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ABSTRACT 
 

The IAEA, in line with its statute and mandatory responsibilities to support its 
member states in the promotion of peaceful uses of nuclear energy, has an 
initiative to promote the formation of coalitions of research reactor operators and 
stakeholders. These networks of research reactors are conducting joint research or 
other shared activities, have the potential to increase research reactor utilization 
and thus to improve sustainability at the same time enhancing nuclear material 
security and non-proliferation objectives. 
 
This effort builds upon existing IAEA efforts to enhance research reactor strategic 
planning, to encourage formation of research reactor networks, and to promote 
regional and international cooperation between research reactors. 
 
The paper will describe the Agency’s progress in the second year of activities to 
assist in the formation of research reactor coalitions. The paper will describe the 
Agency’s efforts in serving a catalytic and “match-making” role for the formation of 
new the coalition relationships, and its activities in organizing various missions and 
meetings for exploratory and organizational discussions on possible coalitions and 
networks. 
 
The paper presents the concrete progress that has been made during the past 
year, including new coalitions in Eastern Europe, the Caribbean, Latin America and 
Central Asia. These coalitions cover a wide range of activities, for example, 
enhancing the regional infrastructure and capabilities for neutron sciences, 
developing new supplies of medicinal radioisotopes, and expanding the reach of 
reactor physics training courses. The paper also outlines the path forward that has 
been established for 2009 to support these coalitions as they mature and develop 
toward self-sufficiency. 

 
 
1. BACKGROUND 
 
In order to continue to play a key role in the further development of peaceful uses of nuclear 
energy, research reactors need to be financially sound, with adequate income for safe, 
secure, and reliable facility operations. In a context of declining governmental financial 
support, and the need to improve physical security and convert to LEU fuel, research 
reactors are challenged to generate income to offset increasing operational costs. 
 
Reactors operating at low utilization levels have difficulty providing the service availability 
and reliability demanded by many potential users and customers, which creates a significant 
obstacle to increasing utilization. Many research reactors have limited access to potential 
customers for their services and are not familiar with the business planning concepts needed 
to secure additional commercial revenues or international program funding. This not only 
results in reduced income for the facilities involved, but sometimes also in research reactor 
services priced below full cost, preventing recovery of back-end costs and creating 
unsustainable market norms. 
 



The research reactor community possesses the expertise to address these concerns, 
although, this knowledge is not uniformly available. Parochial attitudes and competitive 
behavior restrict information sharing, dissemination of best practices, and mutual support that 
could otherwise result in a coordinated approach to market development, building upon 
strengths of facilities. These attitudes are based, in part, on the belief that the markets for 
research reactor products and services are “zero-sum,” with market gains by one research 
reactor resulting in losses to another “competing” reactor. However, the success of user 
groups and organizations such as WANO in the nuclear power generation sector show that 
the benefits of cooperation can be obtained without sacrificing commercial interests. 
 
Renewed interest in nuclear power and the worldwide expansion of diagnostic and 
therapeutic nuclear medicine presents new opportunities for research reactors – including by 
providing services to countries without such a facility. However, constructing a new national 
research reactor might not be necessarily the optimum strategy. A reactor constructed to 
meet a specific need may lack sufficient identified utilization to fully occupy the facility, or it 
might not be adequately available for its intended purpose. One answer to this dilemma 
would be the creation of a new, high-specification multi-national region-based facility rather 
than a national facility. Of course, this requires an increased level of coordination between 
current and prospective operators.  
 
To address the complex of issues related to sustainability, security, and non-proliferation 
aspects of research reactors, and to promote international and regional cooperation, the 
Agency has undertaken new activities to promote Research Reactor Coalitions and Centres 
of Excellence, in the first instance supported by grants from the Nuclear Threat 
Initiative (NTI). The effort also integrates Agency’s regular and extra-budgetary funded 
program activities related to research reactors, national and regional IAEA Technical 
Cooperation projects, in particular “Enhancement of the Sustainability of Research Reactors 
and their Safe Operation Through Regional Cooperation, Networking, and Coalitions” 
(formerly RER/4/029, now RER/4/032); Supporting a Sustainable Increase in the Use of 
Research Reactors in the Latin American and Caribbean Region through Networking, 
Exchange of Experiences, Knowledge Preservation and Training of Human Resources 
(RLA/0/037 - ARCAL CXIX), “Nutritional and Health-Related Studies Using Research 
Reactors” (RAF/4/020 - AFRA IV-12), and “Integral Use and Safety of the Nuclear Research 
Reactor IAN-R1 (COL/1/10).” 
 
The goals, objectives, and generic types of “model” coalitions were described in detail in a 
paper presented to RRFM 2008 (“Research Reactor Coalitions - First Year Progress Report, 
RRFM 2008 Proceedings.”) 
 
These activities are also part of IAEA and international efforts to minimize the use of Highly 
Enriched Uranium in civil nuclear applications. They complement and support IAEA activities 
on conversion of research reactor fuel to LEU and return of fresh and irradiated RR fuel to 
the country of origin. 
 
2. RESULTS/ACHIEVEMENTS IN 2008 
 
The Agency’s role is to serve as a catalyst and a facilitator of ideas and proposals. Activities 
during the second year have resulted in the successful formation of four research reactor 
coalitions. Three coalitions have been concluded on the basis of Memorandum of 
Understanding or Practical Arrangements as follows: 
 
- Caribbean Research Reactor Coalition: research reactors in Colombia, Jamaica, Mexico, 
and Austria; and the IAEA; 
 
http://www.iaea.org/OurWork/ST/NE/NEFW/rrg_CRRC.html 
 



- Eastern European Research Reactor Initiative (EERRI): research reactors in Austria (1), 
Czech Republic (2), Hungary (2), Romania (1), Poland (1), and Slovenia (1). 
 
http://www.iaea.org/OurWork/ST/NE/NEFW/rrg_EERRI.html 
 
- Eurasian Research Reactor Coalition (EARRC): research reactors in Czech Republic, 
Kazakhstan, Ukraine, and Uzbekistan) and isotope and other organizations (isoSolutions, 
Canada; Institute of Isotopes Co, Hungary; Curative Technologies Corporation, USA; Eckert 
& Ziegler, USA; and International Nuclear Enterprise Group, USA). 
 
http://www.iaea.org/OurWork/ST/NE/NEFW/rrg_EARRC.html 
 
A fourth arrangement was established without a formal agreement, based on on-going IAEA 
efforts to promote regional networking and utilization between research reactors and their 
users: 
 
- Mediterranean Research Reactor Utilization Network (MRR-U): Azerbaijan, Egypt, Greece, 
Montenegro, Syria, Tunisia, and IAEA. 
 
http://ipta.demokritos.gr/mrrun 
 
Finally, as a result of Agency-sponsored coalition discussions in 2007 between ININ 
(Mexico), Laguna Verde Nuclear Power Plant (Mexico), and Atominstitut (Austria), the ININ 
Triga research reactor and Laguna Verde have entered into an agreement to hold regular 
training courses at the ININ TRIGA for Laguna Verde personnel. 
 
3. MAJOR ACTIVITIES 
 
Activities during 2008 focused on building upon opportunities for establishing coalitions 
identified during the exploratory discussions and missions carried out in 2007. These 
resulted in the conclusion of the formal arrangements cited in the previous section of this 
report (2. Results/Achievements in 2008). 
 
In addition, a number of meetings and missions were organized and conducted to explore 
the possibility of forming other potential coalitions and networks. 
 
A variety of international conferences, meetings, and workshops were utilized to publicize the 
concept of research reactor coalitions, inform potential participants on the activities taking 
place, to develop ideas and proposals for coalitions, and to recruit participants. Such 
opportunities were also utilized as appropriate for side meetings related to development of 
coalition arrangements. 
 
Project planning and coordination was a central part of all project activities, including:  
 
- Weekly conference calls with the project team and regular revision of an Action Item list in 
order to monitor accomplishment of assigned and scheduled tasks, and  
 
- Project planning meeting 26 to 27 May 2008 in Vienna. 
 
A. Development of Proposed Coalitions 
 
Efforts focused on bringing to fruition research reactor coalition concepts concerning the 
Caribbean, Central Asia/Eurasia, Eastern Europe, and Russia. Accordingly, the following 
meetings and missions took place: 
 



- Exploratory Meeting on East Europe Research Reactor Initiative (EERRI), KFKI/AEKI, 
Budapest, Hungary, 28 to 29 January 2008,  
 
- Second meeting of EERRI, Atominstitut/Vienna University of Technology, Vienna, Austria, 4 
to 5 September 2008, 
 
- Discussions on Russian nuclear education and training, Moscow, Russia, 12 to 14 March 
2008, 
 
- Workshop on commercial production of radioisotopes (UK BERR/CNCP organized) Almaty, 
Kazakhstan, 21 to 23 May 2008, and 
 
- Workshop on establishment of a Eurasia Research Reactor Coalition, Vienna, 24 to 26 
November 2008. 
 
The January meeting in Budapest resulted in conclusion of a memorandum of understanding 
for EERRI, and as well as a series of action items. Consequently, the second EERRI meeting 
was held in September with financial support of TC project RER/4/029, and resulted in the 
designation of coordinators for each of the possible cooperation areas (e.g. education and 
training, beam tube applications, radioisotope production, fuel and material testing) and new 
action items in particular for standardized information collection on reactor operating 
schedules, beam tube instruments and radioisotope production capabilities, as well as 
material/fuel test facilities (loops/rigs) of the individual reactors. Regular monthly EERRI 
teleconferences began to be held in October 2008 and focused on follow-up on the action 
items, most of which have been accomplished, considerably enhancing available information 
on EERRI. A separate paper on the activities of EERRI is being presented at the RRFM 2009 
meeting. 
 
The first concrete utilization-related activity arising from EERRI is a training course that will 
be implemented, with funding support from the IAEA West Asia TC program, in May-June 
2009. This training course is also the focus of a separate paper at the RRFM 2009 meeting 
by Tozsér et al. 
 
The meeting that took place in October 2007 in Mexico on possible formation of a Caribbean 
research reactor coalition was followed by regular teleconferences (twice monthly) 
throughout the year in regard to implementation of the Caribbean RRC. These calls and 
complementary work focused on negotiation and signing of a Practical Arrangement to 
formally establish the coalition; mutual assistance supported by a Colombian national TC 
project for training and certification of Colombian research reactor operators and for re-
establishing neutron activation analysis activities (NAA) in Colombia. 
 
The Practical Arrangement has been signed by all participants and is in effect. Recent tasks 
have included the drafting of a pamphlet intended to advertise the capabilities of the 
coalition, and development of a three-year work plan focused on achieving ISO certification 
for NAA services, and on improving customer and business related services, with technical 
assistance from the Delft University research reactor. This work plan, including specific 
training courses, expert missions and human resource development to support the 
long-range objectives of the coalition is expected to be included in the activities of the new 
regional TC project, RLA/0/037. 
 
At its founding meeting in November, the Eurasia Coalition agreed to form an isotope 
production and distribution venture involving the participating reactors and other 
organizations. The goal is to create a credible alternative isotope supply system, capable of 
supporting the U.S., European, and developing markets, and able to play a key role in 
resolving the worldwide shortages in certain key medical isotopes. This will require not just 
an incremental increase in existing radioisotope production from the participating reactors, 



but a comprehensive alignment of technologies, logistics, and production schedules that can 
only be achieved through cooperation. It was also agreed that a primary focus would be 
production of Mo-99, and it was determined that it would be technically possible to meet a 
buyer requirement for generators containing at least 1 Ci of Mo-99. A work plan was adopted 
calling for various technology and business studies to be conducted prior to a firm decision 
on how to proceed. 
 
The IAEA established and maintains both public and project (password-protected) web sites 
for the Caribbean, East European, and Eurasia coalitions, which are being used as 
information, communication, and public information platforms. 
 
Preliminary agreement was reached with Russian authorities on possible assistance for 
cooperative activities related to nuclear education and training utilizing research reactors. 
However, the restructuring of the Russian nuclear research and industry has resulted in a 
change of focus on possible coalition-related cooperative activities. Following discussions 
with Russian authorities, a formal proposal was prepared by the IAEA in October 2008 to 
jointly organize a feasibility study on conversion of IRT research reactors in Russia to use 
LEU fuel. The Russian authorities have also formally requested IAEA assistance to arrange 
visits and missions of Russian research reactor experts to well-established European 
facilities, with a focus on effective utilization strategies, including strategic and business 
planning for research reactors. This is expected to be implemented in mid-2009. 
 
B. Identification of Additional Potential Coalitions 
 
Efforts continued to further develop specific ideas involving research reactors in different 
regions and related to various scientific, technical, and commercial topics which to serve as 
the basis for coalitions. This took place primarily through continued discussions with research 
reactor operators, national nuclear authorities, irradiation services users and other 
stakeholders to identify opportunities. 
 
- Meeting on Investigating Formation of Neutron Scattering Research Reactor Coalition, 11 
to 13 February 2008, Vienna, 
 
- Technical Assessment Mission for Establishment of an Ultra-Cold Neutron Source at 
TRIGA Pitesti, Romania, 7 to 8 October 2008, 
 
- East Asia Coalition: centered at the Bragg Institute at the OPAL reactor in Australia, 
building upon its role as an IAEA Collaborating Center for Neutron Sciences, with 
participants from the Asia and Pacific region, 
 
- Meeting on North-South America Research Reactor Coalition, 10 October 2008, Columbia, 
Missouri, CCHEN (Chile), University of Missouri RR (USA), and McMaster University 
(Canada), 
 
- Baltic Research Reactor Coalition: Poland agreed to host an initial exploratory meeting in 
June 2009 for a coalition focused on nuclear education and training needs for future nuclear 
power development in the region. There have been positive indications of participation in the 
initial meeting from Denmark, Estonia, Lithuania, Norway, Russia (Gatchina, St. Petersburg), 
Germany (Berlin), Sweden, and Finland. 
 
In addition, during 2008 substantial effort was made regard design of three IAEA regional 
Technical Cooperation projects (2009-2011) for Africa, Europe, and Latin America to support 
research reactor coalition activities. Project design efforts were carried out in consultation 
with regional counterparts and resulted in the extension/follow-on of the Europe regional 
project from 2007-2008; a new project in Latin America on research reactor coalitions and a 



reformulation of an existing AFRA project on research reactor utilization to bring it in line with 
efforts to form coalitions and networks. 
 
C. Outreach 
 
Extensive coordination was maintained with other external programs or partners with related 
objectives. This included establishment of a working relationship with UK Department for 
Business, Enterprise and Regulatory Reform (BERR), Closed Nuclear Cities Program 
(CNCP), and U.S Department of Energy Office of Science for relevant activities which are 
supportive of project specific coalition development activities. 
 
Various international meetings, conferences and symposia were used to publicize the 
Research Reactor Coalitions initiative, to solicit additional prospective partners for proposed 
coalitions, and to organize side meetings related to specific coalition activities. In this regard, 
presentations were made by IAEA representatives at the following meetings: 
 
- European Nuclear Society, Research Reactor Fuel Management Meeting (RRFM 2007), 
Hamburg, Germany, 3 to 5 March 2007. 
 
- European Nuclear Society, Nuclear Education – Science and Technology (NEST 2007), 
Budapest, Hungary, 5 to 7 May 2007. 
 
- DOE Isotope Workshop, Rockville, Maryland, 5 to 7 August 2008. 
 
- TRIGA International Meeting, Lyon, France, 8 to 9 September 2008. 
 
Side meetings related to EERRI and the Caribbean Coalition, as well as to several other 
potential coalitions, took place at the NEST and TRIGA meetings. 
 
4. PLANNED 2009 ACTIVITIES 
 
Plans for 2009 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 research reactors. 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 – seems to offer a potential opportunity for new irradiation and 
processing capability which could ideally be satisfied through a coalition of producers.  
 
Caribbean RRC: Initial efforts in 2009 are focused on preparations for the initial workshop 
for TC project RLA/0/037 in Bariloche, Argentina, 2 to 6 March 2009. As noted in Section 3 A 
above, it is anticipated that the new regional TC project will support a activities to be 
proposed by the Caribbean partners for specific activities over a three-year period in 
marketing, customer/business planning, and NAA quality certification. Two NAA expert 
missions (from Jamaica and Argentina) to Colombia will take place in February and April/May 
as the Colombia reactor has received approval for regular operations beginning in 2009. It is 
expected that 1-2 workshops will be held in 2009 on NAA and customer services. It is 
planned that a sub-regional workshop will be held in late 2009 or early 2010 to introduce the 
coalition to potential users/customers from countries in the Caribbean region that do not have 
access to research reactors. 
 
East European RRI: A third plenary meeting will be held in Vienna after RRFM 2009 to 
review follow-up and progress since the September 2008 meeting and to intensify work on 
cooperative activities for 2009. It is planned that this meeting will begin to develop a long-
range plan for the development of EERRI and that an irradiation services market study for 



EERRI will be launched. As noted above, EERRI has organized a theoretical and practical 
training course in May/June for countries considering research reactor projects in Asia; this 
course is expected to be offered again later in 2009. The 5th Central European Training 
School on Neutron Scattering is expected to be held in Budapest in May and will provide an 
opportunity for further discussion on EERRI cooperation in the field of beam instruments. 
 
Eurasia RRC: The second meeting will be held in Vienna prior to RRFM 2009 and will 
review action items tasked at the first meeting, especially financial and technical information 
needed to make decisions on coalition-based (n,gamma) Mo-99 production and prepare a 
business plan. Further activities during the year will be aimed at addressing the technology, 
logistics, and quality assurance requirements necessary to expand existing Mo-99 production 
from the coalition facilities. 
 
Others: An initial meeting is planned for June 2009 in Poland to explore the possibility of 
forming a Baltic RR coalition for nuclear education and training. Efforts will continue to 
strengthen the Mediterranean network, to formalize cooperation in radioisotope production 
between Latin America and North America institutions (likely under the framework of TC 
project RLA/0/037), and to initiate neutron science activities in East Asia. 
 
5. CONCLUSIONS 
 
The Research Reactor Coalitions initiative followed a promising start in 2007 with a highly 
successful encore in 2008 as three formal coalitions were formed, one other network came 
into being, and several others were under discussion. The IAEA has successfully played the 
role of “catalyst” and facilitator of ideas and a kind of engine to coordinate and manage the 
everyday activities of coalitions. 
 
While two years has been sufficient to bring research reactor coalitions from concept to initial 
reality, it has not been sufficient to realize their full objectives and hopeful promise. 
 
The existing coalitions have agreed on the scope of expected activities, have established 
regular modes of communication and coordination, they are exchanging information, and are 
introducing themselves to the public. However, substantial work needs to be accomplished in 
order to realize the objective of increased utilization of the individual research reactors 
through collective effort and on a self-sustaining and self-reliant basis. 
 
The coalitions need to put into place medium-term plans so that at the close of the current 
IAEA projects (end of 2011) they will be in a position to continue forward independently. They 
need to pursue more detailed market analysis and business development to identify specific 
opportunities for revenue generation through sustainable commercial activities, through 
complementary marketing and delivery of irradiation products and services including 
education and training. They need to establish and implement common quality control and 
assurance standards for their services based on accepted international standards as well as 
they need to establish mechanisms to facilitate access by non-commercial users in countries 
without access to research reactor services. 
 
The IAEA remains open to suggestions and proposals from other Member States and 
institutions. 
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ABSTRACT 
 

The Global Threat Reduction Initiative (GTRI) mission is to reduce and protect vulnerable 
nuclear and radiological materials located at civilian sites worldwide.  GTRI helps the 
Department of Energy achieve its Nuclear Security Goal to prevent the acquisition of 
nuclear and radiological materials that could be used in weapons of mass destruction or 
other terrorists’ acts. 
 
Three key GTRI subprograms provide a comprehensive approach to denying terrorists 
access to nuclear and radiological materials and provide permanent threat reduction.  
 

• The Convert subprogram supports conversion of domestic and international civilian 
research reactors and isotope production facilities from the use of HEU to LEU, and 
eliminates civilian use of HEU. These efforts result in permanent threat reduction 
 

• The Remove subprogram supports removal or disposal of excess nuclear and 
radiological materials from civilian sites worldwide, and eliminates potential targets for 
terrorists to acquire nuclear and radiological materials. These efforts result in permanent 
threat reduction 
 

• The Protect subprogram supports security of high-priority nuclear and radiological 
materials worldwide from theft and sabotage, and increases physical security at 
vulnerable nuclear and radiological sites.  

 
1.   Introduction – President Obama’s Vision for Nuclear Security 
 
President Barack Obama has a comprehensive strategy for nuclear security that will reduce the 
danger of nuclear terrorism, prevent the spread of nuclear weapons capabilities, and strengthen 
the nuclear nonproliferation regime.i   
 
The National Nuclear Security Administration’s Global Threat Reduction Initiative (GTRI) within 
the Department of Energy’s (DOE) contributes to this strategy and has the mission to reduce 
and protect vulnerable nuclear and radiological material located at civilian sites worldwide.  
GTRI supports the U.S. Department of Energy’s nuclear security goal by preventing terrorists 
from acquiring nuclear and radiological materials that could be used in weapons of mass 
destruction or other acts of terrorism.   
 
The primary weapons of concern for GTRI are nuclear materials that could be used by terrorists 
to fabricate a crude nuclear bomb and radiological materials that would be most effective for a 
radiological dispersal device (RDD, also referred to as a ‘Dirty Bomb’).  Of particular concern 
are the thousands of civilian sites where nuclear and radiological materials are used for 
legitimate and beneficial commercial, medical, and research purposes.  This is because civilian 
sites generally have less protection than military stockpiles of nuclear materials.    
 



