is recommended that similar techniques be investigated and put into 
practice as appropriate in the QA methodology of monolithic fuel plates. 
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FOLLOW-UP THE COMMISSIONING OF CENM TRIGA MARK II 
RESEARCH REACTOR ON SAFETY LEVEL   

 
ABDELJALIL JRAUT a, AISSAM ELMORABITI a 

 
a) National Centre of Nuclear Energy, Sciences and Technologies (CNESTEN), Morocco  
 
 
The National Centre of Nuclear Energy, Sciences and Technologies (CNESTEN), 
Morocco is operating a 2 MW TRIGA Mark II research reactor designed and 
constructed by General Atomics (GA). This reactor will be used mainly for training in 
reactor technologies, fundamental and applied research, radioisotopes production 
and neutronic activation analysis.  
 
The reactor, which is implemented at Nuclear Studies Centre at la Maâmora (CENM), 
is a standard design 2000 kW, natural-convection-cooled TRIGA Mark II reactor with 
a graphite reflector containing beam tubes and a thermal column. This reactor is 
located near the bottom of the water-filled aluminum tank 2.44 m in diameter and 8.84 
m in deep. A massive monolithic bloc of reinforced concrete for the radiological 
protection surrounds the reactor tank. 
 
The Commissioning of the new Moroccan Research Reactor was done in accordance 
with the following steps:  

• Cold Commissioning tests; 
• Fuel loading and approach to initial criticality, 
• Tests upon attaining criticality; 
• Control rod calibration and tests; 
• Calorimetric power calibration; 
• Initial approaches to full power; 
• Final Commissioning tests. 

 
The follow-up of the commissioning of the CENM-TRIGA Mark II Reactor has been 
performed in conformance with national regulation and the IAEA standards. For this 
purpose, the CNESTEN established a safety committee to review all safety aspects 
during reactor commissioning and operation.  
 
A set of hold points was established in the commissioning program, typically at the 
end of each stage to ensure that (i) test results have been reviewed by the safety 
committee and meet acceptance criterion, and (ii) requirements for the performance 
of the following stage of the commissioning program reviewed and understood by all 
the parties. 
 
At the end of cold commissioning and upon request of CNESTEN, the IAEA 
organized an INSARR mission to review the activities performed during the 
commissioning and their results. This mission provided also technical assistance on 
further activities that have been implemented during the hot commissioning as well 
as during the stage of operation. A follow-up INSARR mission was conducted by the 
IAEA in june 2009 to review the implementation of the previous INSARR mission’s 
recommendations.   
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In framework of cooperation between CNESTEN and Radiation Protection and 
Nuclear Safety Institute (IRSN) in France, certain expertise missions were organized 
to review the progress and the results of hot commissioning and the preparation of 
TRIGA RR utilization. .    
 
In conformance with the CENM licensing process, which is regulated by the Decree 
relative to nuclear facility licensing and inspection, CNESTEN had got the operation 
license in January 2009 in the basis of the assessment, carried out by the Safety 
Authority, of Final Safety Analysis Report.  
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ABSTRACT 

 
The present work focuses on nuclear heating. This work belongs to a new 

advanced research program called IN-CORE which means “Instrumentation for 
Nuclear radiations and Calorimetry Online in REactor” between the LCP (University 
of Provence-CNRS) and the CEA (French Atomic Energy Commission) -  Jules 
Horowitz Reactor (JHR) program. This program started in September 2009 and is 
dedicated to the conception and the design of an innovative mobile experimental 
device coupling several sensors and ray detectors for on line measurements of 
relevant physical parameters (photonic heating, neutronic flux …) and for an 
accurate parametric mapping of experimental channels in the JHR Core.  

The work presented below is the first step of this program and concerns a 
brief state of the art related to measurement methods of nuclear heating 
phenomena in research reactor in general and MTR in particular. A special care is 
given to gamma heating measurements. A first part deals with numerical codes and 
models. The second one presents instrumentation divided into various kinds of 
sensor such as calorimeter measurements and gamma ionization chamber 
measurements. Their basic principles, characteristics such as metrological 
parameters, operating mode, disadvantages/advantages, ... are discussed. 

 
1. Context 

The growing of the energy needs due to the increasing world population associated to 
the fast development of large emerging countries and coupled to environmental challenge 
dedicated to the reduction of greenhouse gas production has contributed to the 
acknowledgement of the nuclear energy.  

In Europe this kind of energy corresponds already to an important part of the energy 
mix. But an improvement of the performances of nuclear power reactors is constantly 
required. For instance concerning the existing Generation II reactors, the question of their 
lifespan represents a real interest as well for safety as economical stake. Consequently, the 
increasing of their lifetime requires research works focusing in particular on their structure 
materials. The scientific aims are to better understand and to anticipate behavior of these 
materials under nuclear irradiation in order to determine their durability and to reach their 
optimization. 

Experimental studies on accelerated ageing of materials are carried out by means of 
MTR (Material Testing Reactor). The existing European MTRs, such as OSIRIS in France, 
BR2 in Belgium, or Halden in Norway were built principally in the sixties. Consequently they 
are ageing and new MTRs with higher performances are necessary. The construction of 
Jules Horowitz material testing Reactor (JHR) is registered in this context [1]. This MTR will 
succeed OSIRIS. It will be a major European research infrastructure to perform screening, 
qualification and safety experiments on material and fuel behaviour under irradiation for the 



coming decades [2, 3].  It will contribute to the safety studies and to the optimization of 
existing or coming nuclear power reactors as well as the developments of the future ones 
(Generation IV reactor). The JHR core will offer specific experimental operating conditions 
such as high fast neutron flux to study structural material ageing and high thermal neutron 
flux for fuel experiments. The JHR will allow typically ~ 20 simultaneous experiences in the 
core and in the reflector. As of the beginning, the first experiments in the JHR will have to be 
performed with a high level of quality under new severe conditions. This high level will be 
obtained only if different criteria are respected.  

For instance, the first one concerns the online monitoring of the operating conditions. A 
real time measurement of these conditions with lowest possible uncertainty will lead to 
enhance accuracy and contribute to make signal interpretation more comfortable. . Then the 
second one deals with the ability to perform specific experimental conditions such as thermal 
conditions in order to avoid the influence of complex physical phenomena interferences on 
the experimental setup . Thus quantifying nuclear heating and especially gamma heating is 
of a great importance in order to design the thermo-hydraulic system, the shielding materials 
and structures of the reactor and of the experimental device housing the experimental load 
according to safety requirements and according the aim to control the temperature gradient 
or the stationary temperature of samples during irradiation processes. 

 Consequently to reach this high level targeted which will guarantee the scientific 
quality of the conducted research programs, new experimental devices have to be designed 
including innovative instrumentation and associated advanced measurement 
methodologies[4]. According to this a new advanced research program between the LCP 
(University of Provence-CNRS) and the CEA (French Atomic Energy Commission) - Jules 
Horowitz Reactor (JHR) program deals with such scientific and technological challenge. This 
program called IN-CORE (Instrumentation for Nuclear radiations and Calorimetry Online in 
REactor) will lead to an innovative mobile device focusing to the online parametric mapping 
of the JHR core channels. The device will be composed by several sensors dedicated to 
measurements of relevant physical parameters (photonic heating, neutronic flux …).  

Actually in-pile instrumentation in MTRs concerns the measurements of temperature 
(thermocouples), dimensions (LVDT, strain gauges, hyper frequency resonant cavities), 
fission gas release (pressure sensor or analytical devices in laboratory), neutron flux (self 
powered neutron detectors, fission chambers) and gamma heating (calorimeter and gamma 
thermometers) [5].  

In this paper we focus especially on one of relevant parameters: nuclear heating. The 
origin of nuclear heating will be described. Recent numerical works will be discussed. And 
finally, a brief state of the art related to direct and indirect measurement methods of nuclear 
heating phenomena in research reactor in general and MTR in particular such as 
calorimetry, gamma thermometer measurements, gamma ionization chamber 
measurements will be presented. 

 
2. Nuclear heating and numerical models 

A nuclear reactor core is a place to a wide variety of nuclear reactions such as 
interactions of neutrons and radiations with matter. Each interaction releases an important 
quantity of energy that appears mainly in kinetic energy of product particles and emission of 
gamma rays. This energy can be absorbed locally by charged particles or transported by 
neutron-photons offsite of reactions and deposited in shielding material. The energy lost is 
transformed into thermal energy called nuclear heat. The largest part of nuclear heating of 
irradiated samples in a reactor core is due to gamma rays. They are created mainly by 
fission, capture and inelastic neutron interactions with various target nuclides. The induced 
gammas interact with matter via three principal modes of interaction: i) photo-electric, ii) 
Compton and iii) pair production effects. Thus, they communicate their energy to electrons of 
the medium which cede this energy in matter by ionization and excitation. This phenomenon 
contributes to heating which causes the temperature rises of the material exposed to 
radiations. This depends essentially on the materials constituting the samples and the 
radiation intensity to which they are exposed [6]. 