Nuclear material in the form of highly enriched uranium (HEU) and plutonium is located at 
hundreds of facilities in dozens of countries.  Experts agree that the most difficult step for 
terrorists seeking to make a crude nuclear bomb is the acquisition of HEU and plutonium.  The 
most likely route for a terrorist to acquire a crude nuclear device is to purchase or steal this 
material.   
 
Also, millions of radioactive sealed sources are used around the world for legitimate and 
beneficial commercial application such as, cancer treatment, food and blood sterilization, oil 
exploration, remote electricity generation, radiography and scientific research.  Many of these 
radiological sources are no longer needed and have been abandoned or orphaned; others are 
lightly guarded, making the threat of theft or sabotage significant.  Currently there are thousands 
of civilian locations worldwide with dangerous high-activity radioactive sources.   
 
Immediately after taking office, President Obama issued the goal to lead a global effort to 
secure all nuclear weapons materials at vulnerable sites in four years.  He will also convene a 
Summit on preventing nuclear terrorism in 2009 (and regularly thereafter) of leaders of 
Permanent Member of the UN Security Council and other key countries to agree on preventing 
nuclear terrorism.ii 
 
President Obama’s goal has resulted in an acceleration of the GTRI work.  New, more 
aggressive metrics have been established to achieve his goals.  This paper will outline the work 
underway.   
 
2.  The GTRI’S Accelerated Plan 
 
GTRI has three goals–Convert, Remove, and Protect--that provide a comprehensive approach 
to achieving its mission and denying terrorists access to nuclear and radiological materials. 
 

• CONVERT. This program converts research reactors from the use of highly enriched 
uranium (HEU) to low-enriched uranium (LEU).  These effort result in permanent threat 
reduction by minimizing and, to the extent possible, eliminating the need for HEU in 
civilian applications.  Each reactor converted or shut down eliminates a source of bomb 
maternal. 

• REMOVE. This program removes and disposes of excess nuclear and radiological 
materials.  These efforts result in permanent threat reduction by eliminating bomb 
material at civilian sites.  

• PROTECT. This program protects high priority nuclear and radiological materials from 
theft and sabotage.  These efforts result in threat reduction by improving security on 
bomb material remaining at civilian sites--building by building—until a permanent threat 
reduction solution can be implemented.  

 
2.1 The Convert Program 
 
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.  This includes working with Mo-99 
producers to convert their operations to LEU targets.  The Convert Program is key to the GTRI 
mission because it removes the need for HEU at civilian sites.  Once the need is eliminated, any 
remaining HEU fresh and spent fuel can be permanently disposed of by GTRI’s Remove 
Program.  
 



The Convert Program metric is to convert or verify shutdown prior to conversion of 129 HEU 
reactors by 2018.  Since 2004, 18 reactors have been converted, 6 of which were completed in 
2008.  Six more reactors are scheduled for conversion in fiscal year 2009.   
 
To enable the conversion of 27 high-performance research reactors (6 of which are located in 
the U.S.), GTRI is developing a new ultra-high density LEU fuel.  The GTRI established the Fuel 
Fabrication Capability (FFC) project to work with industry, the Nuclear Regulatory Commission, 
the U.S. national laboratories, and other entities to accelerate efforts to create a commercial 
scale capability to fabricate and supply this new ultra-high density U-Mo LEU fuel.  This 
capability will allow the U.S. to meet its international commitment to HEU reduction.  It is hoped 
that this model will encourage other countries to meet their requirements.  
 
Also as part of the HEU minimization program, DOE is required by the Energy Policy Act 
(EPAct) of 2005 to report to the U.S. Congress on the commitments from commercial producers 
to provide Molybdenum-99 (Mo-99) to meet current and projected critical needs in the United 
States without the use of HEU.  As a first step, the National Academies was commissioned to 
perform a study on the technical and economic feasibility of procuring Mo-99 from commercial 
sources that do not use HEU.  The completed study entitled “Medical Isotope Production without 
Highly Enriched Uranium”, which did conclude it is technically and economically feasible, was 
released on January 14, 2009.  The EPAct also requires DOE to issue a report to Congress 
about the findings of the National Academies study and the existence of any commitments from 
commercial producers to meet 100% of the U.S. need for Mo-99 without HEU consistent with 
the feasibility criteria in the EPAct, and not later than the date that is four years after the date of 
submission of the report (which is anticipated for October 2009).   
 
The National Academies study also recommends that GTRI review other important 
considerations that will strengthen the HEU minimization program.  These include: development 
of a worldwide data base of research and test reactors in coordination with the IAEA to include 
large pulse reactors, critical facilities, and reactors with a defense orientated mission; 
investigation to determine if it is feasible to convert these reactors and include in the scope 
GTRI’s Convert program; and focus on eliminating HEU wastes that result from Mo-99 
production facilities using U.S.-origin HEU and examining options to down blend the waste or 
encourage its return to the United States.  
 
2.2  The Remove Program  
 
GTRI’s Remove Program supports the removal and disposal of excess nuclear and radiological 
material from civilian sites worldwide.  These efforts result in permanent threat reduction by 
eliminating nuclear and radiological materials that terrorists could acquire.  The materials 
include U.S.-origin, Russian-origin and “gap” material that are not covered under the U.S. or 
Russian programs.  Excellent cooperation with partner countries has enabled the removal of 
47% of the targeted vulnerable material to date.  The complex nature of the nuclear material 
shipments requires close coordination amongst host country, transporters, and final 
destinations. GTRI completed 4 shipments in 2008, but in its effort to accelerate material 
removal, it has scheduled 9 shipments in 2009, more that double the removals. 
 
Removal of abandoned radiological materials in other countries include radioisotopic 
thermoelectiric generators (known as RTGs), with emphasis on recovery within Russia.  An 
ambitious goal of removal or disposal of 851 Russian RTGs by 2017 has been established.  The 
close cooperation with Russian partners has resulted in successful removal of 50% 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. A cumulative total of over 20,300 domestic 
sources have been recovered.  GTRI is committed to remove at least 2,500 excess domestic 
radiological sources each year.  While this is an impressive milestone, each year over 3,000 
new sources are registered as excess creating a backlog of more that 8,000 sources to recover.   
 
2.3  The Protect Program   
 
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 approach is applied to evaluate 
and implement security measures.  The GTRI team works with international and domestic 
partners to:  perform site protection assessments; design the security upgrades; obtain a site 
sustainability commitment; install the security upgrades; and conduct table top exercises with 
facility staff to ensure an understanding and proficiency with the protection upgrade.   
 
Working with Federal, state and local agencies, GTRI has established a domestic goal of 2,191 
high-priority U.S. buildings that require protection.  This work has recently begun, and 17 have 
already been completed 
 
International nuclear and radiological material protection has identified 1,759 buildings that 
require protection.  To date, 30% are completed.  Acceleration of this effort is particularly 
important because upgraded security is necessary until a permanent threat reduction solution 
can be implemented   
 
3.  Conclusion 
 
Secretary of State Hillary Clinton stated in her confirmation hearing on January 13, 2009, 
“……The gravest threat ......is the danger that weapons of mass destruction will fall into the 
hands of terrorists. To ensure our future security, we must curb the biological, chemical, or 
cyber — while we take the lead in working with others to reduce current nuclear stockpiles and 
prevent the development and use of dangerous new weaponry….”iii  This urgent warning has 
been echoed by many other WMD experts and expert committees.  In order to meet President 
Obama’s goal to secure nuclear weapons material in four years, the NNSA has developed a 
plan to accomplish this goal.  Every facet of the GTRI mission will contribute to the success of 
this plan.  International partners around the world must be involved and will be welcomed in 
these important efforts.  
 
4.  References 
                                                 
i White House website, www.white.house.gov/agenda/homeland_security/ 
ii Ibid.  
iii Testimony of Senator Hillary Clinton before the Senate Foreign Relations Committee, January 13, 2009.   
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ABSTRACT 
Since 2003 the Technische Universität München (TUM) is strongly engaged on the 
UMo fuel development program. Dispersive UMo fuel type was firstly investigated 
through collaborative efforts involving CEA, TUM and AREVA-CERCA. IRIS 
TUM irradiation and associated PIEs were presented during international 
conferences. The European consortium also studied the fabrication of UMo 
monolithic fuel plates during 2005-2007 and tentatively manufactured full size plates 
for the irradiation program IRIS V. As the program unfolded technical information 
were obtained and gathered with the international community. UMo foils were 
produced at laboratory scale and different methods to clad the UMo foils within 
aluminium were investigated. Based on these first results TUM and AREVA-CERCA 
have decided to pursue a common effort on the development of monolithic fuel plates 
with the purpose of minimizing the enrichment in use. Emphasis will be more 
dedicated to the foil and cladding package preparation and further studies will be 
performed in order to investigate various processing techniques to join the fuel foil 
with the cladding. As a complete new approach for the manufacturing of monolithic 
foils and for foil cladding the DC magnetron sputtering technique is investigated. A 
full R&D program was defined between TUM and AREVA-CERCA. This paper 
aims at presenting the program, discusses the selected options and first results will be 
presented  

1. Introduction 
The monolithic fuel concept presented by INL early in 2002 allows the possible LEU 
conversion of high performance reactors which can’t be converted using dispersed UMo fuel. 
The basic principle is to replace a dispersive fuel form with a density of 8 gU/cc by a solid 
form of UMo where a density close to 17 gU/cc can be reached.  

The technical challenges for this kind of fuel are multiplex: Instead of having numerous 
interfaces between the matrix and each grain the interface is now reduced to two large 
interfaces on top and the bottom of the monolithic foil. Which kind of interlayer is best suited 
for an excellent adhesion of the cladding and for suppressing the interdiffusion layer? How to 
produce large foils with a typical thickness of 300 – 500 µm on an industrial scale to 
affordable costs? How to introduce gradients in thickness for the foils? Can the assembled 
fuel plate be shaped to geometries others than flat? And last but not least, how do large tests 
plates behave under in-pile irradiations which simulate the heat load and burn-up of high 
performance reactors? 



 

2. State of the art  
For fuel plate design, new processes technologies as friction welding (FW), AREVA-
CERCAs welding and hot isostatic pressure (HIP) were proposed and evaluated during the 
last few years. Miniplates manufactured by INL through FW and HIP processing were 
irradiated in ATR according to the RERTR irradiation program. These irradiation results have 
brought a basic set of information regarding monolithic fuel concept behavior under 
irradiation. Mainly the weak interaction layer (IL) which is formed during irradiation at the 
UMo foil and Al cladding front edge interface should be eliminated to prevent any 
detrimental debounding in the course of the  fuel burn-up during operation.  

Anyhow at the same time a diffusion barrier in between the different materials to be bounded 
must be observed in order to withstand the mechanical stress in use as well as guaranty the 
heat dissipation required by the performance of the fuel during irradiation. A dedicated 
material which can simultaneously bring a good mechanical bound between the cladding and 
UMo foil and also reduces the formation of the IL should be defined.  

A full R&D program is then required to down select such materials and to study a processing 
method to form this barrier. The beginning easy principle becomes more complex and a 
monolithic plate appears as a challenge to assemble a multilayer material: cover, barrier and 
UMo foil. AlSi or Zr layer have been proposed as a remedy for the bonding and diffusion 
problem and are still being investigated by INL [1].  

More challenging, the fuel meat which is a solid UMo foil has to be produced at a large scale 
and throughout a cost effective processing way. UMo foils elaboration at a laboratory scale 
was described previously [2] and developments are ongoing at Y12 complex to scale up the 
UMo foils production [3]. 

The UMo foil production must include a step where the needed barrier that should wrap up 
the UMo foil surface has to be processed. Specifically shaped fuel plates including gradients 
in the thickness of the UMo foil have also to be considered as it may be necessary for research 
reactors with highest power density. This aspect needs to be further studied in order to 
integrate this demand early in the manufacturing foil development stage. Dedicated program 
was recently launched by INL to evaluate the production of shaped UMo foils [4]          

As previously described a stainless material barrier can also be advantageously used to protect 
the UMo foils from oxidation prior or during monolithic plate processing [5].  

Recently 4 full size monolithic plates composed of AlSi and Zr barrier processed by FW were 
irradiated through AFIP 2 experimental test with a peak power up 350 W/cm2 (US/DOE 
program carried-out by INL). PIEs results are awaited for this year. The preliminary 
ultrasonic test inspection results performed by INL seem to indicate a relative good plate 
behavior under irradiation. The prototypes manufacturing results presented by INL state the 
difficulties to master routinely the monolithic plate fabrication. 

Following a common effort started 5 years ago through a collaborative program carried out 
between CEA, AREVA-CERCA and TUM, TUM and AREVA-CERCA have commonly 
defined a new R&D program aiming at evaluating and testing the main challenges on the road 
of monolithic plate processing. In order to save time and taking into account to the ongoing 
development dedicated to UMo foil production our program will be conducted using depleted 
UMo foils coming from dedicated outside entities.  

The monolithic program has been split down into sub items as shown in Table 1.  



 

The program is scheduled to start this year and final results are forecasted at the latest 
beginning of 2011. As soon as successful results will be available an irradiation program 
encompassing the best down selection options will follow. In the following section each item 
is further detailed.  

Items Objective Dedicated tools 

Depleted UMo 
Foil  

To have foils in order to carry-out the 
program (uncoated and coated foils) 

 

Material down 
selection & 
processing 

To down select an appropriate 
material barrier between UMo foil and 
cladding  

To depose a selected material on UMo 
foils 

Heavy ion irradiation of a set 
of UMo samples by FRM II 

 

Sputtering at FRM II  

Monolithic plate 
processing  

To investigate the material 
compatibility through the selected 
monolithic plate processing  

To further evaluate monolithic plate 
processing through AREVA-CERCAs 
processing options i.e. C2TWP and/or  
HIP 

 

AREVA-CERCAs machineries 

 

FRM II characterization tool 
box 

Table 1: FRM II & AREVA-CERCA monolithic program summary 

3 Material down selection & processing  
3.1 Options to reduce the formation of an unwanted IL at the UMo-Al 

interface 
Regarding the UMo/Al system there are in principal three possibilities reported to avoid the 
formation of an undesired IL during pile irradiation. A literature inquiry in current and older 
publications revealed the most promising candidates: 

a) Addition of a diffusion-limiting element to the Al-matrix which contains the UMo 
particles. 

It has been found that the addition of Silicon to the Aluminium matrix limits the 
formation of an interdiffusion layer at the interface UMo-Al. However, uncertainties 
remain for the optimal Silicon addition that should be added to the Aluminium matrix 
[6, 7, 8]. Moreover, diffusion coefficients given in older literature show, that the 
addition of Titan, Bismuth, Beryllium or Antimony to the Aluminium matrix is even 
more powerful in suppressing the formation of the interdiffusion layer than Silicon. 
Especially Bi has been found to be most promising due to its low neutron cross section 
and its high density [9]. 

b) Usage of ternary UMo alloys. 

Creation of ternary U-Mo-X alloys seems to have in some cases a suppressing effect 
on the formation of the interdiffusion layer. The main reason for this effect is the 
stabilization of the UMo γ-phase by the third element [10,11]. Consequently, the 
addition of some wt% of Ti, Nb, Pt, Si or Pd to the U-Mo has been considered [12,13]. 

c) Insertion of a diffusion barrier at the interface UMo-Al. 



 

It is known since the early days of metallic fuel element development that an oxide 
layer at the interface Uranium-Aluminum prevents the formation of a diffusion layer 
very effectively [9]. Also in UMo-Al test fuel plates irradiated in-pile an oxide layer 
around the UMo particles has proven its effectiveness [14]. Furthermore, Nb, Ta, Ti or 
Zr has been proposed as a diffusion barrier [14, 15, 16]. 

d) Any combination of a), b) and c) 

e) Usage of a completely different matrix material, such as Magnesium.  

In 2006 it has been shown that it is possible to emulate the IL growth during in-pile 
irradiation of UMo/Al specimens by out-of-pile irradiation with 127Iodine at 80 MeV. Typical 
burn-up fission densities are achieved within a few hours [17,18]. Because the energy of the 
ions usually is far below the Coulomb barrier the UMo samples are not activated during 
heavy ion irradiation. They are therefore easily accessible with normal laboratory equipment 
(SEM, EDX, and XRD). 

Since then, considerable progress has been made to improve the reliability of this method. In 
collaboration with CEA-Cadarache, TUM has build up a complete new irradiation setup at the 
tandem accelerator in Garching (Maier-Leibnitz Laboratorium) which allows monitoring and 
controlling the irradiation conditions like flux, fluency, vacuum and sampling temperature 
automatically. The new setup allows the quick irradiation of different kinds of samples [19]. 

Consequently, we decided to start an irradiation campaign at the tandem accelerator in 
Garching to screen as many combinations of the materials mentioned above as reasonably 
possible. For the irradiations UMo powder dispersed in an Aluminum matrix has been chosen. 
The results are also valid for the here described monolithic fuel development program, 
because anyhow the interaction between Al matrix, IL and UMo will be the focus of our 
characterization. 

We decided to divide the options mentioned into three parts (compare Tab. 2). For each 
option, one miniplate (in total 20) has been provided by AREVA-CERCA. 

The first part consists of atomized U7wt%Mo powder dispersed in an Al matrix with and 
without addition of secondary elements. 2wt%Si, 5wt%Si and 7wt%Si have been chosen as 
addition to the Al matrix to find the best Silicon concentration. Furthermore, 2wt%Ti, 
2wt%Bi and 5wt%Bi have been added to the Al matrix, respectively, to check the positive 
effect of these elements. It has been reported, that the addition of Magnesium to Aluminum 
accelerates the diffusion at the U-Al interface [8]. In consequence, 2wt%Mg has been added 
to the matrix to check this effect. In each case the samples have been prepared with and 
without an oxide layer (UO2) of ~2µm thickness around the UMo particles, to check its 
effectiveness as a diffusion barrier – second part.  

The third part consists of ternary U8wt%Mo-x ground powder dispersed in a pure Aluminum 
matrix. To study the principal effect of alloying the UMo, 1wt%Ti, 1,5wt%Nb, 3wt%Nb and 
1wt%Pt have been added. One miniplate consisted of UMo dispersed in Magnesium, covered 
with AlFeNi. It was not possible to prepare a sample for irradiation from this miniplate. The 
meat was grayish and very brittle. It broke apart during cutting and polishing. 

It was not possible to obtain UMo particles coated with metals like Ta or Ti to check the 
impact of those elements on the formation of the diffusion layer during bombardment with 
heavy ions. However, examinations on this issue are planned on monolithic UMo/Al layer 
systems that will be prepared with the newly installed sputtering device. 

From the 20 miniplates provided by AREVA-CERCA 60 samples have been prepared for 
irradiation with 127Iodine at 80 MeV. First irradiations have been performed since fall 2008 
with an integral of 1x1017 ions/cm² for each sample. This corresponds to a full burn-up of a 



 

high flux research reactor. The irradiation temperature was ~200°C. The irradiation campaign 
will be finished until summer 2009. Examinations on already irradiated samples are ongoing. 
The full set of data will be available until end of 2009. 
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Tab 2: List of mini-plates provided by AREVA-CERCA for heavy-ion irradiation. The 

irradiation has been completed for miniplates earmarked with (*).  

3.2 Sputtering techniques 
The sputtering process offers the advantage, that perfect layers from any material can be 
grown on any substrate in any size. This means to the first, that monolithic full size foils and 
blank sheets from any given UMo alloy can successfully be produced. It means to the second, 
that a given UMo foil or blank sheet can be surrounded with a layer of any desired material, 
be it as a diffusion barrier or as a cladding. It means to the third, that bonding between the 
different layers is not a problem at all, because the layers will have the maximum physically 
possible adhesion to each other. 

On laboratory scale the sputtering technique provides the opportunity to quickly produce 
small numbers of high quality full size fuel plates for irradiation tests and further 
examinations, which is our primary aim. The applicability of sputtering to industrial scale 
seems promising but has to be further examined. 

Over the last two years TUM has built up two DC magnetron sputtering assemblies: a small 
tabletop setup for the production of samples sized 100mm x 100mm as well as a large plant –
see Fig. 1 - for the fabrication of plates sized 700mm x 65mm. Both assemblies have 
successfully been operated in the past with surrogate materials as copper or stainless steel and 
the process of  full size foil production as well as the process of cladding respectively 
depositing a barrier layer on these foils have been shown successfully [20].  

Sample Nr. Alloy Matrix Comment 

MAFIA-I-1* U-7Mo Al-atomized 
MAFIA-I-2* U-7Mo-ox Al-atomized 

Reference specimen 

MAFIA-I-3* U-7Mo Al98-Si2 
MAFIA-I-4* U-7Mo-ox Al98-Si2 
MAFIA-I-5* U-7Mo Al95-Si5 
MAFIA-I-6* U-7Mo-ox Al95-Si5 
MAFIA-I-7* U-7Mo Al93-Si7 
MAFIA-I-8 U-7Mo-ox Al93-Si7 

Different Si concentrations to find the 
best concentration 

MAFIA-I-9 U-7Mo Al98-Mg2 
MAFIA-I-10 U-7Mo-ox Al98-Mg2 

Mg accelerates formation of IDL. 
Reproduction of this effect. 

MAFIA-I-11 U-7Mo Al98-Ti2 
MAFIA-I-12 U-7Mo-ox Al98-Ti2 

Study the effect of Ti on IDL 
formation 

MAFIA-I-13 U-7Mo Al98-Bi2 
MAFIA-I-14 U-7Mo-ox Al98-Bi2 
MAFIA-I-15 U-7Mo Al95-Bi5 
MAFIA-I-16 U-7Mo-ox Al95-Bi5 

Different Bi concentrations to find the 
best concentration 

MAFIA-I-17 U-7Mo Mg 
Mg matrix, did not work, brittle 
matrix, matrix with no adhesion to 
cladding 

MAFIA-I-18 U-7Mo-1Ti Al-ground 
MAFIA-I-19 U-7Mo-1,5Nb Al-ground 
MAFIA-I-20 U-7Mo-3Nb Al-ground 
MAFIA-I-21 U-7Mo-1Pt Al-ground 

To study principal effect of alloying 
the UMo on formation of IDL. 



 

End of 2008 first DU-8wt.%Mo (depleted Uranium) foils have been sputtered successfully. 
DU-8wt.%Mo foils with 120mm x 50mm in size and 150 µm thickness were produced inside 
the tabletop assembly in 28 hours of sputtering. The surface quality of these foils is still poor 
due to thermal stress effects. A phase analysis of the deposited layer showed the DU-
8wt.%Mo to be in the desired γ-phase after the sputtering process. These experiments are 
continued with the aim to reduce the thermal stresses.  

In parallel the large sputtering plant was mounted inside a glove box to enable operation 
under inert atmosphere. The inert atmosphere guarantees, that the concentration of oxygen 
during the production of foils, barrier layers or cladding and even during handling of the 
material is always below 10ppm, which results in a nearly complete suppression of oxidation 
and oxide layer formation in all process steps. 

The sputtering plant is currently installed in a radioisotope laboratory and will be ready for 
operation within the next weeks. 

 
 

 
 

Fig. 1: DC-magnetron 
sputtering plant for 
foil production and 
barrier / cladding 
deposition in full size. 
 

The main emphasis of the large sputtering device will be barrier coating and cladding 
deposition. Manufacturing of full size foils by sputtering DU-8wt.%Mo will be continued, 
too. But the perspectives to introduce this technique for an industrial production of UMo foils 
are still in the future.  

4 Monolithic plates processing  
As the main conclusion of the monolithic plate processing program carried-out in 2005-2007 
we found that the difficulty encountered to clad an UMo foil with Al covers using an 
AREVA-CERCAs methodology was linked to the UMo foil oxidation during plate 
processing. This effect was especially observed during the production of UMo full size plates 
[2]. Replacing the UMo by a stainless steel foil of the same thickness a perfect bounding 
junction was always obtained. During these tests the UMo foil surface was free of any 
material barrier which is today strongly advised for preventing any wrong irradiation 
behaviour due to the IL growth formation at the Al/UMo interface. This barrier can also be 
advantageously used to prevent the oxidation of the UMo foil and then improved the 
efficiency of our processing method. Processing parameters can also be adjusted in order to 
reduce the temperature preventing oxidation.  



 

The new program is structured into several phases where a material compatibility study shall 
be performed first. This stage should be performed to validate the compatibility of the barrier 
material we want to use with the Al covers and also the processing tool deployed. After this 
material down selection (heavy ions studies and compatibility aspects) miniplates and full size 
plates will be processed. In case of unexpected results recorded with this first manufacturing 
option a processing back-up program will be launched. The back-up option is based on HIP 
processing.  

As previously did the quality of multilayer interfaces bounding will be checked through 
ultrasonic test (UT), metallographic inspection and dedicated mechanical test at TUM. The 
characterization tools available are presented in the following section.  As proposed and 
already under evaluation in the US side the first evaluation will start with Zr coated depleted 
UMo foil.   

5 Characterization 
The here presented R&D program will benefit from the huge variety of methods and 
competences for the physical and chemical characterization, which are offered by the 
university campus at Garching. The nuclear operation licences of the Institute of 
Radiochemistry and the FRM II itself allow the handling of α-emitters like Uranium. 
Scanning electron microscope and EDX can be used with open α-emitters. XRD will serve for 
structural and phase analysis. FRM II itself is one of the leading neutron scattering facilities 
and offers among others non-destructive analysis of the internal strains introduced by the 
processing techniques (deposition, plate processing and bending). Micro focus beams of 
synchrotron radiation allow the spatial resolution of structures on a scale smaller than 1 µm 
[21]. Precise chemical element analysis serves as a gauging for locally resolved EDX 
analysis. Mechanical pulling tests will check the adhesion of the sputtered layers. 

6. Conclusion 
A new R&D monolithic program was defined in collaboration with AREVA-CERCA and 
TUM. 

From barrier material down selection to monolithic plate processing our program 
encompasses the overall identified aspect which needs to be investigated to successfully 
produce a monolithic UMo plate.  

The tools used will be adapted according to the maturity of the technology from a R&D lab 
scale to an industrial workshop. A part of the results will benefit to the ongoing UMo 
dispersive development program.  

As soon as our program will answer to the main challenges, an irradiation of monolithic UMo 
LEU plates will be considered.  
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ABSTRACT 

 
Since RRFM 2008 meeting, held in Hamburg, Germany, LEU fuel and target R&D 
activities in CNEA were focused on: the commissioning for operation of the LEU 
core converted RA-6 reactor, applied research and development on dispersed U-
Mo/Al(-Si) in Al cladding and monolithic U-Mo in Zry-4 cladding concepts to 
understand reaction mechanisms in interaction zone formation and developing 
promissory solutions for VHD monolithic and dispersed fuels and also CNEA 
continued deploying R&D on LEU target and radiochemical technology for 
radioisotope production, meeting international quality standards 

 
1. Commissioning for operation for the RA-6 reactor with its new LEU core. 
 
The RA-6 reactor is a pool-type 0.5MW one sited at San Carlos de Bariloche city, 
Province of Río Negro, Argentina. During 2008 following tasks took place: 

• Transport of the new LEU core from the ECRI plant sited at the Constituyentes 
Atomic Center (close to Buenos Aires City) to the RA-6 reactor building. This new 
core is made of 25 regular and control fuel assemblies with a dispersion of U3Si2 
and Al powders, 4.8 gU/cm3 density, Cd wires were employed as neutron 
absorbers.    

• Preliminary tests for loading the new core started in September 18th, 2008. 
• Criticality start-up operations, started on January 19th, 2009. 
• Formal re-inauguration took place on March 16th, 2009  

This last operation completes the 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.  
  
2. Applied R&D on dispersed and monolithic U-Mo fuels.  
• New results from out-of-pile tests using high intensity synchrotron X-rays diffraction 

techniques performed in the LNLS Campinas, Brazil are presented. Characterization 
of phases in the interaction layer, after 340ºC and 550ºC temperature treatment in 
diffusion couple samples of U-Mo(-Zr) / Al(-Si) were optimized. 

 
3. Development and irradiation of promissory solutions to VHD monolithic 

and dispersed fuels technical problems  
• Some improvements were done in the development of dispersed and monolithic 

fuels made with Uranium-molybdenum alloy. The purpose is to have additional 
alternatives to cover HEU-LEU conversion possibilities.  

• The IAEA’s Technical Cooperation, the project ARG/4/092 to irradiate and PIE in a 
high flux reactor a full scale fuel assembly prototype finished the tender process 
and a provider was selected. 



• CNEA have been working in the fabrication of depleted 8 gU/cm3 U-7Mo based 
miniplates. Once this process is stable and repetitive, the fabrication of a LEU 
prototypic fuel assembly will follow.  

• 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 
were employed. Fabrication conditions of dispersed U-Mo miniplates and scaling-
up to plate size related problems were achieved. 

• 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[i] and developed and converted 
to LEU-based production in 2002. CNEA manufactures its own uranium-aluminum 
alloy plate LEU targets[ii].  

• 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[iii] 

• 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[iv]. 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. 

• 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, and with INVAP built all-LEU production systems in 
Australia and Egypt 

• Future plans: at present, CNEA is considering to expand 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. 

                                                      
i Cols, H. J., P. R. Cristini, and A. C. Manzini. 2000. Mo-99 from low-enriched uranium. 2000 International RERTR Meeting, Las 
Vegas, Nevada, USA, 1-6 October, 2000. Available at http://www.rertr.anl.gov/Web2000/PDF/Cristi00.pdf 
ii Kohut, C., M. de la Fuente, P. Echenique, D. Podesta, and P. Adelfang. 2000. Target development of low enrichment for 
production of 99Mo for fission. 2000 International RERTR Meeting, Las Vegas, Nevada, USA, 1-6 October, 2000. Available at 
http://www.rertr.anl.gov/Web2000/PDF/Fuente00.pdf 
 
iii Durán,A. 2005. Radionuclide Purity of Fission Mo-99 Produced from LEU And HEU. A Comparative Study. 2005 International 
RERTR Meeting, Boston, Massachusetts, USA, November 6-10, 2005. Available at http://www.rertr.anl.gov/RERTR27/PDF/S8-
3_Duran.pdf. 
 
iv Cestau D., A. Novello, P. Cristini, M. Bronca, R. Centurión, R. Bavaro, J. Cestau, E. Carranza. HEU and LEU cost 
comparison in the production of molybdenum-99.  2008 International RERTR Meeting, Washington, DC, USA, 5-9 October 
2008, and Cestau D., A. Novello, P. Cristini, M. Bronca, R. Centurión, R. Bavaro, J. Cestau, E.Carranza. 2007. HEU and LEU 
comparison in the production of molybdenum-99. 2007 International RERTR Meeting, Prague, Czech Republic, Sep. 23-27, 
2007. Available at http://www.rertr.anl.gov/RERTR29/PDF/6-4_Cestau.pdf 
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1 Context – Motivation for the development of the JHR 
Sustainable and safe nuclear energy requires up-to-date experimental capacity to test fuel 
and material behaviour under irradiation with a high level of performances in order to meet 
needs of industry, research and public bodies: 

- A constant improvement of the performances and safety of present and coming 
water cooled reactor technologies. Taking into account the lifetime extension and the 
progressive launch of generation III, NPPs using water coolant will be in operation through 
the entire century. They will require a continuous R&D support following a long-term trend 
driven by the plant life management, safety demonstration, flexibility and economics 
improvement.  

- Fuel technology in present and future nuclear power plants is continuously upgraded 
to achieve better performances and to optimise the fuel cycle, still keeping the best level of 
safety. Fuel evolution for generation II and III is and will stay a key stake requiring 
developments, qualification tests and safety experiments to ensure the economical 
competitiveness and safety. Experimental tests, exploring the full range of fuel behaviour, 
contribute to determine fuel stability limits and safety margins, as a major input for the fuel 
reliability analysis.  

- To meet nuclear energy sustainability, in terms of resources and waste 
management, fast neutron reactors are mandatory and require innovative materials and fuels 
which resist to high temperatures and/or fast neutron flux in different environments. These 
environments will be needed for demonstrating the technical, economical and safety 
performances of these technologies. The selection, optimisation and qualification of these 
innovative materials and fuels raise critical issues concerning their in-service behaviour; 
utilisation of high performance Material Testing Reactors and other facilities will be 
necessary to fix these issues. 
These above stakes require a sustainable and secured access to an up-to-date high 
performance Material Testing Reactor. In addition, such a new research infrastructure will 
contribute to build up technical skills in the nuclear industry and to train a new generation of 
research scientists, engineers and, ultimately, executives.  
 

2 JHR construction and associated experimental devices development  
The Jules Horowitz Reactor project (JHR) copes with this context. JHR is designed as a 
user-facility reaching the needs of the international community. This means:  

• flexibility with irradiation loops able to reproduce the operation condition of the 
different power reactor technologies, 

• high flux capacity to address both Generations II, III, IV needs. 
 
JHR is designed, build and will be operated as an international user-facility because: 
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• Given the maturity and globalisation of the industry, domestic tools have no 
more the required level of economic and technical efficiency. Meanwhile, 
countries with nuclear energy need an access to high performance irradiation 
experimental capabilities to support technical skill and guarantee the 
competitiveness and safety of nuclear energy.  

• Many research items related to safety or public policy (waste management, 
etc.) require international cooperation to share costs and benefits of resulting 
consensus. 

 
JHR design is optimised for offering high performance material and fuel irradiation capability 
for the coming decades.  
This project is driven and funded by an international consortium gathering vendors, utilities 
and public stakeholders. This consortium has been set up in March 2007 where the 
construction began. On site excavation is now completed; the civil work will start in spring 
2009 and the start of operation is scheduled for 2014. 

At the present time, the members of the consortium are: 

• Research European bodies: the European Commission for Europe, SCK/CEN 
(Belgium), NRI/UJV (Czech Republic), VTT (Finland), CEA (France), CIEMAT 
(on behalf of several public and industrial Spanish partners) 

• International industrial companies: EDF, AREVA; VATTENFALL 
Moreover, two associated partners are committed in the JHR project: JAEA (Japan), DAE 
(India). 
Discussions are on-going with research institutes and utilities to enlarge the JHR consortium.  

The JHR experimental capacity 
The JHR is a research infrastructure to perform screening, qualification and safety 
experiments on material and fuel behaviour under irradiation.  
JHR is a water cooled reactor to provide the necessary flexibility and accessibility for 
managing several highly instrumented experiments, reproducing different reactor 
environments (water, gas or liquid metal loops), generating transient regimes (key for safety).  
The JHR facility gathers (cf figure 1): 

• the reactor building including the core, the cooling system and the experimental 
bunkers directly connected to the core through pool wall penetrations 

• the auxiliary building including the pools and hot cells necessary for the 
experimental irradiation process.  



O 75 Bignan.doc - DI - 3 / 10 20/02/2009 

Fig 1. JHR layout showing the Reactor Building and the Auxiliary Building, crossed 
together by a water block connecting the core, the poles and the hot cells 

 
 
JHR core (cf figure 2) is optimised to produce high fast neutrons flux to study structural 
material ageing and high thermal neutrons flux for fuel experiments.  
 
Fig 2. The JHR core, in his core pool, is a high power density fuel rack in a vessel slightly 
pressurised and surrounded by a Beryllium reflector. Experiments can be implemented in the 
centre of fuel elements, in place of fuel elements, in beryllium block or in water channels 
crossing the reflector. Experiments are connected to dedicated casemates in the reactor 
building through pool wall penetrations. 

Material ageing
(up to 16 dpa/y)

Gen IV fuels 
(GFR, ..)

In core:
High fast neutron flux

(up to 1015 n/cm²/s > 0.1MeV)

Fuel studies
(up to 600 W/cm with a 
1% 235U PWR rod)

Displacement systems
To adjust the fissile power
To study transients

In reflector:
High thermal neutron flux

(up to 5.5 1014 n/cm²/s)

20 simultaneous experiments 
coupled with 4 cells, bunkers,  

fission product on line laboratory, …

 
 
The JHR experimental capability is typically ~ 20 simultaneous experiences (in-core and in 
reflector) providing suited environments relevant for different reactor technologies and high 
neutron flux:  

• Fast neutrons perturbed flux (taking into account a full experimental loading):  
 - 1015 n/cm²/s >0.1MeV, resp. 5.1014 n/cm²/s >1MeV 
 - Damage per year: 16 dpa/year (8 times the LWR flux on internal material 
allowing to accelerate ageing) 

• Thermal neutrons flux: 5,5 1014 n/cm²/s, 600W/cm on 1% enriched fuel 
pin (to accelerate fuel BU and to simulate power transients) 

The JHR experimental performance relies also on key out-of-core components: 

• Loops for power reactors in normal or non-normal conditions  
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• Effective transient devices for safety studies, a major scientific 
challenge 

• Hot cells for the current operation (preparing the experiment, non 
destructive exams) and alpha cell for Safety fuel experiments 

• On line instrumentation and control (more data, better management, 
extrapolation capability with modelling) 

• On line fission product measurement laboratory for gas and liquids 
 
Last but not least, the JHR performance relies on the JHR experimental devices fleet. The 
starting of the development phases is related to the maturity of the demand and depends on 
the complexity of the device to set up1.  
 

3 Preliminary Safety Analysis of the reactor fuel 
In order to comply with the evolution of safety requirements and to guarantee long term 
operations, the construction safety standards of JHR have been significantly improved 
compared to MTRs built in the 60s. 

• The safety approach of JHR takes into account a systematic assessment (and 
the implementation of necessary design modification) of external or internal 
hazards on the nuclear buildings. 

• Furthermore, the JHR confinement is designed to face severe accident 
conditions. The so-called “Borax accident” (hypothetic beyond design reactivity 
accident with explosion and core melt) is taken into account in the design of the 
containment and the water bloc. 

• In addition, the JHR safety approach addresses irradiation devices as a 
potential aggressor of the facility. This problematic involves potentially energetic 
experiments (PWR loops, safety tests) and/or tests with significant radio 
isotopic content (eg. Tests on minor actinides). 

 
Under the French laws and as part of the licensing procedure leading up to the decree 
authorising setting-up JHR large-scale nuclear facility, an examination of the Preliminary 
Safety Analysis Report (PSAR) by the French Nuclear Safety Authority (ASN) has led to the 
preliminary approval of the reactor fuel for the driven core.  
 

3.1 Background and updated practices  
In the past, the authorisation to use a fuel in a French research reactor was obtained on the 
basis of a qualification irradiation, which involved baking fuels samples under normal reactor 
conditions. This authorisation was generally dependent on the feedback provided by its use 
in the reactor or via the irradiation of several fuel elements prior to total core conversion. This 
phase helped to validate the expected fuel behaviour under operating conditions. However, 
only normal operating conditions were tested. 
 
For non-normal conditions, numbers of tests were performed on MTR fuels in the 1960s. 
They involved aluminium-based fuel plates containing highly-enriched uranium. Reactivity 
insertion accidents (RIA) and their behaviour were especially studied in the USA using the 
SPERT reactor and in France using the CABRI reactor. These tests have not been updated 
since this time. 
 

                                                 
1 For more information about these developments see the presentation of Daniel Parrat on RRFM 2008 
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The practice of baking samples of future fuels under normal operating conditions was 
questioned within the JHR project. A reassessment of past experiments relevance appeared 
to be necessary to support the safety demonstration for utilising aluminium-based fuels in 
JHR. Furthermore, French safety standards for research reactors have been upgraded to a 
level similar to that of power reactors. As early as the first discussions on the JHR safety 
options in 2003 in preparation of the licensing procedure, ASN and its technical support 
IRSN2 asked the CEA to upgrade JHR safety to a level of performance comparable to the 
EPR project. ASN therefore issued a certain number of fuel recommendations, which are 
recalled below: 
 
The CEA shall aim to design a driven core fuel that at least rules out cladding failure under 
Category 1(normal) and 2 (incidental) operating conditions.  
 
The CEA shall specify the functional requirements that will be chosen for the first barrier 
(cladding) and for the fuel with regard to the different categories of operating conditions, 
including the related “operating limits", particularly in terms of temperature thresholds (fuel, 
cladding and primary water) and cladding failure rates applied in accident studies. 
 
The fuel to be used in JHR must be qualified taking into account the operating conditions that 
are specific to this research reactor. 
The operator shall submit its fuel qualification programme to ASN detailing its suitability in 
relation to the operating limits chosen for the different operating conditions and including 
accident conditions.  
This programme must address the radionuclide release rate in the event of cladding failure.  
Prior to examining the impact of these requests on the fuel development and qualification 
process, it is important to recall the general safety framework required for JHR so as to 
clearly understand the overall situation. 
  

3.2 Overview of JHR PSAR  
The safety approach developed for JHR and described in the JHR Preliminary Safety 
Analysis Report (PSAR) has been derived from power reactor methodology, taking 
advantage of decades of upgrades from early PWRs up to the EPR. This methodology has 
been adapted to the JHR experimental facility integrating feedback from the French 
experimental reactor. 
 
The approach is deterministic and based on the principle of five levels of defence-in-depth. 
The JHR safety approach aims to show that the measures taken to apply these five levels 
are sufficient with regard to the General Safety Objectives (GSO) set for this facility. The 
purpose of the regulatory analysis is to demonstrate: 

• Compliance with regulatory texts applicable to the design, implementation and 
operation of a nuclear facility, e.g. application of the ALARA principle. 

• Compliance with the general safety objectives (GSO) defined by the nuclear 
operator and documented in a Safety Options File. This file was examined in 2003 
by the Safety Nuclear Authority. These GSO define general rules for safety studies 
and make it possible to assess radiological risks expressed in terms of envelope 
operating conditions and radiological consequences (see below). 

                                                 
2 Institute for Radiation Protection and Nuclear Safety 
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• Compliance with internal and external hazards (e.g. fire, explosion, flooding, aircraft 

crash, earthquake, etc.). It is checked that internal and external hazards do not lead 
to more severe operating conditions, 

• Compliance with specific requirements on radioprotection, waste management, 
decommissioning, human factors, reliability (redundancy and the single failure 
criterion, diversity, etc.), physical protection, facility flexibility (core changes), etc. 

 
By applying the above-described methodology, the JHR design has the required quality to go 
through each stage of the licensing process, as any new modern nuclear power plant. 
 

3.3 JHR fuel description 
The reference fuel for JHR is UMo fuel (~8 g/cc UMo <20% 5U) as a high-density, low-
enriched reprocessable fuel. The CEA is deeply involved in international collaboration aiming 
to develop UMo. As this fuel is not yet available as an industrial product qualified for JHR 
operation, the CEA is qualifying a back-up fuel solution (4,8g/cc U3Si2, 27% 5U) for the first 
power operations of JHR. Two fuel solutions are therefore described in the JHR PSAR. 
 