The process of calculating gamma heating is based firstly on determining the different 
gamma rays sources and the associated produced electrons following their interactions with 
matter. Secondly, one should determine the gamma flux by resolving the Boltzmann particle 
transport equation. The transport of electrons can be neglected if geometrical dimensions of 
the problem studied are larger than electron mean free path [7]. Hence, their energy is 
calculated at the place of their creation. Knowing that gamma heating level is proportional to 
gamma flux, the gamma heating rates can be obtained by multiplying gamma-ray flux by 
KERMA factor which represents the ratio between the energy deposited, in a given material, 
of incident and outgoing gamma rays. Various numerical codes or models are developed to 
accurately determine gamma heating as the Monte Carlo radiation transport codes: MCNPX 
[8] and TRIPOLI [9] and could be improved with local experimental data or the point kernel 
approach used in the MERCURE-5 code and the GHRRC code developed to estimate the 
gamma heating of small samples inside the GRR-1 research reactor core [10]. 

However, whatever the approach and the physical model approximation of the particle 
transport used, heating simulation constitutes a difficult task because various key 
parameters affect the computational results. Uncertainties can be induced by variance and 
statistics of Monte Carlo calculations but important uncertainties (about 30% (2 )) are 
coming from the gaps, or the gamma emission data present in the libraries of basic nuclear 
data [11]. Furthermore the omission of some heating mechanisms as the case of the study 
done by Varvayanni can affect rigorously results [10]. In other to specify and quantify these 
uncertainties, a set of experimental programs have been conducted for gamma heating 
measurements as ADAPh in the EOLE and MINERVE critical assemblies at the CEA 
Cadarache facility [11]. Different TLD and micro-ionization chamber for measuring the 
integral prompt and delayed gamma ray dose have been used in the UO2 core of MINERVE 
research reactor. Monte Carlo computational results obtained via TRIPOLI4-PEPIN2 are 
underestimated in comparison to measurements due to the lack of information concerning 
the data libraries used for gamma-ray emission. A Bayesian method of adjustment has been 
developed in order to re-estimate the principal components of the gamma heating. The 
studies made in this context, and detailed in the references [11, 12], seems to be promising 
and enhancing the possibility to reduce significantly the uncertainties on the determination of 
the gamma heating from 30% to 15% (2 ). 

Consequently, the constant improvement in modeling and simulation coupled to the 
requirements of new irradiation programs dedicated to fuel or material behavior 
characterization for various reactors (HTR [13], Gen IV systems, fusion [14]) leads to a need 
of a high-quality in-pile instrumentation. 
 
3. Nuclear heating Instrumentation and measurement methods 
 

In the future Jules Horowitz Reactor in order to reduce the uncertainties in the 
knowledge of the experimental conditions, a selection of the most appropriate sensors for 
neutron and nuclear heating measurements is necessary, as well as an improvement of their 
performances. Nuclear heating can be measured by different methods : direct method such 
as calorimetry, gamma thermometer and indirect method such as  gamma and neutron 
measurements by ionization chambers. The direct measurement of the nuclear heating in 
the most powerful research reactors relies on the use of calorimeters. 
 
3.1 Calorimetry 

 
Since many years calorimetry has become a technique usually employed. On one hand 

for example, old scientific journals decide to change or extend their title to show their 
growing interest in calorimetry such as the journal created in 1969 under the name "Journal 
of Thermal Analysis," which in 1998 became "Journal of Thermal Analysis and 
Calorimetry"[15]. On the other hand various developments and research about calorimetry 
are performed in many different scientific fields in addition to the nuclear field such as 



chemistry, medicine or pharmacology for the determination of thermodynamic parameters or 
characterization of physical phenomena [16, 17, 18].  

In nuclear sciences and technologies Gunn divided radiometric calorimetry in four 
categories such as radionuclide calorimeters, beam calorimeters, local absorbed dose 
calorimeters, and in-reactor calorimeters [19, 20, 21]. The fourth category is devoted to 
studies of energy deposition in specific samples for engineering purposes of structural 
materials [22,23] or for local measurements of nuclear heating in reactor.  

This paper section discusses this fourth category.  
In nuclear reactor environment the instrumentation design is directly impacted by specific 
properties in addition to usual metrological characteristics such as sensitivity, low 
uncertainty. One of the important specific characteristic imposed by the restricted available 
space is the sensor compactness. In-pile calorimeters must have low dimensions (a few 
centimeter diameter in general) contrary to large volume calorimeters developed for 
radioactive element quantification such as tritium especially used in the military nuclear 
activities [24]. Consequently the calorimeter has also a simple robust design with few cables. 
In fact the calorimeter can be composed by a single cell (a core containing the material 
sample, a jacket and sometimes shields) [20, 22, 25] or by a twin cell (a body containing a 
sample cell and an empty identical cell with or without a pedestal) [21]. The sample choice 
leads directly to the sensor selectivity (for example graphite) because according to the core 
material, a specific separation of neutron- and gamma- effects (nuclear heating, gamma 
heating (mostly) or neutronic heating) is possible.  