Fuel assembly 
 
The fuel sub-assembly design was stabilised after the optimisation phase. This sub-
assembly consists of an element with 8 concentric crowns; each crown results from the 
coupling of 3 bent U3Si2/Al fuel plates (see Figures 1 & 2) crimped inside 3 aluminium 
stiffeners. For neutron considerations, small boron (10% mass) /aluminium plates are set in 
the upper side of the fuel plates. 
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Fig 1. Fuel sub-assembly Fig 2. Cross section 

 
A manufacturing phase has started with AREVA/CERCA in order to qualify the industrial 
production of this fuel sub-assembly. Ongoing tasks are aiming to meet the following 
objectives: 

• procure equipment specific to the manufacture of the JHR plates and elements,  

• establish manufacturing parameters to meet the manufacturing and inspection 
specifications for the JHR assembly, 

The manufacturing specification was drafted in 2008. Industrial-scale prototypes will be 
manufactured on the basis of this specification. These prototypes (12 assemblies) will be 
used in qualification programmes, i.e. the AMMON programme conducted in the EOLE 
reactor at CEA/CADARACHE, and the EVITA irradiation campaign in the BR2 reactor at 
SCK/CEN in Belgium.(see presentations at this conference) 

Fig 3. Fuel assembly 
 

 
 
 
Design and operating limits 
 
Safety options and functional requirements 
 
On the basis of this description, the ASN recommendations in 2003 led the CEA to setting 
the following functional requirements for the fuel: 
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Operating category (OC) Functional requirements 

OC1- Normal conditions Cladding integrity 

OC2 - Incident conditions Cladding integrity 

OC3 - Emergency conditions Several failures possible but 
no fusion 

OC4 - Faulty conditions Fusion possible though limited 

 
Based on these requirements, the fuel (plates and elements) is designed to guarantee three 
fundamental reactor safety functions: 

- Confinement of radio elements, 

- Removal of decay heat,  

- Control over reactivity.  
 

The “radioelement confinement” function is directly related to the cladding integrity which 
acts as a containment barrier.  
 
The “decay heat removal” and the "reactivity control" functions are related to the geometric 
integrity of the fuel sub-assembly and the stable core configuration, which ensure the 
hydraulic flow inside the cooling channels and the insertion of absorbers into the core. 
 
Reactivity is controlled by maintaining the free movement of the absorbers, which means that 
any major changes in the geometry of the fuel sub-assemblies and the core must be 
avoided. 
 
This analysis resulted in the definition of a set of functional fuel requirements in relation to 
the different operating categories. 
 

Operating 
category 

Mechanical 
integrity 
(leaktightness) 

Geometric 
integrity No fusion No risk of 

explosion 

OC1 & OC2 required required required required 

OC3   required Required 
OC4    Required 
 
These requirements will need to be transposed into quantitative criteria for the facility safety 
analysis in order to demonstrate that the general safety objectives (GSO) are being met. 
 
Operating limits, collapse modes and fuel criteria 
 
The following validation criteria for normal operation have been investigated and are 
described in others papers in this conference (MC. Anselmet et al) 
- Cladding mechanical integrity 
- Local geometric integrity of plates 
- Overall geometric integrity of plates 
- No fusion 
- No violent exothermal chemical reactions between components 
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Summary of transient criteria 
The table below summarises all the criteria for U3Si2 which now correspond to standard 
practice in the field of experimental reactors, combined with the categories of operating 
conditions. 
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 Mechanical criterion 
during definition phase T meat  < 515 °C T cladding < 661166  °°CC  

T meat < 664455  °°CC T meat< 915°C 

 

3.4 Experimental programme and fuel tests 
U3Si2 fuel has been successfully used on an international level for several years now and 
benefits from a large amount of feedback. Within the JHR context however, this fuel will be 
subjected to higher loads than usual so CEA has developed a suitable qualification 
programme for this fuel under normal operating conditions.  
 
The key objective of the analytical experiments is to validate a failure criterion, which must be 
defined without any reference materials. The method is mostly based on comparing 
calculations of the main mechanical quantities (e.g. stress or deformation) with threshold 
values measured on the cladding material. 
 
Integral hydraulic or irradiation experiments will then aim to validate the design by 
demonstrating the satisfactory behaviour of the fuel sub-assembly. 
 
Hydraulic tests 
Hydro-mechanical tests were conducted in the BACCARA loop (CEA) with a full-scale 
aluminium mock-up in order to characterise the mechanical behaviour of the JHR element in 
representative flow conditions. The tests provided useful information and measurements on 
the physical parameters needed to model and consolidate the preliminary design 
calculations. 
 
Tests showed no degradation in the plates or the element structures due to hydraulic or 
vibratory phenomena. Moreover, measurements were performed on the mock-up before and 
after the test campaign. They showed that the changes in the outer diameter were not 
significant compared with the manufacturing uncertainties and to the variations expected 
after irradiation. 
 
U3Si2 fuel sub-assembly qualification 
The correct behaviour of the fuel sub-assemblies under conditions representative of JHR 
normal operation (in terms of power and cooling rate) will be demonstrated by means of an 
experimental in-pile programme. For this reason, a dedicated loop (EVITA) has been 
designed to be implemented in the central channel of the BR2 reactor. The loop is currently 
under construction and irradiation of the first assembly is expected to start in 2009, with 
subsequent tests scheduled right up to 2013-2014. (See paper from SCK-CEN MOL on 
this conference). 
 



O 75 Bignan.doc - DI - 10 / 10 20/02/2009 

3.5 Fuel evaluation by the French Nuclear Safety Authority (2006-2008) 
The technical support organisation (TSO) IRSN has examined the JHR fuel file between 
2006 and 2008 based on: 
- The above-mentioned information,  
- A review of scientific knowledge on the physicochemical behaviour of the fuel,  
- Feedback on the utilisation of this fuel,  
- Additional experimental programmes launched to demonstrate the feasibility of 

transposing such information to the JHR case. 
 
 
Moreover, ASN intends to make sure there is no risk of fuel degradation by buckling. But 
available demonstrations for this risk in France are based on AG3 alloy cladding and loads 
relevant for existing reactors. At the opposite, JHR will make use of AlFeNi cladding with 
specific dynamics and thermal load conditions. 
 
As a consequence, CEA launched characterisation analyses on AlFeNi in order to provide 
and justify the criteria defined to ensure cladding mechanical integrity.  
 
JHR will use UMo fuel when this fuel will be industrially available. The JHR PSAR takes into 
account two different fuel options (UMo and U3Si2) based on the neutron studies, the 
thermohydraulic studies, and the radiological consequences. This JHR conversion to UMO 
could be carried out on the basis of a demonstration showing that UMo fuel fulfils the same 
safety criteria than U3Si2. 
 
Conclusions and future prospects 
The JHR safety standard for fuels is more comprehensive than historical standards used in 
French research reactors. The JHR standard is largely based on the framework 
recommended for power reactors. This standard nevertheless takes into account the 
specificities of the fuel. 
 
In collaboration with partners such as AREVA-CERCA and the Belgian SCK-CEN research 
centre, the CEA has been implementing a significant effort for the JHR fuel licensing with the 
purpose to reach i) fuel high performances, as required by JHR operation, and ii) safety 
demonstration within stringent up-to-date safety standards.  
 
The CEA is pursuing its efforts to improve its knowledge of: 

- The operating limits conditioning the occurrence of cladding failure. 

- Radioelement release rates with the presence of cracks or other damage (e.g. spalling, 
fusion, etc.) taking into account the kinetics governing the expected operating conditions. 

 
Furthermore, CEA is deeply committed in the UMo fuel development within an international 
collaboration with the objective to demonstrate the same level of safety performance 
compared to U3Si2 fuel.  
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ABSTRACT 
 

In January 2008, representatives of research reactors (RRs) in Austria, Czech 
Republic, Hungary, Romania, and Poland, and a representative of the IAEA, met in 
Budapest, Hungary at the initiative of the KFKI Atomic Energy Research Institute to 
discuss co-operation among East European RRs in line with IAEA efforts to 
improve RR utilisation through formation of coalitions and networks. The 
participants agreed that co-operation between the participating reactors would be 
initiated under the name of East European Research Reactor Initiative (EERRI). 
The meeting agreed on a final report with action items as initial activities for the 
initiative. 
 
Subsequently, a Memorandum of Understanding was signed by the institutions 
which participated in the meeting, as well by the three other research reactor 
institutions in the Czech Republic, Hungary, and Slovenia that were invited to join 
after the January 2008 meeting. A second meeting of the EERRI was held in 
September 2008 at the Atominstitut, Vienna with support of IAEA TC Project 
RER/4/029. 
 
The paper will describe the formulation and initial implementation of EERRI in its 
first year of activities. This includes the results of the initial meetings, and 
subsequent follow-up activities, including the establishment of coordinators for 
different areas of potential activity, as well as agreement to share and post reactor 
operating schedules and available irradiation positions so that prospective 
customers including for isotope production will have more readily accessible 
knowledge in regard to the schedules of the reactors in this coalition. The future 
plans for EERRI will also be discussed. 

 
 
1. Introduction 
 
While research reactors (RRs) have been contributing to the development of nuclear 
science, power, and medicine for more than a half-century, the operating environment - 
especially financial, safety, and security requirements - as well as user and public demands, 
have significantly changed in recent years. Thus, nowadays there is a complex environment 
that encourages RRs to coordinate their activities and to pursue greater regional and 
international cooperation. A number of proposals have been made by the international RR 
community, including ideas already foreseen in a few IAEA studies [1], to form regional 
coalitions of RRs to collectively improve utilization and to strengthen best practices in 
management, operations, security, and safety. 
 



 2

The idea of forming a regional coalition among East European Research Reactors was 
outlined at the IAEA International Conference on Research Reactors: Safe Management and 
Effective Utilization (Sydney, Australia, 5-9 November 2007). Representatives of several 
East European Research Reactors started to discuss possible common initiatives that could 
help RRs in this region to accommodate to the changing world and requirements for nuclear 
training and irradiation services. 
 
2. East European Research Reactor Initiative (EERRI) 
 
Following the initial ad-hoc discussions mentioned above, an exploratory meeting was held in 
Budapest, Hungary on January 28-29, 2008 at the invitation of the KFKI Atomic Energy 
Research Institute (AEKI). Representatives of research reactors in Vienna, Austria; Rez, 
Czech Republic; Pitesti, Romania; and Swierk, Poland, and the IAEA met at KFKI/AEKI to 
discuss possibilities for enhanced co-operation among East European Research Reactors 
[2]. 
 
2.1. 1st Meeting – Budapest, January 28-29, 2008 

Overview 
 
At the meeting the representatives of each participating RR gave a summary of reactor 
operation and utilization. On the basis of the presented utilization histories and capabilities, it 
was noted that the East European RRs have been used for many decades mainly for: 
 
− material testing by neutron physics methods, studying radiation damage, and the 

properties of irradiated materials,  
− irradiation services for  radioisotopes, and  
− education and training. 
 
It was noted that taking a strategic view, a considerable redeployment of the traditional roles 
for these RRs can be foreseen within about 10 years. Since Europe has decided to construct 
powerful new facilities intended to fulfil the needs of the whole continent for the above 
purposes1 by 2015-2020, it is obvious that these leading edge facilities soon or later will take 
over the traditional roles of the present research reactors.  
 
Due to this fact, the participants of the meeting agreed that in the coming 10-year period the 
existing East European research reactors will either decrease their services and will be shut 
down smoothly, or they will offer improved services for the user communities, which will also 
assist in preparing for the use of these new powerful European facilities (such as the Jules 
Horowitz Reactor, JHR; and the planned European Spallation Source). The participants 
agreed upon the desirability of the second course, and towards this end the East European 
research reactors should unite their efforts to maintain and improve their services, and use 
the synergies of the existing facilities. 
 
Thus, the participants agreed that enhanced co-operation among the participating reactors 
would be desirable. In line with IAEA efforts to improve RR utilisation through formation of 
coalitions and networks, it was defined also that the co-operation would be initiated under the 
name of East European Research Reactor Initiative (EERRI). 
 
In addition to the reactors present at the meeting in Budapest, it was decided to form a 
comprehensive coalition in the region and thus to also invite three smaller reactor institutions, 
                                                 
1 European Spallation Source (ESS) for material testing by neutron physics methods; Jules Horovitz 
Reactor, Cadarache, France for studying radiation damage and the properties of irradiated materials; 
and High Flux Reactor, Petten, the Netherlands for preparing radioisotopes. 
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namely Jozef Stefan Institute TRIGA, Ljubljana; Czech Technical University SPARROW-1 
(CTU, Prague); and Training Reactor of Budapest Technical University to participate in the 
future co-operation. 
 
Subsequently, a Memorandum of Understanding was signed by the institutions which 
participated in the meeting, as well by the three other research reactor institutions in the 
Czech Republic, Hungary, and Slovenia that were invited to join after the January 2008 
meeting. 
 
Areas of Cooperation and Collaboration 
 
The discussion at the Budapest meeting also agreed on the necessity of exchanging 
operational and other experiences in regard to spent fuel management and return of spent 
fuel to the country of origin. The participants thus focused on future enhanced cooperation to 
increase reactor utilization. The following main conclusions were reached: 
 
In education and training field, it was noted that the European Nuclear Education Network 
(ENEN, www.enen-assoc.org) already plays a key role, as well as the Nuclear European 
Platform for Training and University Organizations (NEPTUNO, 
http://www.sckcen.be/neptuno/). Low-power research reactors are especially well-suited for 
many training activities, while such activities are not as easily accommodated in higher 
power research reactors. The smaller reactors may also serve as preparatory sites to 
develop advanced measurements and other methods development for larger reactors. On 
the other hand, the larger reactors are open for helping the education and training services 
offered by ENEN. However, interesting ideas on new types of training courses and on 
coordinating various existing courses were discussed, and it was agreed that there are 
interesting possibilities for coalition activity in this area.  
 
Co-operation in the field of neutron beam experiments appeared to be the most promising 
area to be organised. Though neutron beam experiments are performed at most of the 
participating reactors, the user system applied at the Budapest Neutron Centre (BNC) was 
accepted as good practice. The participants agreed to develop similar systems at each 
reactor and then to merge them if practicable. The participants also discussed the possibility 
to co-operate in the marketing of such reactor services by using harmonised web-pages 
describing experimental equipment capabilities, reactor utilisation and also by other means. 
A related issue is harmonisation of instrument developments at the co-operating reactors. 
The harmonisation process should aim at improving services and also at jointly developing 
tools to be used as preparatory instruments of future ESS experiments. 
 
Irradiation of materials and fuel/PIE. The parties pointed out that, since irradiation and PIE 
activities are generally organised as contract-based activities, co-operation in this field 
seems to be more complicated. Nevertheless, it was decided that information on the 
available and planned services should be collected for joint marketing purposes. It is 
desirable to find appropriate research targets for an open co-operation in this field that may 
be later continued at JHR. 
 
Regarding isotope production, although the topic was raised, the participants did not discuss 
potential co-operation in this field during the initial meeting, instead they agreed to postpone 
this issue to the 2nd meeting of EERRI. 
 
 
2.2. 2nd Meeting – Vienna, September 4-5, 2008 

The purpose of the meeting held in at the Atominstitut in Vienna September 4-5, 2008, was 
to strengthen implementation of the EERRI coalition and to review action items defined at the 
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1st EERRI meeting. This meeting was organized with the financial support of IAEA Technical 
Cooperation Project RER/4/029, Enhancement of the Sustainability of Research Reactors 
and their Safe Operation Through Regional Cooperation, Networking and Coalitions. It was 
announced that the EERRI Memorandum of Understanding had been signed by all the 
participants of the January 2008 meeting and by the Budapest University, CTU Prague, and 
Josef Stefan Institute Ljubljana reactors. Thus, the EERRI officially exists as a coalition 
[3]. 
 
Representatives of the three additional reactors noted above participated in the second 
meeting. Thus, it can be declared that the EERRI coalition represents all together 8 reactors. 
 
In addition to reviewing the action items outlined at the 1st meeting, tasks for the forthcoming 
period were defined. The tasks were agreed as follows, with coordinators assigned for each 
activity area: 
 
The EERRI education and training activities were promptly addressed by responding to 
IAEA needs for training courses for countries considering new research or power reactor 
projects (nuclear candidate countries) with a near-term need for training in beginning-level to 
specific advanced topics. EERRI designated a coordinator (a representative of TU 
Vienna/Atominstitut, Austria), who was asked to summarise the education and training 
capabilities of EERRI on the one hand, and on the other hand to interact with IAEA to define 
the specific training activities, programmes and courses needed in the next 12-18 months. 
 
Neutron scattering together with other beam applications (e.g. NR, NAA) was 
emphasized as a near-term EERRI activity. As the Budapest Neutron Centre (BNC)2 will 
organize and host a “Central European Training School on Neutron Scattering” in May 2009, 
it was recommended that the organizers utilize lecturers from other EERRI members to 
introduce their relevant existing or planned neutron scattering facilities and capabilities. It 
was also recommended to invite young researchers from other EERRI institutions to 
participate in the school. A coordinator (a representative of AEKI, Hungary) was designated 
and was asked to establish a standard format (template) and to collect technical information 
on available neutron beam instruments and experiments, as well as relevant contact persons 
at the other EERRI facilities for disseminating on the EERRI web-site. 
 
Isotope production received emphasized attention at the meeting. It was stressed that the 
isotope business in several EERRI members are run by organizations that are separated 
from the RRs and the RRs simply irradiate the targets for the isotope producer and in turn 
receive nominal income only for supplying neutrons. Economic and business problems with 
small-scale or occasional isotope production, especially Mo-99 were also highlighted. The 
responsible coordinator for this issue (a representative of IAE Swierk, Poland) was 
designated with the task to collect reactor operation schedules and display updated 
information on availability of irradiation spaces. 
 
Irradiation of fuel and materials/PIE. Although the irradiation and PIE activities are 
generally organised on a contract-basis at each reactor, it would be desirable to collect 
information on the available and planned services for joint marketing purposes. Therefore a 
responsible coordinator was also designated and asked to prepare and circulate a template 
sheet for data collection on relevant irradiation loops/rigs and programmes in EERRI 
reactors. The coordinator (representative of NRI, Czech Republic) was also asked to prepare 
information on in-pile loops and irradiation programmes planned for the Jules Horowitz 
reactor for posting on EERRI web page in order to promote consideration of possible 
collaborations between EERRI facilities. 

                                                 
2 BNC is a consortium, which manages the utilization issues of the Budapest Research Reactor 
(BRR). 
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Information and organizational issues were also considered. Establishment of a web-site 
for EERRI to ensure general information dissemination and a discussion board was decided 
(public platform for the information templates mentioned above). Regarding activity 
coordination and monitoring the task implementation between EERRI meetings, a monthly 
and/or bi-monthly conference call among the members was agreed. The IAEA representative 
was asked to manage these issues and to host a web-site for the EERRI coalition. 
 
 
3. Summary of the first year activity of EERRI 
 
Summarising the first year activities of the EERRI coalition, a formalized and regular dialogue 
among the RR operators can be mentioned as the most important achievement. Beyond the 
sharing of information, a kind of joint thinking and planning has been started since the first 
meeting. It is expected that this process will strengthen and mature.  
 
The coalition defined the strategic goals and the fields of cooperation as follows: 
 
− Strategic goals: based on the synergy effect of the existing facilities to offer improved 

services for the user communities which will prepare themselves for the time of using 
leading-edge European facilities. 

 
− Fields of cooperation: 

= Education and training 
= Neutron beam application 
= Isotope production 
= Irradiation of fuel and materials/PIE 

 
Reviewing the activities and the implementation status of the action items, the first year 
summary of the EERRI and results can be summarised in the following tables (see Tables 
1 to 6): 
 
Table 1. Meetings and communications 

Meeting 
Place and date 

Meeting subject Participants  
countries/persons 

Main achievements 

Budapest, 
28-29 January 
2008 

Exploratory meeting 6/13 Establishment of EERRI 
Define strategic goals and cooperation fields 
Formulate Memorandum of understanding 
Designate contact person 
Outline work plan with 7 action items 

Vienna, 
4-5 September 
2008 

Plenary meeting 
supported by IAEA 
TC RER/4/029 

7/14 Official announcement of the existence of EERRI coalition 
Monitor implementation of action items 
Designate coordinators for each cooperation field 
Outline work plan with 9 action items 
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Table 2. Represented countries and organizations/reactors with the designated field 

coordinators 
Country Organization Reactor Person Specific EERRI duties 

Austria TU Vienna TRIGA 250 kW Mr. H. Boeck/AUT Coordinator on training activities 

Czech 
Republic 

NRI Rez LWR-15 
10 MW 

Mr. V. Broz/CZE Coordinator fuel and material 
irradiation and PIE 

 CTU Prague VR-1 (1 kW) Mr. L. Sklenka/CZE – 

Hungary AEKI BRR 10 MW Mr. S. Tozser/HUN Primary contact person for 
general EERRI matters 

   Ms. R. Baranyai/HUN Coordinator on neutron scattering 
and beam application 

 TU Budapest 100 kW Mr. A. Aszodi – 

Poland IAE Swierk MARIA 30 MW Mr. G. Krzysztoszek 
Mr. J. Jaroszewicz 
Mr. J. Milczarek/POL 

– 
Coordinator on isotope 
production 

Romania ICN Pitesti TRIGA 14 MW Mr. M. Ciocanescu/ROU – 

Slovenia JSI Ljubjana TRIGA 250 kW Mr. M. Ravnik/SLO – 

Austria IAEA – Mr. I. Goldman/IAEA Organizational issues 
 
Table 3. Action items and their implementation status 
Action 
Item 

Description (task) Responsible Status 

Action items defined in the Budapest meeting (28-29 January 2008) 

A1/1 Inform and invite Ljubljana, Prague and Budapest TU 
reactors 

Mr. S. Tozser/HUN Done 

A1/2 Collect ideas on new and coordinated training courses Mr. H. Boeck/AUT Done 

A1/3 Provide information on the BNC system for other 
reactor managers  

Ms. R. Baranyai/HUN Done 

A1/4 Organize a workshop on the harmonization of web-
pages and user systems  

Ms. R. Baranyai/HUN Partly done and 
transferred to A2/1 

A1/5 Collect information of planned instrument development 
and to present it on the next meeting 

Mr. J. Jaroszewicz/POL Done 

A1/6 Collect information on available and planned 
irradiation and PIE services and to present it at the 
next meeting 

Mr. J. Jaroszewicz/POL 
Mr. M. Ciocanescu/ROU 

Done 

A1/7 Provide information on the JHR meeting in March for 
the other participants 

Mr. H. Boeck/AUT Transferred to A2/8 

Action items defined in the Vienna meeting (4-5 September 2008) 

A2/1 Establishment of a web site for EERRI, for general 
information, documents, and a discussion board 

Mr. I. Goldman/IAEA Done 

A2/2 Hold a monthly or bi-monthly conference phone call of 
EERRI members to coordinate activities between 
major meetings and to review action items and 
implementation plans 

Mr. S. Tozser/HUN 
Mr. I. Goldman/IAEA 

Continues 
(4 conference calls were 
made by the end of 
January 2009) 
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Table 3. (cont.) 

Action 
Item 

Description (task) Responsible Status 

A2/3 Define the specific training activates and courses 
needed in the next 12-18 months 

Mr. H. Boeck/AUT Done see Table 4 

A2/4 Organization issues of Central European Training 
School on Neutron Scattering (Budapest, 11-14 May 
2009)  

Ms. R. Baranyai/HUN In progress (final 
programme settled) 

A2/5 Establishing a standard format and collect technical 
information on available neutron beam instruments 
and experiments and relevant contact persons 

Ms. R. Baranyai/HUN In progress 

A2/6 Collect information on reactor operating and shutdown 
schedules 

Mr. J. Jaroszewicz/POL Done for first part of 
2009 (see Table 5) 

A2/7 Elaboration of a proposal to enhance cooperative 
mechanisms in order to strengthen coordinated 
isotope supply from EERRI organizations 

Mr. J. Jaroszewicz/POL Ongoing 

A2/8 Prepare a template sheet for data collection on 
relevant irradiation loops/rigs and programmes 

Mr. V. Broz/CZE Done 

A2/9 Preparing and submitting a paper for an EERRI 
presentation at the RRFM 2009 meeting 

Mr. S. Tozser/HUN Done 

 
Table 4. Research Reactors of EERRI coalition (activity summary) 

Country AUSTRIA CZECH REPUBLIC HUNGARY POLAND ROMANIA SLOVENIA 
Reactor data 

Reactor Triga II 
Vienna 

LVR-15 
REZ 

VR-1 
VRABEC BRR BME 

E&T Reactor MARIA Triga II 
Pitseti 

Tigra-Mark 
II Ljubljana 

Type Triga Mark 
II Tank WWR Pool Tank WWR Pool Pool Triga Dual 

Core 
Triga Mark 

II 
Power 250 kW 10 MW 1/5 kW 10 MW 100 kW 30 MW 14 MW 250 kW 

Education and Training abilities (maintained by Mr. H. Boeck/AUT) 
Disciplines The topic is discussed in a separate paper on RRFM2009 presented by Mr. H. Boeck/AUT. 

Main Isotope Production (maintained by Mr. J. Jaroszewicz/POL) 
I-131 - - - YES - YES YES - 
Mo-99 - - - - - - YES - 
Ir-192 - YES - - - YES YES - 

Sm-153 - YES - YES - YES - - 
Yb-169 - - - - - YES - - 
Y-90 - YES - YES - YES - - 

Lu-177m - YES - YES - YES - - 
Re-188 - - - - - YES - - 
Co-60 - - - - - YES YES - 
Au-198 - - - - - YES - - 
Σ A/year - 192 TBq - 56 TBq - 380 TBq 41 TBq - 

Other vertical channel applications (maintained by Mr. J. Jaroszewicz/POL) 
Biological - YES - - - YES YES - 

NAA YES YES - YES YES - YES YES 
Other(1) E&T NTD E&T E&T, CI E&T NTD, CI  E&T 

Materials/fuel test experiments (maintained by Mr. V. Broz/CZE) 
Loops/Rigs See Table 6. 

Neutron Scattering and Beam Port Applications (maintained by Ms. R. Baranyai/HUN) 
Horizontal 
Facilities 

In progress 

Remark (1): SE: Education&Training (student experiences), NTD: Neutron transmutation doping of silicon, CI: commercial irradiations. 
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In the education and training field, it should be mentioned that upon the request of IAEA the 
first course (to serve as a pilot or model course) will be delivered by the coalition with the 
involvement of four of EERRI’s institutions and the active participation of the Agency, as well. 
The course is organised under the Group Fellowship Training Programme on Research 
Reactors (GFTPRR) for developing human resources. The first GFTPRR course is planned 
for a 6-week period in May-June 2009 and it is offered to participants from MS who have 
expressed interest in this subject to the IAEA. A separate presentation will be held on this 
subject in the RRFM 2009 [4]. 
 
Table 5. Operation Schedule of EERRI RR operation in 2009 

 
 
As can be seen in the tables, considerable progress was achieved in the first year of the 
EERRI coalition. The EERRI in its first year of existence outlined the most important 
functional mechanisms (annual plenary meetings and monthly or bi-monthly conference 
calls), defined the fields of cooperation and shaped the forms of organisation and 
communication. Responsible persons were designated on each cooperation field who are 
expected to maintain the specific cooperation issues (collect, standardise and share 
information) within the coalition. Due to their efforts, some standard formats for listing the 
human and facility resources of the coalition have already been completed and are available 
in the web-site hosted by IAEA. 
 
The concerned EERRI coalition web-sites are: 
http://tc.iaea.org/tcweb/regionalsites/europe/news/newsstory/default.asp?newsid=356 
http://www.iaea.org/OurWork/ST/NE/NEFW/rrg_EERRI.html 
 
Regarding the IAEA contribution, although the IAEA representative participated on the first 
meeting as an observer “only”, from the time of the second meeting the IAEA role became an 
integral part of the coalition. The IAEA not only ensures limited financial support at this time, 
but the IAEA hosts and maintains the EERRI web site and ensures significant coordination to 
manage the activity of the coalition. The technical conditions for conference calls were 
organised and supported by IAEA, and as well the coalition enjoys the support of the 
Agency. 
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Table 6. Materials/fuel test experiments (loop/rigs) operated in RRs of EERRI Coalition 
Reactor 

(Country) 
LVR 15 (CZECH REPUBLIC) MARIA 

(POLAND) 

Facility BWR 1 BWR 2 RVS 3 RVS 4 CHOUCA FLAT IRRADIATION 
RIG 

NTD 

Type in-pile loop in-pile loop in-pile loop in-pile loop irradiation rig irradiation rig  

Purpose material behaviour and radioactivity transport 
under BWR conditions 

material behaviour and radioactivity transport 
under PWR/VVER conditions 

neutron irradiation of constructional materials 
used for reactor vessel construction silicon doping 

Parameters 
medium water water water water He / N / Ar He / N / Ar  

pressure 11 MPa 12 MPa 16.5 MPa 15.7 MPa 100 kPa 100 kPa  

temperature 310 °C 310°C 345°C 311-322°C 300 °C 300 °C  

volume 62 l 510 l 210 l 10 l 30 l 30 l  

flow 3000 kg/hr 3000 kg/hr 10000 kg/hr 2000 kg/hr    

heat flux / 
heating 
capacity 

45 kW   100 kW 
60 W/cm2, heated 

length 560 mm 
6 x 2 kW 8x800 W / 6x400 W  

Neutron flux: ~1x1018 n/m2s ~1x1018 n/m2s ~1x1018 n/m2s ~1x1018 n/m2s ~1x1018 n/m2s ~1x1018 n/m2s  
Specimen 
space   specimen strained     Æ 56 x 400 mm 50x120x500 mm, 

20x60x260 mm 
5 and 6 inches 

Services • Investigation of materials mechanical 
properties degradation and corrosion behaviour 
under irradiation and BWR water chemistry 
conditions 
• Investigation of radioactivity transport and 

behaviour under BWR conditions (eg. hydrogen 
water chemistry, zinc injection, etc.) 
• Testing of high-temperature, high pressure 

sensors for water chemistry monitoring 

• Investigation of structural materials 
mechanical properties degradation and 
corrosion behaviour under irradiation and 
PWR/VVER water chemistry and thermal-
hydraulic conditions 
• Investigation of behaviour (corrosion, 

hydriding) of fuel cladding materials under 
influence of irradiation, thermal flux and water 
chemistry conditions 

• Tensile specimen, 
CT specimen, round 
Cts, up to 40 Charpy-V 
specimens 

• Charpy-V 
specimens 
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Table 6. (Cont.) 
Reactor 
(Country) 

BRR (HUNGARY) Triga II Pitesti – SS Core (ROMANIA) 

Facility BAGIRA 1 BAGIRA 2 Loop A C1&C2 C5 C6  C9  
Type in-pile irradiation rig in-pile irradiation rig loop In pile capsules In pile capsule In pile capsule In pile capsule 

Purpose 

neutron irradiation of 
constructional 
materials used for 
reactor vessel 
construction 

neutron irradiation of 
constructional 
materials used for 
reactor vessel 
construction 

Irradiation tests of fuel 
elements and 
structural materials 
used in PHW reactors 

Irradiation tests of fuel 
elements 
Two independent 
capsules for 
parametric testing 

Structural materials 
irradiation tests in 
inactive environment 

CANDU type fuel 
element tests in fast 
transient regimes in 

TRIGA ACPR reactor 

Cycling tests on fuel 
elements 

Parameters 
medium He/Nitrogen Demineralised water Helium Demineralised water 
pressure 300 kPa 300 kPa 13.5 MPa 12 MPa 0.6 MPa 0.4 MPa 10.7 MPa 
temperature 150-500 °C 70-150 °C 3100 °C 3300 °C on fuel clad 2900 °C 500 °C 3250 °C on fuel clad 
volume 5 l 5 l 252 l 30 l - convection  7.5 l 3 l 
flow - - 3-7 m3/h 4 m3/h - Stagnant water 0 – 4 m3/h 
heat flux / 
heating capacity 80 W - 100 kW 30 kW 10 kW 20.000 MW peak 

power pulse 
21.5 kW 

Neutron flux: 4x109 n/m2s 3x109 n/m2s ~3.2 x1018 n/m2s ~2x1018 n/m2s ~1017 n/m2s ~2x1018 n/m2s ~2x1018 n/m2s 
Specimen 
space 20x30x300 20x20x300      

Services • Charpy-V 
specimens, tensile 
specimens, CT 
specimens 

 

• Charpy-V 
specimens, tensile 
specimens, CT 
specimens  

• 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 

• Fuel element 
dimensional 
measurement 
• Fission products 

pressure – on line 
• Power ramp 
• Short-time 

irradiation for residual 
deformation of the 
cladding determination 

• 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 
 

• Thermomecanical 
behavior of CANDU 
type fuel element in 
fast power transients 

 

• 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. 
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In a recent development, it should be mentioned that the Vinca Institute (Serbia) expressed 
its willingness to participate in the coalition work. It was agreed that they could participate as 
an observer beginning with the first teleconference in 2009. 
 
Regarding the future, it was decided that the 3rd plenary meeting will be held in Vienna at 
IAEA on 26-27 March after the RRFM meeting. Regarding achievements of the first year, the 
most attractive developments to date involve the education and training field, with plans to 
organise more specific and subject oriented courses based on the synergy of coalition 
represented by all participants.  
 
Some progress may be expected in the isotope production area, as well as neutron 
scattering and beam application its first year the EERRI coalition has already begun to 
establish international visibility it is the intention of the coalition to gain broader awareness 
and  international acceptance as well. 
 
 
4. Conclusion 
Although one-year is too short to make a real balance on the results and benefits of EERRI, 
it is long enough to draw some conclusions about the ongoing activities. It is obvious that the 
EERRI coalition has made considerable progress during its first year. On the basis of the 
one-year experience the following conclusions can be made in regard to “lessons learned” 
for others considering the formation of similar arrangements: 
− The strategic goal(s) of the coalition as well as the cooperation fields should be clearly 

specified as early as possible. It is not feasible to start with full-scale cooperation with a 
large number of parties because there is too large a spectrum to manage, and it is better 
to start with a few items only (to have positive feedback and cooperation successes as 
soon as possible). 

− The functional issues (how the coalition is working) have to be defined in the very 
beginning. In this field, information-sharing and regular communication (e.g. monthly or 
bi-monthly calls) should be mentioned as key factors to keep the coalition active. A web-
site as a general information base and discussion forum can be recommended. 

− As a working method, itemised task distributions with defined deadlines and 
responsibilities seem a manageable a questioning method. 

− Personal responsibility and motivation is a key factor. Therefore it is important to 
designate one (and only one) responsible person for each cooperation field. 

− The operation of the coalition has to be based on a questioning attitude. Progress must 
be monitored on a regular basis (e.g. quarterly). 

− The IAEA plays an outstanding facilitator role. Beyond its financial support the Agency 
ensures regular management assistance for “operating” the coalition. 
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ABSTRACT 
 

The R&D strategy in France on future reactors gives first priority to developing a 
new generation of fast neutron nuclear systems and recycling technologies so as to 
assure a sustainable and environment friendly electricity production in the second 
half of the 21st century. SFR is the reference option, not only in France but also in 
Europe. The European strategy considers both the GFR and LFR as alternatives to 
the SFR. 
A common concern is to achieve a convincing demonstration of the capability of 
fuels to attain the ambitious goals set to 4th generation fast neutron systems, 
especially in terms of performance (uranium conversion, minimization of long life 
radioactive wastes) and safety. 
Owing to the important and satisfactory feedback experience built upon oxide fuels, 
MOX is the reference fuel for the SFR, at least for the start-up of the prototype 
(ASTRID). The objectives followed for the 4th generation SFR for safety (for 
example sodium void worth reduction and limited core reactivity excess) and cycle 
performances (self-sustainable core with a near zero breeding gain, reasonable in-
core Pu inventory, MA transmutation) are achievable with an oxide fuel in large 
power cores (3600 MWt) while implementing adequate design features. 
Nevertheless, recent calculations show that the use of a dense and cold ceramic 
fuel might even improve the core performances. Carbide and nitride are candidate 
fuels to be seriously investigated for SFRs of 4th generation. For the GFR and the 
LFR, dense fuels are required to achieve self-generation because of the higher 
fraction of coolant in the core. Carbide and nitride are currently the reference fuels 
for the GFR and LFR, respectively. 
Focused on some key design parameters (such as high breeding capability, safety, 
expected performances of the fuel cycle based on pyro-metallurgical processes), 
several countries (India, China, Korea, Japan, USA) are considering the metal fuel 
for the SFR either as a long term reference or as a challenger to oxide fuel. In such 
a context, the merits and drawbacks of the metal fuel option for large SFR cores 
must be re-assessed, and its performances compared with that of oxide and 
carbide/nitride fuels. 
This paper summarizes the current status of fuel development and perspectives. 
Basic features of oxide, metal and other fast reactor fuels (carbide and nitride) are 
compared from the viewpoints of fuel cycle (fresh fuel fabrication and spent fuel 
treatment), in-pile behaviour, core performances, and safety. The paper also briefly 
reviews the potential offered by innovative structural materials developed for high 
temperature resistance (SiC, refractory metals) for the GFR, or low swelling 
behaviour under irradiation (ODS,…) for the SFR. 
The role of experimental reactors is underlined for further assessment of the in-pile 
behaviour of fuels with representative materials and realistic conditions (burn-up, 
MA content, neutron flux…). An optimal use of existing irradiation reactors (Phenix, 
Joyo, Monju, BOR-60, BN-600) is necessary until new reactors, under construction 
(JHR, CEFR, PFBR) or planned (ALLEGRO, ASTRID) can be put in operation. The 
paper pleads for the implementation of multilateral collaboration at the European 
and broader international levels for a continuous capability of innovative fuel 
qualification. 
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1. Introduction: a renewed context for fast neutron reactor development 
 
The safe operation of current power plants over the past 20 years, the increasing economic 
competitiveness of nuclear energy as fossil fuel prices escalate, as well as considerations of 
energy security pave the way for an active development of nuclear energy in Asia and a 
renaissance in the United States and Europe. This leads to anticipate an installed capacity of 
nuclear power of the order of 1000 to 1500 GWe by 2050, which is about four times the 
current installed capacity (370 GWe). Such a nuclear power capacity would require about 
15 Mtons of natural uranium, if realized only with light water reactors which use less than 1% 
of the uranium (235U mainly) over a lifetime of 60 years. This amount, which is comparable to 
the estimated assured plus speculative reserves at a price below 130 $/kg, incites to prepare 
the deployment by 2040 of fast neutron reactors with a closed fuel cycle that can burn more 
than 80% of natural uranium. Even if the situation around the middle of the century would not 
lead to a shortage of uranium because of additional reserves in phosphates or sea water, 
the rising cost of this resource, together with the accumulation of spent fuel, would drive the 
need to switch to fast neutron reactors to achieve a more efficient use of uranium and 
minimize the ultimate long lived radioactive waste [1]. 
 
The paper summarizes the current status of FNR fuel development and perspectives. After 
recalling the strategy for fast neutron reactor development in the world (section 2), the 
reference concepts of SFR and GFR proposed in France are briefly described (section 3). 
Then, reopening the scope, the basic features (mainly core performance and in-pile 
behaviour) of oxide, metal and other fast reactor fuels (carbide and nitride) are discussed, 
showing their potential and challenges (section 4). Section 5 addresses the fuel qualification 
procedure and underlines the role of experimental reactors for realistic assessment of the in-
pile behaviour of fuels in the long term. 
 
2. The strategy for fast neutron reactor development 
 
2.1 Past experience on fast neutron reactors and trends for the short term 
 
In parallel to similar efforts made in the United States, Russia and Japan, European 
laboratories and industries supported an active development of Sodium cooled Fast 
Reactors (SFR) from the 1960s to 1998. No less than seven experimental and prototype 
reactors were built and operated over this period: Rapsodie, Phenix and Superphenix in 
France, DFR and PFR in United Kingdom, and KNK-II and SNR-300 (which was never put in 
service) in Germany. However, the industrial development of SFRs stopped in Europe when 
the political decision was taken in February 1998 to abandon Superphenix. It had stopped 
earlier in the United States with the Non Proliferation Act promulgated in 1978. Russia 
proceeded with the development of SFRs in spite of budget constraints and is expected to 
put BN-800 (800 MWe) in service in 2012. Japan’s efforts since 1995 are mainly devoted to 
putting Monju back into service. India and China, which both plan on nuclear power to supply 
part of the energy needed for their fast economic growth, have both aggressive agendas to 
develop light water reactors and SFRs with respective plans to start, respectively, a 
prototype fast reactor PFBR (500 MWe) and an experimental reactor CEFR (65 MWt) in 
2010. 
 
2.2 The strategy in France and in Europe 
 
Prospective studies carried out by the CEA and industrial partners led to elaborate for 
France a R&D strategy on future nuclear energy systems for the medium and the longer 
terms (> 2040). This strategy, approved by the French Government in March 2005, gives 
clear priority on fast neutron nuclear systems with a closed fuel cycle, the Sodium-cooled 
Fast Reactor (SFR) and the Gas-cooled Fast Reactor (GFR), owing to the general 
recognition of their capability to meet sustainability goals. This has been confirmed 
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December 2006 and May 2008. The strategy sets the objective to build and start in 2020 a 
prototype of 4th generation reactor intended to proceed with demonstrations of sustainable 
fuel cycle (fuel fabrication and reprocessing). 
 
In Europe, stakeholders acknowledge the need to not subordinate the development of 
sustainable energy to a single reactor technology and therefore to participate in the 
development of at least another type of fast reactor. 
 
With this aim in view, European stakeholders prioritised the six systems considered in the 
Generation IV International Forum and identified three fast spectrum systems that were the 
most likely to meet Europe’s energy needs in the long term in terms of security of supply, 
safety, sustainability and economic competitiveness: 
 
• The Sodium Fast Reactor (SFR) as a first track aligned with prior experience of Europe, 

and 
• An alternative fast neutron reactor technology to be determined between the Lead cooled 

Fast Reactor (LFR) and the Gas cooled Fast Reactor (GFR). 
 
Technology breakthroughs and innovations must be achieved for all reactor types. 
Innovative design and technology features are needed to achieve safety and security 
standards anticipated at the time of their deployment, to minimize waste and enhance non-
proliferation through advanced fuel cycles, as well as to improve economic competitiveness 
especially with a high availability factor. In particular, structural materials and innovative fuels 
must be developed to sustain high fast neutron fluxes and high temperatures, as well as to 
comply with innovative reactor coolants. 
 