The robustness and the reliability lead to the choice of an operating mode not requiring 
an auxiliary system or complex electronic supporting radiations. Various operating modes 
exist such as adiabatic mode, permanent mode, [21, 26]… but the adiabatic one is more 
complicated to be implemented because it needs a pumping system to ensure a high 
vacuum in the inner volume to reach a good thermal isolation. Moreover with this kind of 
mode a lower power range can be tested by performing instantaneous measurements. Thus 
the heat flow operating mode based on heat transfers between the radiation absorber 
sample and its surroundings is preferred [22]. In fact the main calorimeters used in MTRs 
are pseudo-adiabatic calorimeters which have the advantage of small sizes and easy 
implementation (So-called Gamma-Thermometers belong to this category) and the 
differential calorimeters (discussed in the following paragraph). 

The last characteristic presented is the simplicity of the measurement method to 
determine the nuclear heating. On one hand, the energy deposited in the sample is 
determined by measuring its temperature rise with only thermocouples embedded in specific 
location. On second hand the calorimeter  allows abstaining of the different constant’s 
employment, hardly determinable such as thermal resistance and the nuclear heating can be 
determined straightforwardly thanks to an electrical calibration curve (for example a second 
order polynomial curve which occurs when convective and radiative heat transfers increase 
[22]). The heat transfer of the calorimeter under the irradiation condition is simulated with an 
electric heating. The relationship between the temperature difference versus the heating 
power due to Joule effect is used to define the nuclear heating from the temperature 
difference measurement during the irradiation. In the case of a differential calorimeter based 
on the differential measurement of the heating in a twin cell, the signal delivered can be 
directly proportional to the nuclear heating in the sample. Another advantage of a differential 
calorimeter consists on the uncertainty reduction or a sensitivity improvement. Its accuracy 
can be even increased by using in-situ calibration with miniaturized electric heaters. These 
kinds of calorimeters are largely used in MTRs for nuclear heating measurements up to 
15 W/g.Another calibration method can be based on a heating curve corresponding to the 
irradiated step and on a cooling curve corresponding to the calorimeter removal [25 

 
 
 
 
 
 



 
 

Figure 1: assembly of a differential calorimeter used in OSIRIS reactor for nuclear heating 
measurements (external diameter is about 20mm) 

 
 
3.2 Ionisation Chambers 
Intense neutron flux can be measured online in MTRs using Self Power Neutron Detectors 
(SPND) or fission chambers. 

An SPND is made of a cylindrical emitter (for example in rhodium, cobalt, silver, 
vanadium, etc.) surrounded by an electric insulation (for example alumina) and a metallic 
body, which acts as collector. The dominant process in SPNDs is the neutron induced 
generation of high-energy electrons in the emitter that cross the insulator, resulting in an 
externally measurable current between emitter and collector. Depending on the material 
chosen of the emitter, a distinction between two kinds of SPNDs can be made: 
- prompt SPNDs, in which neutron capture gammas generate Compton and photoelectric 
effects, 
- delayed SPNDs, in which neutron capture generates short-lived isotopes emitting βrays. 
 

 

Figure 2: rhodium SPND for thermal neutron flux measurements (external diameter is 3mm) 

 
A fission chamber is an ionisation chamber designed for the detection of neutrons by 

their interaction with a solid fissile material. Most commonly, a cylindrical construction is 
used where the fissile material is applied as a coating on one (or both) electrodes contained 
in a selected filling gas. In operation, a bias voltage (in the order of hundreds of volts) is 
applied to the electrodes. Neutrons induce fissions in the fissile material and the high energy 
ionising fission products result in the generation of an electric signal between the electrodes, 
which is, in first approximation, linear with the neutron flux level.  
Different operating modes can be used for fission chambers. Among them, the Campbelling 
mode or Mean Square Voltage (MSV) mode allows to minimize the gamma background 
contribution in the signal [27]. 
 

 

Figure 3: sub-miniature fission chamber (external diameter is 1.5mm) 
 

Among the recent progresses in the field of neutron measurement, one can notice the 
development of a unique instrumentation for the online determination of the fast neutron flux, 
using a miniature fission chamber with 242Pu deposit and a specific data processing [28], 
[29,30]. 



 
4. Conclusion 

Finally, main and central aim of IN-CORE project is a better assessment of the neutron 
and photon contributions in the nuclear heating in MTRs. Consequently, the instrumentation 
and measurement methodologies to be used in this program should allow to perform the 
online and simultaneous determination of nuclear heating, gamma flux, but also fast and 
thermal neutron flux. Different kinds of usual or innovative sensors will be selected and 
combined in a scanning system. This system coupled with an appropriated analytical 
approach of data analysis provided by direct and indirect measurements will improve the 
knowledge of the experimental conditions in the future Jules Horowitz Reactor and hence 
reducing uncertainties and enhancing accuracy of physical relevant parameters. 
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