This research needs to be supported by the development of advanced fuel cycle 
technologies to possibly recycle minor actinides in fast reactors and afford progress on long 
term burden of radioactive waste to be ultimately disposed. Main milestones include 
selecting around 2012 technologies with greatest industrial perspectives and construction 
over the period 2012-2017 of an advanced MOX fuel manufacturing workshop to fuel the 
prototype of SFR, as well as a minor actinide bearing fuel production facility for advanced 
recycling demonstrations in this prototype and other fast reactors abroad. This will be 
followed by further developments of mature industrial designs for the most promising 
recycling processes. 
 
The development of above fast spectrum experimental and prototype facilities will not only 
require materials testing reactors and hot cells, but also testing and qualification facilities for 
systems technologies and components (specific liquid metal loops, gas loops and hot cells), 
as well as code qualification and validation which are mandatory for safety analyses. 
 
3. Innovative tracks for fast neutron systems and fuels: reference concepts 
 
3.1 A common set of requirements (SFR, LFR, GFR) 
 
Considering the general criteria assigned to innovative fast neutron systems in 
Generation IV, the requirements set to nuclear fuels are basically identical for SFR, GFR and 
LFR [2]: 
 
• Competitiveness: core compactness (core power density), high fuel burn-up (> 

100 GWj/tHM), optimization of fuel recycling techniques and specific fabrication process 
for fuels bearing minor actinides, efficiency of the techniques for fuel handling and in-
service inspection; 

• Safety: intrinsic core neutronic performance (internal and global breeding gains, reactivity 
coefficients), fuel element robustness (mechanical integrity at high temperature, fuel-clad 
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interaction, close retention of fission products), improved prevention and control of 
severe accidents involving core damage; 

• Resource utilization: zero breeding gain without blankets, and positive breeding gain with 
radial blankets (designed for adequate resistance to proliferation), minimum fissile 
material inventory for deployment; 

• Minimisation of highly radioactive and long-lived nuclear wastes: potential for minor 
actinides recycling, efficiency of transmutation in fast neutron reactors; 

• Resistance to proliferation: integral recycling of fuel, without separation, in the 
homogeneous mode (co-management of all actinides together) or in the heterogeneous 
mode (recycling of minor actinides in proliferation resistant blankets). 

 
Despite important similarities, the differentiated character of sodium, lead and gas coolants 
(physical, chemical and neutronic properties) induces significant deviations in the design of 
cores and fuels for SFR, LFR and GFR. Particularly, the choice of helium for the GFR opens 
the door for high temperature applications (up to 850°C at the core outlet) and drives 
enhanced requirements on fuel robustness to assure its integrity in accidental conditions. As 
a result, a higher degree of innovation is required and the deployment is for longer term 
(2050). 
 
3.2 Reference concept for the SFR (fuel, assembly, core) 
 
A new generation of SFR 

The Sodium cooled Fast Reactor (SFR) is the reference technology for fast reactors. It may 
be considered for industrial deployment around 2040 since Europe, in cooperation with 
Japan, Russia and the United States, has acquired important expertise in this reactor type. 
However, innovations are needed for a Generation IV sodium cooled fast reactor to compete 
with Generation III LWRs in economics and safety. This will require systems’ simplification to 
reduce investment cost, enhanced safety with improved prevention and management of 
severe accidents, improved operability (fuel handling, maintenance and repair) to achieve 
high capacity factors, and advanced closed fuel cycles with multiple recycling of actinides 
offering appropriate resistance to proliferation and optimized waste forms. 
 
Given the maturity of the technology, the prototype reactor planned in France for 2020 
(ASTRID) will be in the range of 300 to 600 MWe to demonstrate the innovations selected in 
2012 to upgrade sodium cooled fast reactor performance and to open the way to a “first of a 
kind” commercial reactor. 
 
High performance SFR core with enhanced safety char acteristics 

The optimized design of the SFR core combines a number of criteria potentially hard to 
reconcile: prevention and control of accidents (favourable reactivity coefficients), limited 
reactivity excess (core with internal breeding gain close to zero), and eventual incorporation 
of minor actinides. 
 
The optimization of core design leads to consider, besides MOX fuel, dense and high 
thermal conductivity fuels such as carbide in place of oxide fuels, as well as high 
performance cladding materials as ferritic-martensitic, oxide-dispersed strengthened steels 
(ODS). 
 
Preliminary studies resulted in the definition of a 3600 MWt (~1500 MWe) reference core 
with improved characteristics compared with those of the European Fast Reactor project 
(terminated in 1998). The core has a low reactivity loss (self-sustainable core without fertile 
blankets) and improved safety parameters (voiding effect less than 5 $). This result was 
obtained by reducing the in-core sodium fraction and maximizing the fuel fraction. As a 
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consequence, the inter-pin space is minimized which implies to make use of a cladding 
material without swelling under irradiation. 
 
Furthermore, the use of SFR reactor to recycle minor actinides (either in heterogeneous or 
homogeneous mode) has to be considered from the very beginning of the core design and 
assessment of potential MA impact on the SFR safety related parameters. 
 

 

  

 

Figure 1: SFR fuel element and reference core design 3600 MWt (1500 MWe) 

 
The selection of a reference SFR fuel 

As far as fuel is concerned, two main options are investigated in France for the design of 
large SFR cores. 
 
• Because of the rather short timescale for the prototype, and the important and 

satisfactory feedback experience built upon oxide fuels, MOX is considered as the 
reference fuel at least for the prototype start-up core. Oxide fuel is also a very serious 
fuel candidate for the longer term commercial SFR. Preliminary calculations are 
performed to assess the potential merit of a design options such as a Sub-Assembly 
(SA) with a tight lattice of large diameter pins, a sodium plenum at the top of the core, 
the use of moderator material to further optimize the efficiency of the Doppler reactivity 
effect. 

• More challenging options (for the long term SFR) also are investigated: core concepts 
based on the use of denser and colder ceramic fuels (carbide is currently preferred to 
nitride) so as to assess the potential benefit of (1) reduced core volume (with therefore a 
higher power density), (2) higher safety margin between the fuel operating temperature 
and melting point and (3) better compatibility between coolant and fuel material in 
accidental conditions. 

 
Focused on some other key design parameters (such as high breeding capability, ‘intrinsic’ 
safety, expected performances of the fuel cycle based on pyrometallurgical processes, non-
proliferation issues), several countries (like India, China, Korea, Japan, USA) are 
considering the metal fuel for the SFR either as a long term reference or as a challenger to 
oxide fuel. In such a context, the merits and drawbacks of the metal fuel option for large SFR 
cores are re-assessed in France, and its performances are compared with that of oxide and 
carbide fuels. 
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3.3 Reference concept and alternative options for the GFR 
 
GFR potential and deployment scenario 

The helium cooled fast reactor is an innovative nuclear system with such attractive features 
as a chemically inert and optically transparent coolant, as well as a quasi-decoupling of the 
reactor physics from the state of the coolant. Other advantages of the GFR relate to its 
potential to operate at high temperature (at least 850°C), which enables in principle the 
production of hydrogen or synthetic hydrocarbon fuels in a sustainable manner. On the 
downside, since gas is a poorer coolant than liquid metals, key aspects demonstrating the 
viability of the GFR include development of a refractory and dense fuel, and robust 
management of accidental transients, especially cooling accidents. 
 
A status on the GFR pre-viability has been made at the end of 2007, ending the pre-
conceptual design phase. A reference set of design options has been proposed for a 
2400 MWt GFR [3,4]. 
 
The feasibility of the GFR is essentially linked to two demonstrations: the mastery 
(fabrication, thermo-mechanical behaviour) of a high fissile content refractory fuel, and the 
implementation of appropriate safety systems for the prevention and a robust mitigation of 
accidental scenarios (especially depressurization). Because there is no experience available 
on the GFR, a first step for demonstrating its feasibility is the operation of a 50-100 MWt 
experimental reactor, ALLEGRO, to qualify its specific fuel, materials and operating 
principles. Ideally, R&D results expected by 2012-15 could support a decision to construct 
ALLEGRO, possibly as a European Joint Undertaking. The next step would be a prototype 
GFR that could come 10-15 years after. 
 
A refractory fuel concept for the GFR: reference op tion and alternatives 

The GFR fuel should comply with: 
 
• an operating temperature of 1200°C in normal condi tions and 1600°C in accidental 

conditions (to offset the gas poor efficiency as coolant); 
• a high fissile atom density and high thermal conductivity, thus triggering a renewed 

interest for carbide or nitride fuels; 
• a power density in the range of 100 MW/m3 as a trade-off between minimizing the 

plutonium content (lower boundary) and safety (slow-down of adiabatic heat-up). 
 
Attempts to transpose attractive features of HTR fuel particles to fast neutron cores (fission 
product confinement, very high temperature resistance, thermal conductivity…) remained 
unsuccessful. Two concepts are presently under study: (1) a macro-structured plate-type 
fuel and (2) a cylindrical pin-type fuel, similar to LWR and SFR fuel elements, with changes 
to enable it to meet GFR requirements Preliminary studies finally led to select a macro-
structured plate-type fuel as the reference. However, the alternative design based on 
ceramics clad fuel pins is thoroughly investigated, too. 
 
The reference fuel element consisting of fuel pellets arranged in cells within a ceramics clad 
plate is shown on Figure 2. Each cell contains a fuel pellet composed of mixed uranium, 
plutonium and minor actinides. The clad is made of composite silicon carbide reinforced with 
SiC fibres (SiC-SiCf) for an increased mechanical resistance. The sub-assembly is 
composed of a stack of such plates axially piled up in a triangular array and enclosed in a 
hexagonal wrapper. 
 
Mixed carbide (U,Pu)C is considered the optimum choice for the actinide compound, 
combining excellent neutronic and physical properties (high melting temperature, satisfactory 
thermal conductivity). 
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Figure 2: Cellular fuel sub-assembly with composite cladding material (SiC-SiCf) 

Significant progress has been made recently about the selection of constitutive materials 
(clad structure and liner) to ensure leak-tightness to fission products and comply with 
requirements of thermo-mechanical integrity and adequate chemical compatibility between 
materials. For the clad, candidate composites are Tyranno SA3 and Hi-Nicalon Type S 
fibers, both existing commercial-grade carbon composites. The internal liner is made of 
refractory metallic materials based on Mo, W, Nb, or Si based intermetallics. These metals 
are known to be more or less neutrons absorbers. The current design is a 50 µm layer of W-
14Re. 
 
4. Survey of fuel options for fast neutron reactors: potential and challenges 
 
4.1 General fuel requirements for fast neutron reactors 
 
Although the SFR, LFR, GFR fuel designs are quite different, their basic functional 
requirements are the same, summarized as follows [6]: 
 

• to retain hazardous radionuclides in all but the most unlikely postulated conditions, 
• to maintain a geometry that can be cooled, 
• to maintain fissionable material in a controllled and predictable geometry, and 
• to provide a convenient form for fuel handling. 

 
Other mission-specific or system-specific requirements include reliable operation at high 
temperatures; compatibility with post-irradiation disposal or recycling technology; and 
technology-specific requirements for physical properties such as actinide element density, 
thermal conductivity, and melting temperature. 
 
Neutron irradiation, high temperatures, and accumulation of fission products all work to 
degrade and stress the fuel’s ability to meet these requirements. These factors limit the in-
service lifetime or utilization of the fuel. In general terms, the degradation mechanisms that 
operate in current fuel designs include: 
 

• chemical attack of the fuel cladding or fuel particle layers by fission products or fuel 
constituents, which weakens the barrier properties; 

• stress of the cladding or fuel particle layers caused by increasing fission gas 
pressure and/or by volumetric swelling of the fuel material due to accumulating 
gaseous and solid fission products retained in the fuel material; and 

• irradiation effects in the cladding or fuel particle layers, which can lead to 
embrittlement, enhanced creep damage, or dimensional changes. (Such dimensional 
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changes can be caused by void swelling in stainless steel cladding, irradiation 
shrinkage, and/or growth in materials with non-symmetric crystal structure). 

 
Corrosion or attack of the cladding by the coolant remains an issue for most of the reactor 
fuels considered here, particularly for LFR fuels, where the oxygen content of the lead or 
lead–bismuth coolant must be controlled to prevent corrosion of stainless steel cladding and 
core components. Addressing these phenomena has a significant impact on burn-up limits 
for fuel utilization. 
 
4.2 Fuel candidates for fast reactors 
 
Four fuel systems have been investigated as candidates for fast reactor fuels [5,6]: 
 
• mixed-oxide (MOX) fuel, historically (U,Pu)O2 or (U,TRU)Ox, where TRU represents 

transuranic elements, similar to the uranium oxide fuel used in commercial light water 
reactors (LWRs) and characterized by irradiation stability and relatively high melting 
temperature; 

• metal alloy fuel, typically characterized by ease of fabrication, high thermal conductivity, 
and high uranium and plutonium densities; 

• mixed carbides (MC), typically (U,Pu)C; and 
• mixed nitrides (MN), typically (U,Pu)N. 
 
For mixed carbides and mixed nitrides, the uranium and plutonium densities and thermal 
conductivities are closer to those of metal alloy fuels than to those of MOX fuels, and they 
exhibit good irradiation stability and relatively high melting temperatures (Table 1). 
 

Table 1: Basic properties of oxide, nitride, carbide and metallic fuel 
 

Pu/(U+Pu)=0.2 Carbide
(U,Pu)C

Nitride
(U,Pu)N 

Oxide
(U,Pu)O2

Metallic fuel
(U-Pu-Zr)

Heavy atom density (g/cm3) 12.9 13.5 9.7 14.1

Melting point (°C) 2305 2720 2730 1070

Thermal conductivity (W/m.K) 12.8
(at 1000°C)

13.5
(at 1000°C)

2.1
(at 1000°C)

17.5
(at 500°C)

 
 
In the early days of the development of fast reactors, the key issue was to demonstrate the 
feasibility of breeder reactors (producing more fissile materials than they consume). In that 
respect, and among the various possible fuel candidates (Table 1), it was therefore natural 
to opt for a very dense fuel in heavy nuclides with metal fuel as a first choice. This is the 
reason why most of the very first liquid-metal cooled breeder reactors made use of metallic 
alloys. 
 
However, the performances of these first metallic fuels were very limited in burn-up (a few 
GWd/tHM) because of important swelling under irradiation. 
 
In the 50’s, CEA also launched a R&D program on metallic fuels (basic physical properties, 
fabrication process, in-pile behaviour) looking for ternary compounds (such as U-Pu-Mo) to 
further improve the fuel performances. Again, swelling was much too high and, as a 
consequence, frequent spent fuel reprocessing was required to recover the fissile materials, 
thus inducing prohibitive fuel cycle costs. 
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This is the reason why France as most countries decided in the 60’s to switch to oxide fuels 
with at that time some satisfactorily feedback experience of their use in PWRs. Despite its 
low thermal conductivity and theoretical density, oxide became the reference fuel for fast 
reactors because of its high melting temperature (above 2700°C for 20% Pu enriched fuel) 
and its stability under irradiation. 
 
4.3 MOX fuel 
 
Despite low thermal conductivity and bad compatibility with sodium, oxide is still clearly the 
most mature and efficient fuel for SFR. Very high burn-up performances are proven resulting 
from considerable feedback from irradiation experience. Incidental and accidental behaviour 
has been assessed by a large number of tests, in particular the CABRI and SCARABEE 
international programs. 
 
The demonstration of the mastering of fuel cycle is one of the key advantages of the oxide 
fuel. About 14 tons of Phenix fuel and fertile sub-assemblies were successfully reprocessed 
in representative conditions and the recovered Pu (about 4 tons) has been used to 
manufacture new Phenix fuels. Aqueous oxide fuel reprocessing has reached industrial 
maturity. The latest improvement is the COEX process which avoids pure Pu production 
while using available technologies. Pyrochemical process has been developed by Russia but 
the recovery yield and the used salts management are still to be improved. 
 
MOX fuel can incorporate several percents of minor actinides as shown by the SUPERFACT 
pioneer experiment in Phenix (1986-1988). Several aqueous processes are under 
development for minor actinides recovery, either selectively or grouped with Pu, and have 
been successfully tested at lab scale. 
 
4.4 Carbide fuel 
 
Carbide offers both a high melting temperature (comparable to oxide) and a much larger, by 
a factor of 6, thermal conductivity associated to an increased heavy atom density. It is 
compatible with sodium (useful for clad failure management) but is more reactive with air 
than oxide with a pyrophoric character when provided through fine particles. In addition, 
although definitively not comparable to the oxide one, there exists a significant and globally 
positive experience on carbide behaviour under irradiation. 
 
A key issue is the in-pile carbide swelling and fission gas retention. The behaviour is 
understood but must be mastered with respect to carbon content, oxygen impurity content 
and significant and stable porosity. In these conditions, it is possible to design a fuel element 
with reduced smear density but the advantage of the higher heavy atoms density over the 
oxide remains by a factor of 17%. 
 
Linear heat rating can be increased (up to 750 W/cm for the He-bond concept) while keeping 
important thermal margins (Doppler reserve). This can be used to increase the core power 
density. Or, keeping the same level of power density, carbide fuel can significantly increase 
safety margins in comparison to MOX fuel. 
 
However, undoubtedly linked to rather limited experience, many stakes remain for carbide 
fuel. A critical point is the mechanical interaction with a non-tensile clad (this presently limits 
the burn-up of carbide when cladded with ceramic). In the field of safety, the experimental 
database (transients, core accidents) is very limited and a complete evaluation is still 
necessary to properly balance advantages and disadvantages of carbide fuel. 
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For its manufacturing, an additional step is needed to produce the carbide (the oxide 
carbothermic reduction) and optimization is required to master pyrophoricity risks, Pu et Am 
losses, and to fulfil the specification required to properly manage swelling and gaseous 
products retention. Controlled inert atmosphere is necessary. 
 
For reprocessing, despite very old fames claiming strong difficulties, carbide fuel is readily 
soluble in nitric acid and the aqueous processes is the attractive route to benefit from the 
experience gained with oxide fuels although the formation of organic soluble compounds 
may need for a decomposition step prior to the extraction cycles. 
 
There is no available experience on carbide fuels incorporating minor actinides. 
 
4.5 Metallic fuel 
 
Metal fuel now is considered in many countries as the alternative to oxide or as the longer 
term option for SFR. Motivations for that are: high breeding capability, safety, pyroprocess 
fuel cycle,… 
 
Metal has obviously the highest heavy metal density but the lowest melting point too. Metal is 
the “historical” SFR fuel. Compatible with sodium, its in-pile performances have been 
continuously increased. Together with oxide fuel, it can claim for proven high burn-up 
performances and significant safety database (US program in BRII and TREAT). 
 
Experiments are underway on MAs beared fuels, in particular the METAPHIX experiment in 
Phenix. 
 
As far as reprocessing is concerned, studies on aqueous processing did not generate very 
convincing results. UPuZr dissolution requires large amounts of fluoric acid (HF) or an 
anodic dissolution technique (BNFL). In addition, subsequent steps are needed to produce 
the alloy from the purified product (oxide). ANL studies led to promote the pyrochemical 
process. Three steps are involved: U recovery by electro-winning, transuranics recovery by 
electro-refining on a liquid cadmium cathode, and the separation of cadmium from TRU by 
distillation. The efficiency of U recovery is largely demonstrated (treatment of the EBR-II 
used fuel), additional work is still needed for TRUs. 
 
Safety issues must be carefully addressed. Metallic fuel provides a large negative reactivity 
feedback due to fuel expansion. However, negative aspects are low temperature eutectic 
formation, an increase of sodium void worth and the degradation of Doppler effect. 
 
4.6 Carbide or nitride? 
 
Compared to the oxide experience, carbide and even more nitride fuels are far from mature 
and left unanswered a number of issues concerning their real potential as SFR fuel. 
Particularly, very limited experience exists in the areas of safety and of the closure of the fuel 
cycle. 
 
Both carbide and nitride fuels are under consideration for GFR and SFR. For both, to 
achieve equivalent neutronic performances, nitride fuels require nitrogen enrichment to at 
least 50 at% 15N to avoid 14C production by (n,p) reactions on 14N. Moreover, with nitride 
fuels, generation of helium, from (n,α) reactions in 14N and additional tritium generation are 
concerns for fuel performance and for coolant radiological contamination. Recent irradiations 
in the Phenix (France) and Joyo (Japan) reactors have confirmed that, for certain closed-
system operating conditions at high temperatures, nitride fuel can exhibit signs of 
dissociation of the (U, Pu)N phase. 
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Carbide and nitride are basically very similar in nature, in crystallographic structure, have 
equivalent physical properties, and quite similar in-pile behaviour. They exhibit fairly similar 
properties with regard to their chemical reactivity with air and/or water. 
 
Nevertheless, recent results of experiments conducted in Phenix (NIMPHE) clearly showed a 
lesser stability of nitride fuel. In particular, in equivalent thermal regimes, nitride experienced 
a central hole formation (Figure 3). 
 

  

Figure 3: Carbide (UPuC) and nitride (UPuN) fuel behaviour, NIMPHE 2 irradiation in Phenix 
(~7at%). Carbide (left), Nitride (right) 

 
More puzzling, examinations showed the presence of a metallic Pu-rich phase at the pellet-
clad interface (Figure 4). This is considered to occur when the fuel maximum temperature 
exceeds 1600°C. The situation would be worsened if a concomitant clad failure occurred as 
it would not let the nitrogen partial pressure increase in the pin which is favourable to limit 
the extent of the metallic phase formation. 
 

 

Figure 4: Microprobe pictures of nitride fuel irradiated in Phenix, showing metallic Pu in the 
fuel-clad gap. Electronic picture (left), Pu X picture (right) 

 
4.7 Fuels for transmutation 
 
The main restriction to introducing minor actinides into the core (homogeneous recycling 
mode) is linked to their impact via on the core reactivity and kinetic factors. The fractions of 
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minor actinides (MA) considered as acceptable are 3% and 5% for the SFR and GFR, 
respectively [7]. 
 
The incorporation of MA has some impact on the physico-chemical properties of fuel 
material. Some results are available for the incorporation of MA in MOX fuel (smaller melting 
temperature, influence of stoechiometry on thermal conductivity, redistribution of Am). But 
additional data are needed to guarantee the safe operation of the reactor and fuel cycle 
facilities (fuel fabrication and reprocessing). 
 
The SUPERFACT irradiation in Phenix (1986-1988) represents the main body of existing 
knowledge on the in-pile behaviour of MOX fuel loaded with MA. This demonstrated the 
feasibility of MA incorporation up to 2% in (U-Pu-Am)O2 et (U-Pu-Np)O2 fuels (Figure 5). 
 

  

Figure 5: SUPERFACT fuels (MOX fuels with or without MA) 

SUPERFACT also showed that the addition of MA in significant quantity leads to increased 
helium production which should be accommodated in the fuel design (fuel element free 
volumes). 
 
5. The qualification of innovative fuels 
 
5.1 Phenix feedback experience 
 
The Phenix fast sodium reactor resumed operation in 2003 after 6 years of a safety re-
evaluation process. Authorization was granted for an operating period of 720 EFPD, which is 
6 cycles of approximately 180 days of operation at 2/3 power. The reactor has had good 
performance with availability factors at 74%, 85% and 78% in 2004, 2005 and 2006, 
respectively. Good reactor operation has enabled both electricity production of and the 
performance of irradiation programs according to the prescribed planning [8]. 
 
Phenix proved its excellent capability at performing experimental irradiations, owing to core 
characteristics, operation flexibility, availability of hot cells for capsule mounting and post-
irradiation examinations. More than 200 experimental irradiations have been realized in the 
areas of MOX fuel and dense fuels (carbide, nitride) behaviour, clad and hexagonal tube 
materials, transmutation of minor actinides (homogeneous and heterogeneous modes) and 
of long-lived fission products, innovative fuel concepts and materials for 4th generation 
reactors,… Table 2 lists the experiments conducted in Phenix in the frame of irradiation 
programs on transmutation and innovative systems. 
 
The feedback experience gained from Phenix is considerable and has been very helpful at 
identifying the areas to be further investigated for innovative fuels and reactor systems. 
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Table 2: Relevant irradiations in Phenix (transmutation and innovative systems) 

 
Domain Area Irradiation Topic

Neutronic data PROFIL (R & M) Individual isotopes (244Cm, 243Am, 241Am and 
242Pu)

Fuels NIMPHE Carbide and nitride fuels
Inert matrices MATINA 1A-2-3 Ceramic (MgO) and refractory metals as target 

support materials (MA simulated by fissile 
phases)

Actinides (oxide fuel) SUPERFACT 1 Np and Am oxide

Actinides (metal fuel) METAPHIX Metallic fuel UPuZr with Am, Cm, Np and 
lanthanides
Metallic alloys (UPuAmNpZr, PuAmNpZr) and 
nitrides (PuAmZrN, UPuAmNpN)
PuAmO2 and PuAmZrO2 macrodispersed in Mo 
(CERMET)
PuAmO2 microdispersed in MgO (CERCER)

SUPERFACT 1 Np and Am oxide

ECRIX B AmO2 dispersed in MgO (core conditions)

ECRIX H AmO2 dispersed in MgO (blanket conditions)

CAMIX AmZrYO2 in solid solution

COCHIX AmZrYO2 micro- and macrodispersed in MgO

Long-lived FP ANTICORP 1 Tc
CAPRIX MOX fuel with high Pu content
COPIX Standard oxide fuel with austenitic clad
MATRIX ODS and other clad materials

GFR (cladding materials) FUTURIX-MI Carbide and nitride ceramics, refractory Mo- and 
Nb- based metallic alloys

GFR (fuel samples) FUTURIX-Concepts Carbide and nitride fuels in SiC and TiN matrices

SFR oxide fuelInnovative systems

Actinides

Generic

Transmutation 
(heterogeneous mode)

FUTURIX FTA

Transmutation 
(homogeneous mode)

Actinides (metal, nitride, 
CERMET, CERCER)

 
 
5.2 Irradiation tools for the qualification of fuels in the 2008-2020 time period 
 
Material testing reactors, hot laboratories and fast neutron reactors (with experimental 
capability) are essential R&D infrastructures to explore innovative research on fuels and fuel 
cycles, key technologies for future reactors. 
 
All MTRs in operation in Europe (OSIRIS, HFR, Halden, BR2) and USA (ATR) are more than 
40 years old. OSIRIS will be shutdown before 2015. The Jules Horowitz Reactor (JHR) is 
planned for start-up in 2014. JHR is a 100 MWt MTR designed to produce a fast neutron flux 
of 1015n/cm2, which is twice the capacity of classical MTRs and close to experimental fast 
neutron reactors. JHR should therefore provide a good answer to a number of irradiation 
needs. 
 
However, fast neutron reactors will be needed, especially during the phase of concept 
qualification which requires irradiations in realistic conditions of fast neutron reactors. 
 
In Russia, the BOR-60 experimental fast reactor may be shut down in 2010 and the BN600 
(600 MWe) fast reactor continues to operate with an excellent load factor. Following the 
excellent results obtained by BN600, Russia has re-launched the BN800 project. China is 
currently in the process of building a 65 MWt research reactor (CEFR), scheduled for 
divergence in 2009. In Japan, Joyo has been shutdown recently and work is underway on 
Monju (250 MWe) for its re-divergence. In India, a 500 MWe power reactor (PFBR) is under 
construction, scheduled for divergence in 2010, the first out of a series of three sodium 
reactors. The potential of Monju (to be re-started), BN600 (under operation) and BN800 and 
PFBR (under construction) for experimental irradiations has to be confirmed. 
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In France, the decision to build a prototype of 4th generation fast neutron reactors (ASTRID) 
by 2020 is important for Europe to remain credibly involved in R&D on fast neutron systems 
after Phenix is shutdown in 2009 (Figure 6). 
 

Phenix

ASTRID

 

Figure 6: Phenix and ASTRID in the Marcoule site (artistic view) 

Other European countries, and possibly other international partners, may decide to develop 
experimental or prototype reactors of other Generation IV systems of specific interest, with 
invited external participation. The prospect of such prototypes does not appear excessively 
ambitious in comparison with the number of experimental and prototype reactors operating 
in Europe in the 1980s. 
 
5.3 Irradiation programmes 
 
SFR fuel development 

Three main domains are currently demanding for irradiation experiments: the start-up fuel for 
ASTRID (large diameter oxide fuel pins with a classical austenitic clad), the final driver fuel 
for ASTRID (large diameter oxide fuel pins with an ODS clad) and the development of 
transmutation fuel (MAs homogeneous recycling in which a little amount of actinides is 
diluted in the fuel, and MAs heterogeneous recycling for which the preferred option is 
currently to concentrate up to 20% of MAs in a UO2 matrix in radial blanket S/As). At the 
current stage of development, SFR needs on carbide fuel are considered to be covered by 
the GFR program. These different options are obviously not at the same level of maturity, 
therefore requiring to developing different types of irradiation experiments. 
 
In any case, after Phénix reactor shutdown in 2009, the need to realize prototypic irradiations 
on the most mature options will be a difficulty in the 2012-2020 period and France considers 
that discussions must be internationally opened to equip for example the Monju reactor with 
irradiation capsules. France is also considering that irradiation capsules are to be developed 
for the ASTRID prototype. 
 
For less mature options, existing MTRs and, after 2014, the Jules Horowitz Reactor (JHR) 
will have a key role to play to provide analytical and instrumented experiments for acquiring 
basic knowledge, screening options and providing features on the fuel integral behaviour 
prior to the realization of prototypic experiments. 
 
These general features of the SFR irradiation program are shown on Figure 7. 
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Figure 7: SFR irradiation programme 

 
ASTRID start-up fuel and driver fuel 
The objective is to start the ASTRID core with subassemblies made of large diameter oxide 
fuel pins cladded with a classical austenitic steel and to introduce, very soon after ASTRID 
start-up, one sub-assembly with ODS cladded pins. 
The irradiation program takes benefit from the considerable experimental feedback from 
Rapsodie, Phenix (in which still relevant experiences have been made but are not already 
examined) and SPX. Major mid-term objective would be to irradiate in prototypic conditions 
small bundles of large diameter pins: this raises the question of fast neutron reactor 
availability with appropriate irradiation devices. 
As far as ODS are concerned, the objective is to acquire quickly high fast neutron fluences 
on samples of the various candidate materials and then to irradiate the selected ODS 
cladded pins in SFR representative conditions. 
The Phenix reactor last neutrons have been used in particular for material irradiation 
experiment (MATRIX 1 and 2) to start acquiring data on ODS and to check the behaviour of 
oxide fuel manufactures with (U,Pu) co-precipitated powder. A power-to-melt experiment on 
pre-irradiated oxide fuels will also be performed in order to enrich the corresponding 
database necessary for fuel codes qualification for an accurate evaluation in the design 
calculations of the margins to melting. 
 
Transmutation fuels 
For the homogeneous recycling which is a mature option after the SUPERFACT experiment 
performed in Phénix in the 80's that has shown a fuel behaviour similar to standard one, the 
program is performed within the GACID R&D project of the Gen IV collaboration. It has the 
objective to irradiate MAs bearing fuel in Monju, first at the pin level, then at a more 
significant scale (several pin or whole subassembly in Monju or GACID). 
 
For the heterogeneous recycling and in particular the case of blankets loaded with MAs, the 
high MAs content raises the question of the management of the large quantity of He 
produced associated to very particular irradiation parameters evolution. Therefore, a specific 
transmutation fuel microstructure is to be developed which requires several steps in MTRs 
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reactors (HFR, OSIRIS and then JHR) before envisioning the irradiation of a whole pin in 
prototypic conditions. The objective is to irradiate one or several pins soon after ASTRID 
start-up. 
 
GFR fuel development 

The irradiation programme for GFR fuel was built in order to select materials and design for 
a first step (2003-2006) and then to develop some fuels in order to demonstrate their 
feasibility by the end of 2012. Figure 8 shows the main irradiations of the programme. 
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Figure 8: GFR irradiation programme 

The FUTURIX-MI experiment aims at assessing the impact of irradiation in a fast neutron 
flux at high temperature (between 900°C and 1000°C)  on inert materials considered as 
potential components for GFRs, essentially carbide (SiC, TiC and ZrC), nitride (TiN and ZrN) 
type ceramics and refractory Mo- and Nb- based metal alloys. 
 
The objective of FUTURIX-Concepts irradiation in Phenix is to testing the behaviour of 
different concepts of fuels in a fast neutron flux (3.5 1015 n.cm-².s-1). These concepts are 
considered as precursory fuels for GFR, carbide and nitride fuels embedded in silicon 
carbide and titanium nitride matrices, respectively. The IRRDEMO irradiation will be 
conducted for the qualification of fuel element designs and will be extended to higher burn-
up, higher temperature, off-normal conditions and fresh fuel fabricated with spent fuel. 
 
6. Summary and perspectives 
 
The rising cost of uranium resources, together with the accumulation of spent fuel, drives the 
need to switch to fast neutron reactors to achieve a more efficient use of uranium and 
minimize the ultimate long-lived radioactive waste. SFR is the reference option, not only in 
France but also in Europe. The European strategy considers both the GFR and LFR as 
alternatives to the SFR. 
 
A common concern is to achieve a convincing demonstration of the capability of fuels to 
attain the ambitious goals set to 4th generation fast neutron systems, especially in terms of 
performance (uranium conversion, minimization of long life radioactive wastes) and safety. 
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Owing to the important and satisfactory feedback experience built upon oxide fuels, MOX is 
the reference fuel for the SFR, at least for the start-up of the prototype (ASTRID). The 
objectives followed for the 4th generation SFR for safety (for example sodium void worth 
reduction and limited core reactivity excess) and cycle performances (self-sustainable core 
with a near zero breeding gain, reasonable in-core Pu inventory, MA transmutation) are 
achievable with an oxide fuel in large power cores (3600 MWt) while implementing adequate 
design features. Nevertheless, recent calculations show that the use of a dense and cold 
ceramic fuel might even improve the core performances. Carbide and nitride are candidate 
fuels to be investigated for SFRs of 4th generation. Based on recent experimental results 
carbide is preferred to nitride by the CEA. 
 
For the GFR and the LFR, dense fuels are required to achieve self-generation because of 
the higher fraction of coolant in the core. Carbide and nitride are currently the reference fuels 
for the GFR and LFR, respectively. 
 
Experimental reactors are needed for further assessment of the in-pile behavior of fuels with 
representative materials and realistic conditions (burn-up, MA content, neutron flux…). An 
optimal use of existing irradiation reactors (Phenix, Joyo, Monju, BOR-60, BN-600) is 
necessary, until new reactors, under construction (JHR, CEFR, PFBR) or planned 
(ALLEGRO, ASTRID) can be put in operation. International collaboration is essential to 
assure the continuous availability of irradiation infrastructures. 
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ABSTRACT 
 

Dounreay was at the centre of fast reactor research in the UK for over four decades however now it 
has moved into a new phase of its life and leading the way in reactor and nuclear facility 
decommissioning.  The experimental nature of the many of the facilities means that clean-up and 
demolition requires innovation as well as great care. Over 180 facilities were built on the Dounreay 
site which covers over 140 acres. 
DSRl are currently managing the decommissioning of the facilities and managing the waste and fuel 
leagacies on the site. This paper gives an overview of the work being carried out to deliver the work 
programme and how the fuel and waste is expected to be managed during its lifetime.  

1 Introduction 
Dounreay was at the centre of fast reactor research in the UK for over four decades however 
now it has moved into a new phase of its life and is leading the way in reactor and nuclear 
facility decommissioning.  The experimental nature of the many of the facilities means that 
clean-up and demolition requires innovation as well as great care. Over 180 facilities were 
built on the Dounreay site which covers over 140 acres on the north coast of Scotland.  
 
A number of facilities and buildings have already been demolished and work is moving 
forward at a significant pace with contaminated areas being removed and the resulting waste 
being conditioned and treated. This paper outlines the challenges of dealing with the variety 
of wastes created during the work.  
The treatment of the fuels which remain on the site will also be discussed in this paper and 
the site is working with NDA (Nuclear Decommissioning Authority) to develop a United 
Kingdom strategy for the treatment and long term storage of the irradiated and un-irradiated 
fuels.  
 
Dounreay began construction in 1954 and eventually stopped supplying power to the grid in 
1994.  It has had various milestones during its history including  
1957 – First nuclear reaction in Scotland takes place criticality test cell at Dounreay,  
1961 – Dounreay becomes first fast reactor in world to supply power to grid,  
2004 – MTR fuel fabrication ceases. 
Decommissioning commenced following the cessation of reprocessing in 1996 although it 
was quite limited at that time and was expected to take in excess of 70 years. 
 
UKAEA formally published its first plan to return the site to a brown field site in 2000 and is 
now continually refining the timescales, the current completion date is 2025. At this point all 
that will remain on site are conditioned waste stores and a nuclear material store.  
Dounreay has consulted the local stakeholders on the end state of the site and have an 
agreed brown field conditions for the site to be left in along with key facilities that will be 
required.  The long term future and retention of the Dounreay Fast Reactor dome is still 
uncertain as discussion is ongoing with Scottish Heritage. It is after all a key historical 
building in Scottish history.   
The current estimated cost to complete the decommissioning of the site is £2.5billion. 
 
Just as Dounreay lead the world in research reactors it is now leading the world in 
decommissioning and removing some of the most challenging facilities. This paper gives a 
flavour of the work currently being undertaken at Dounreay and some of the challenges yet 
to be undertaken.   
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The site has recently completed full decommissioning of the criticality test cell and the fuel 
fabrication facility (D1202) maintaining our leading edge for successful decommissioning 
nuclear facilities.   
 

2 General Decommissioning of Dounreay site 
A number of facilities have already been fully decommissioned and taken back to floor slab 
level. This includes removal of all internals and demolition of the external building. These 
include a number of active and inactive facilities including the original fuel pond at the 
Dounreay Material Test Reactor (DMTR) and the cells where the first criticality experiments 
were completed.  
It may sound easy to demolish a legacy facility but these building were not built like modern 
facilities standards which have decommissioning in mind. The operations that were carried 
out within them meant that the facilities contain both chemical and radiological hazards 
which required to be addressed. 
A staged approach is undertaken to ensure that clear evidence of the waste type and activity 
can be assessed and agreed before any waste/materials are removed from the facility. 
 
Stage 1 – Survey of facility– a) divide facility into discrete areas,  

     b) carryout physical inventory of areas,  
     c) carryout monitoring of area and  
     d) take appropriate sample using well defined       

techniques for characterisation purposes. 
Stage 2 –Review of facility documents. This will include history of facility, work     completed, 

any incidents, materials known to be used in the facility. 
Stage 3 – Consideration appropriate adoption of the waste hierarchy. 
Stage 4 - Review possible waste routes available to the site. 
Stage 5 –Agree approach for removal and consignment of waste prior to removal. 
 
Stage 1 and 2 are completed prior to any removal of redundant equipment and internals.  
This along with collation and review of the history of activities within the facility allows a 
better understanding of the waste types and volumes that will be generated during the 
decommissioning of the facility. 
With this knowledge and careful planning undertaken then the waste hierarchy can be 
applied ie minimisation, reduction, potential reuse, etc. 
A plan is then produced to demonstrate the proposed methodology for removal and for 
waste category assignment. This needs to be agreed prior to generation of the wastes.  
 
2.1  MTR fuel fabrication facility. 
The fuel fabrication facility, D1202 ceased operations in 2004 and went into a phase of 
shutdown prior to post operational clean out. Over the past few years the facility was 
internally stripped of it’s equipment.  The facility was a steel framed single storey building 
located within the Fuel Cycle Area (FCA). It was constructed in 1956 and measured 64m 
long by 26.5m wide by 4.73m high. It linked to the other facilities within the FCA via a small 
link corridor.  The facility contained a number of small rooms and workshops which were 
used to fabricate various items prior to assembly of the elements.  
The strip out and demolition of the facility followed the stages outlined above. Due to the 
nature of work that had been carried out in D1202 no RHILW was identified to be disposed 
of.  However LLW, Exempt and clean waste was generated in various forms. 
The removal of the waste was done in a specific order following a detailed plane so that 
segregation of the waste could be maintained. This allowed the team to fully utilise and 
maximise the amount of waste that could be demonstrated to be clean and hence disposed 
of to normal landfill sites. 
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An example of this was the soft strip of the internal building rooms which included removal of 
doors, windows, ceiling and plasterboard, plumbing and wiring. As may have been expected 
with a facility from this era, some asbestos was identified following detailed surveying and 
this was treated and followed the specific waste route for such materials. 
The final demolition of the external framework was carried out over a short period of time, by 
an experienced local contractor who worked to the relevant codes of practice for such work.  
 
This facility has now been completely demolished and all that is left is the concrete structural 
plinth. The demolition of D1202 was completed within 2years with no lost time accidents or 
safety events. 
 

  
Photo 1 - D1202 before demolition 
commenced 

Photo 2 – Only Floor slab left 

3 Waste Routes 
One of the biggest challenges for the Dounreay site is to have all the waste routes available 
for the waste expected to be generated during the decommissioning of the site. The includes 
all types and forms of waste from the Remote Handleable Intermediate Level Waste 
(RHILW) all the way through to the clean daily waste from the offices.   
Due to limitations on removal and movement of the radioactive wastes from site imposed by 
Scottish Environment Protection Agency (SEPA), this has resulted in the radioactive waste 
requiring to be treated and stored on this site.  Some treatment and conditioning facilities 
have been constructed on site but some are still due to be constructed to allow the 
decommissioning of the site to progress. Currently on site a conditioning (compaction) facility 
exists for Low Level Waste (LLW) and a cementation/grouting facility for MTR (Material Test 
Reactor) raffinate.  
 
3.1  Waste conditioning and treatment facilities. 
The new facilities which are currently in the final stages of planning and design and are 
expected to be constructed and ready for operation by approx 2014, they are, 

1 - RHILW encapsulation facility (for solid and liquid streams)  
2 - LLW repository which will hold all the LLW expected to be generated from the 
site.  
3- Encapsulation facility for the shaft waste (due on line approx 2016) 

 
Some smaller pre treatment or preparation facilities will also be constructed close to the 
reactor facilities. This will allow size reduction and in some cases encapsulation/grouting etc 
to be carried out close to the generation of the wastes.  The resulting conditioned wastes will 
be stored either in the LLW repository or in RHILW conditioned waste store being 
constructed on site. 
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3.2 Waste Types 
3.2.1 RHILW 
The RHILW will be packaged into the various waste containers, chosen by the site as most 
suitable for its needs, these include 500l drum, 3m3 box and 4m box. The 4m box is 
currently only expected to be used for the solid graphite from decommissioning the DFR 
facility. The majority of the waste will be in the 500l drum, (current estimate is 8500 drums) 
All RHILW generated will be subject to the RWMD Letter of Compliance process so that the 
resulting waste forms are suitable to be transferred to the national repository when it 
becomes available. 

 
figure 1 - a flow chart for the movement of RHILW on the Dounreay site 
 
3.2.2 LLW 
The  LLW will be put in 200l drums within the facilities and then these will be 
supercompacted and placed in Half Height ISO (HHISO) containers, these will be then be 
grouted prior to placing in the vaulted LLW repository.  

Low Level Waste – An article or substance that is radioactive or contaminated 
under the RSA 93. The activity of the waste must not exceed the following values: - 
(i) All alpha-emitting radionuclides   4 GBq/Tonne 
(ii) All other radionuclides not including (i) above 12 GBq/Tonne. 

 
3.2.3 Clean and Exempt 

Radiologically Clean – An article or substance that has never been contaminated 
or activated. This is usually declared based on provenance alone. An article or 
substance for which there is inadequate provenance to justify an immediate 
declaration as clean may still be declared clean if suitable measurements confirm 
the absence of activity above background for the article or substance in question. 
(Clearance and Exemption Principles, Processes and Practices for Use by the 
Nuclear Industry. A Nuclear Industry Code of Practice). 
Exempt – An article or substance that is radioactive or contaminated because it: 
• Contains levels of specified radionuclides above RSA 93 Schedule 1 
exclusion limits  
• It contains other radionuclides wholly or partly attributable to either an artificial 
process or because of the disposal of radioactive waste. 
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However in both cases, at levels below relevant limits in Exemption Orders under 
the Act. (Clearance and Exemption Principles, Processes and Practices for Use by 
the Nuclear Industry - A Nuclear Industry Code of Practice). 

 
The key to making the most of the waste routes available is good characterisation and 
planning. 

4 Fuel Routes  
All the research work undertaken at Dounreay has obviously left the site with a wide variety 
of fuels in all forms. This legacy of fuels now requires to be dealt with. In order to achieve 
this Dounreay will require tomake them safe and suitable for long term storage without 
foreclosing the option for some of the fuels to be used in nuclear new build.  
New facilities will be built to repack the fuels into industry standard packages and this will 
allow long term storage on site. 
The site has both irradiated and unirradiated fuels and Dounreay is working with NDA 
(Nuclear Decommissioning Authority) to develop a United Kingdom strategy for the 
treatment and long term storage of the both fuel types.  The site currently has a reference 
treatment and stabilising option for each fuel type, these do not foreclose the option of the 
Plutonium and Uranium being re-used in the future.   
 
4.1 Irradiated fuels (primarily from Prototype Fast Reactor - PFR) 
The majority of this fuel is mixed Plutonium fuels in oxide form.  Due to the specific nature 
and design of the fuel elements and the burn up, these will not be processed but will be 
conditioned and are currently undergoing evaluation to establish their suitability for direct 
disposal to a national spent fuel repository. 
 
4.2 Unirradiated Plutonium and mixed Plutonium/Uranium oxides  
The NDA are currently working on this particular fuel type and have published a high level 
draft of the options. At Dounreay a new facility is being designed to allow better 
characterisation of the material and then repackaging into containers which are used 
elsewhere in the UK to store Plutonium. This will allow all the Plutonium stocks to potentially 
be co-located and treated in the future once the UK strategy is finalised.  
 
4.3 High enriched Uranium (HEU) 
During its operational life Dounreay had a facility which dealt with a variety of enrichments of 
uranium (from LEU to 93% HEU). Some of this material is still on site in various forms from 
liquid to solid billet form. The material will be stabilised to allow continued storage, until 
another use can be identified. The HEU is an asset which has a value and with further 
treatment will be suitable for re-use. 
 
4.4 Miscellaneous 
The site also has carbides, natural/depleted uranium, metallic uranium (ex DFR 
breeder),thorium and these are in various forms. These fuels will also be stabilised and put 
in industry standard containers suitable for long term storage or transport if required.   

5 Summary 
Just as Dounreay lead the world in research reactors it is now leading the world in 
decommissioning through the removal of some of the most challenging facilities. This paper 
has just given a very brief outline of the work being undertaken on site.  
There is still a lot of work and challenges to be undertaken at Dounreay with a number of 
new facilities to be constructed to allow the decommissioning of the site and many old 
facilities to be removed and demolished.   
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The waste routes need to be further developed.  Maximising the clean and exempt exit 
routes by better segregation is a key area for the site as this will reduce the volume to be 
treated and stored on site for the long term. Business driver and cost reduction. 
 
However over the next 15years Dounreay will be transformed to a site which is landscaped 
and ready to face the new challenges of the 21st century. As the NDA are looking at life after 
Dounreay and supporting new developments within the area maybe the site will possibly be 
the ideal place for new alternative energy developments or industries.  
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ABSTRACT 

 
Nuclear Medicine relies to a large extend (80 % of the procedures) on radioisotopes 
produced by fission of uranium, on Mo99/Tc99m for 28 million diagnoses made 
annually all over the world for tracking diseases in cancerology, cardiology, neurology 
… and on I131and Y90 for 3 million therapy procedures. The only four main producers 
(95 % of the world demand) are relying on 5 aging test reactors for irradiating HEU 
targets to be processed for extracting these short life isotopes before their 
conditioning as radiopharmaceuticals to be daily used in hospitals. Ensuring the 
security of supply has been a challenge for many years and if several shortages 
occurred in the past, the last crises in 2007 and 2008 revealed more than ever the 
weakness of the current situation despite the efforts and warning that have been 
devoted to facing many obstacles including possible technical failures, incidents, 
transport constraints and licensing issues, as well as political threat for the use of 
HEU. It is time for having all stakeholders drawing the lessons of the crisis and 
considering all possible serious and realistic improvements on technical and 
organisational issues without neglecting the resulting economical and safety aspects. 

 
 
1.  Introduction 
 
Besides radioisotopes produced by activation of stable isotopes either in standard test 
reactors or in dedicated particle accelerators facilities, the isotopes used in nuclear medicine 
are mainly produced by fission of high enriched Uranium (HEU) in high flux reactors. 
For diagnostics of many kind of diseases in cardiology, oncology, neurology, … nuclear 
medicine imaging is unique technique providing functional information and unique approach 
of physiological and biochemical process up to the cellular level, which complement other 
imaging methods focused on physical and structural information. More recently immuno-
diagnostic agent combining monoclonal antibodies marketed with radioisotopes have been 
developed for diagnostic as well as therapy at the cellular level. Currently more than 100 
different diagnostic procedures associating radioisotopes with cold molecules, are used for 
performing 35 millions exams per year in the world. They rely mainly on Tc99m (70 %) when 
the growing use of PET isotopes (F18DG) still does not exceed 5 %. 
The uneven use of molecular imaging in more than 10.000 hospitals in the world (55 % in N. 
America, 25 % in Europe, 20 % in ROW) lead to an expectation of average growth between 
5 and 10 % per year over the next decade. 
Tc99m (6hT1/2) the daughter of Mo99 (66hT1/2), is supplied in hospital as Mo/Tc generators 
useful for only 1 week because of the loss of 1 % of activity per hour. This approach allows 
availability of Tc99m 365 d/year (20 % is to be used for emergency) on the basis of a weekly 
delivery of generators all over the world which present a logistic and cost advantage versus 
such isotopes as F18 (2hT1/2). 
 
2.  Radioisotopes shortfall crisis 
 
Although the supply of any medical isotopes could be disrupted by problems in the supply 
chain, the more significant world crises are related to the availability of the Mo99/Tc99m 
generator, because of its extensive use and the short half life precluding significant 
anticipation. 
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Since many years, the risk of a significant shortage of supply of Mo99 obsessed the leading 
producers but they generally succeeded to limit both the duration and level of the shortfall. 
The irradiation of HEU targets is limited by the availability of a very few aging test reactors 
not specifically dedicated to the radioisotopes production, having limited operating time due 
to maintenance and refurbishment requirements, even some of them being suddenly 
definitively shutdown. Then despite efforts to optimize the operating schedules which remain 
under the only control of the reactor operators, the theoretical excess capacity shown on the 
table 1 is not sufficient to face sudden interruption of operation considering the minimum time 
required for sufficient irradiation (100 to 160 hr) and circumstances of simultaneous 
shutdown. Technical incidents requiring repair or even simple reactor SCRAM followed by 
xenon poisoning, lead often to production shortages hardly compensated by the emergency 
supply of back up from other facilities. In some cases reactor performance was unexpectly 
affected by changes in test or irradiation conditions for other applications, by licensing 
requirements due to environmental impact or by change to reactor fuel design (e.g. 
conversion to LEU). Furthermore other events caused Tc99m availability shortage in the past, 
among others, any supplier could be affected by impact of strike, restriction to shipment due 
to weather conditions or airline refusal to transport radioactive package, late obtaining of 
container agreement or shipment license and local transportation regulation (e.g. French 
prohibition of dangerous good transportation during long week end or end of the year period, 
constraints related to year 2000 or September 11 events in the US). 
 
Reactor 
 

Producer Operation d/year Production % 
 

Mo99           I131 

Capacity Mo99 
production 

NRU 
CAN 

NORDION/AECL ± 280 40                - 70 

HFR  
NL 

COVIDIEN 
IRE 

± 270 23                - 
7                30 

30 
20 

BR2 
B 

COVIDIEN 
IRE 

± 115 5                  - 
4                20 

15 
20 

OSIRIS 
F 

IRE ± 190 4                15 20 

SAFARI 
SA 

NTP ± 305 14              35 30 

OPAL 
AUS 

ANSTO ( ?) -                  - 15 

OTHERS 
W 

- - 
 

3                 - 5 

TOTAL (%) - - 100           100 225 
 
Table 1: Tentative sharing of Mo99 and I131 fission radioisotope productions by reactor and producer in 2007  

(Capacity Mo99 production corresponds to the irradiation of the maximum load of target for a full week).  
 
 
Additional constraints result from the commercial aspect of the business, when customers 
adopting diversified procurement could order from a specific supplier very different quantities 
from week to week (e.g.: IRE at the end of 2006, had to process from 6 to 36 targets during 
successive weeks). This was at the time when Mallinckrodt US was forced to shutdown its 
generator production facility for several months imposed by radiopharmaceutical 
requirements enforced by the FDA.  
Nuclear safety requirements, not only for transportation but also for processing of the targets 
or operation of the reactors might also lead to disruption of supply. This was in particular the 
case end of November 2007 when NRU reactor was not authorized to restart before having 
fulfilled specific licensing requirements. At that time the significant shortage was expected to 
late for more than one month and only a Canadian Parliament decision helped for a restart 
after 2 weeks just when the solidarity of the other producers succeeded to start providing a 
significant back up supply! 
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But the worst crisis developed by end of August 2008. At that time the scheduling of Reactor 
operation in Europe was such that after the definitive shutdown of FRJ-II in 2006 and the 
required maintenance shutdown of OSIRIS from end of June till 18th of September, BR2 was 
ending its summer cycle by 25 of August the day when the only reactor still available HFR 
was scheduled to restart for ensuring the continuity of irradiation. Unfortunately, on the 22 of 
August NRG officially indicated that HFR had to cancel the cycle, following the observation 
during the in service inspection of an unknown phenomenon: a very small intermittent stream 
of bubbles escaping from the wall of the primary cooling system. Later on, following a very 
impressive investigation it was foreseen to attempt performing a repair precluding the reactor 
restart before mid of February 2009. As a matter of fact the Authorities agreed to restart 
cautiously the reactor operation by end February while scheduling to have a few months 
shutdown for implementing a more definitive repair. Unfortunately at the same time an 
incident developed at IRE when an unforeseen chemical reaction took place during mixing of 
liquid waste streams, leading to the release over several days of about 1 Ci iodine 131 in the 
environment. Despite the fact that no health impact on workers and population could result 
from this incident, it was taken very seriously and the Licensing Authorities did not authorize 
the restart of IRE production before mid of November after a through full investigation of the 
causes and required preventive actions. 
Therefore, beginning of September no reactor was available for both COVIDIEN and IRE. At 
the restart of OSIRIS by mid of September, IRE agreed to irradiate its targets and to have 
COVIDIEN processing them after the required transfer from one container to the other and 
adaptation of the target processing equipment, due to target design differences. In October 
COVIDIEN could use both IRE irradiation capacities in BR2 and OSIRIS for increasing its 
production, which minimized the shortage resulting from the IRE incident to the loss of only a 
few productions. 
Although the impact of the crisis was reduced by a very significant contribution of NTP, 
boosting its production to a maximum for helping IRE to supply its customers in the frame of 
its consortium agreement and that NRU production was also significantly increased for 
providing IRE with some back up but also for Nordion contracting direct supply to some 
customers. During several months the world market was affected by significant shortage of 
Mo supply, less than 50 % in Europe and 80 % in ROW of the demand being satisfied during 
some weeks 
 
 
3.  Why such a crisis 
 
The historical development of Mo99 production gives the root cause of the risk of such crisis 
despite several attempts to correct this development leading to the current situation. 
In the 60th, Mo production started in America relying on a network of 2 private reactors in US 
and 2 public reactors in Canada.  
By end of the 70th, IRE started Mo production in Europe by calling for irradiation services 
from test reactors available within a radius of 800 km (BR2, HFR, OSIRIS, ORPHEE, and 
HARWELL). 
During the 80th, the 2 US reactors was definitively shutdown and the world production was 
relying only on NORDION (80 %) and IRE. 
Beginning of the 90th, following political decision in Belgium, IRE sold its radiopharmaceutical 
business to Nordion and became mainly its subcontractor. Facing the risk of a monopoly 
situation Mallinckrodt decided to develop its Mo99 production facility in Petten and requested 
support from IRE which proposed to have a consortium with NTP (SA) for ensuring the best 
security of supply.  
In the mean time one of the 2 Canadian reactors (NRX) was definitively shutdown as well as 
HARWELL and ORPHEE in Europe. Then NORDION succeeded to obtain from AECL the 
construction of the 2 MAPLE reactors which should have had by 2000, the capacity of 
producing twice the world demand. In front of this new threat of monopoly casted in Nordion 
contracts of 10 years exclusivity signed with most of big customers, IRE reacted by obtaining 
from European Commission and Japan Fair Trade Commission injunction for Nordion to 
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keep the market open. Progressively the Nordion share of market dropped from 80 % to 40 
% and NTP became a major supplier together with IRE and Mallinckrodt (COVIDIEN) 
At that time it was difficult for IRE to consider significant investment in a new reactor despite 
the fact that IRE collaborated to the investigation of different projects, namely with SIEMENS 
for a small dedicated classical reactor (MING), with B&W and TCI for a homogeneous 
reactor (MIPR) and with SCK/CEN-IBA for an Accelerator Driven System (ADONIS). 
In the mean time IRE invested for having access to a 4th Reactor, FRJ-II in Jülich, but 
unexpectedly this reactor was definitively shutdown in 2006 and IRE had to investigate the 
feasibility of FRM-II in Munich for replacing it. In Canada the Maple reactors were never 
operational due to technical problems and the project is currently cancelled.  
Therefore the greater risk of crisis is focused on the availability of 2 reactors NRU and HFR, 
when the other reactors also used by NTP (SAFARI), COVIDIEN (BR2) and IRE (BR2, 
OSIRIS) can only help to reduce the impact of the crisis. Definitively the world has been 
lucky up to now to succeed keeping IRE, NTP and COVIDIEN as significant producers 
without relying only on the Maple project. 
 
4.  Response to the crisis of 2008 
 
4.1. On short time during the crisis, reactor operators considered the possibility to make last 
minute modification of their operating plans, and some of them succeeded to reduce outage 
time by postponing some works. COVIDIEN and IRE worked together for optimizing the use 
of the still available reactors and obtained a significant support of NTP.  
The nuclear licensing authorities both from The Netherlands, Belgium and France 
contributed to manage the crisis consequences by issuing authorizations on short time notice 
both at the level of transportation, adaptation of process and restart of HFR. 
The pharmaceutical authorities, working together with the nuclear medicine departments, 
optimized the use of Tc99m giving priority to emergency cases (20 %), agreeing on an even 
split of the available generators to all hospitals, reducing the activity of each generator and 
optimizing its use and last but not least recommending alternative procedures (Tl201, FDG) or 
other imaging techniques (MRI, CT, US, ….) even if quality and cost are affected. 
AIPES (the Association of Imaging Producers and Equipment Suppliers) and its reactor and 
isotope coordination group, the Nuclear Safety Authorities from the world together with the 
Health Authorities and the NEA with the support of IAEA and EC, organized several 
meetings during the crisis for investigating possible short term solution to reduce the impact 
of the crisis and long term solution to reduce the risk of its occurrence. 
 
4.2. On midterm, IRE and COVIDIEN are working today to increase the availability of the 
European reactor network, first by discussing with BR2 for installing 2 additional RIG’s and 
possibly increasing the number of cycles. On the other side IRE has already, cost shared 
with TMU, a feasibility study for installing in FRM-II reactor an irradiation facility which could 
satisfy the requirements of its weekly current production when in operation. The results are 
quite promising as FRM-II provides high thermal flux and operates on very regular cycles of 
60 days, 4 times per year. IRE also resumed discussions with REZ reactor for having 
additional irradiation support. 
On its site, following on the incident, IRE decided to make important investments for 
upgrading the nuclear safety of its processing plant. 
In Australia, ANSTO is currently starting again production of Mo99 by irradiating LEU targets 
in the new OPAL reactor and is expected to increase progressively its production for 
becoming within a few years a major supplier in the world.  
 
4.3. On long term, IRE agreed with CEN/SCK and IBA to restart a new feasibility study for an 
improved ADONIS design with the expectation of having possibly this dedicated isotope 
production facility available within 5 years. Otherway the option of a small dedicated reactor 
(MING project) remains open. 
IRE and COVIDIEN are also investigating the conditions for making use of JHR currently in 
construction in France and which should replace OSIRIS in 2014. 
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IRE and COVIDEN are following closely the projects of replacing in Petten HFR, with 
PALLAS a multi purpose reactor and in Mol; BR2, with MYRRHA, a large multi purpose ADS. 
In the US the adaptation of the MURR reactor and the installation of a Mo production facility 
have to be decided soon, and B&W is working again on the Homogeneous Reactor but with 
COVIDIEN this time.  
In the rest of the world, different projects are also under consideration, in particular, in South 
Africa, Argentina, Korea, Japan, and Pakistan without forgetting China and the CRP 
sponsors by IAEA. 
 
4.4. On very long term, i.e. 10 years and more, the major suppliers having secured a network 
of reliable reactors and processing facilities available for ensuring the security of supply of 
Mo99, with significant over capacity the feasibility of conversion to use of LEU target might be 
considered without putting at risk the security of supply of Tc99m . Today we have to state 
clearly that such option is still facing both significant technical and economical obstacles. 
As a matter of fact the use of standard target design with LEU is feasible but will require 
irradiation and processing of five time more targets. Beside significant economical aspects 
this would require availability of 5 time more irradiation RIG’s or reactors which is not 
foreseen with the current projects of extending the reactor network. Even having all 
producers adopting the CNEA dispersed LEU fuel target design, will be faced a similar 
obstacle as it requires still the availability of 3 time more irradiation RIG’s and having the new 
process qualified and validated by all producers. Even if the ANL foil design would require 
only 10 % increase of number of targets to be irradiated it is a matter of fact that by to day, 
the design has not yet been proven acceptable for a large scale reliable industrial production 
which let CNEA and ANSTO adopting the dispersed fuel target design despite the capacity 
constraints involved. Within the next 10 years, the increase of the network of producers as 
encouraged by IAEA-CRP, might help, considering nevertheless that the Mo99 market size 
might have increased by 50 to 100 %. For small scale production, the use of the gel Mo98 
(nγ) Mo99 proven process usually used in China as well as the possible validation of a new 
accelerator driven photo fission of U238 or possible positive results from feasibility studies for 
ADONIS with use of LEU targets as an option, might also contribute to improve the security 
of supply and reduce the use of HEU. Nevertheless we cannot today only relay on these 
technical options. 
 
5.  Conclusions 
 
The current crisis resulting from the historical development of the Mo99 production industry is 
not really surprising and might have been more dramatic if on the basis of the MAPLE project 
only 1 or 2 producers might have survived.  
The short time preventive actions, with in particular access to the FRM-II reactor as soon as 
possible should improve the reliability of supply. Whereas during the next few years the risk 
of a new crisis is real if the repair of HFR is facing problems or if NRU reactor has to be 
shutdown during several months for refurbishments and upgrading for getting extension of its 
operating license. 
For mid term extending the reactor network or implementing successfully diversified options 
as ADONIS or MIPS might help but in any case all options will significantly increase the level 
of investments and the cost of productions which already today imply that the cost of Mo99 
and Tc99m generator production is significantly increased and has to be charged to Nuclear 
Medicines procedures. 
The last crisis revealed the importance of the security of supply of Mo99 for the health of 
million of people in the world. This aspect has to be duly taken into consideration by both 
nuclear safety and drug control authorities, but this should never result as a threat to the 
safety of operations and workers or local population health. 
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ABSTRACT 
 

The Jules Horowitz reactor (JHR) is the CEA new high performance material test 
reactor (MTR). Its startup is planned for the beginning of 2014. The reference fuel 
for the JHR is the UMo fuel as a high density, low enriched and reprocessable fuel, 
and CEA is deeply involved in the international collaboration for the development 
of this fuel. Moreover, the qualification and licensing of such a fuel is not expected 
to be ready for the startup of the JHR. Therefore, the CEA is qualifying a back-up 
solution, to ensure the first power operations of the reactor. This paper presents 
the status of the qualification program at the beginning of 2009, with a focus on 
manufacturing and qualification under irradiation. 

 
 
1. Introduction 
The European material test reactors (MTR) are ageing and will reach more than 50 operating 
years in 2015. This situation cannot ensure the securing of experimental capability for the 
next decades. In this context and in the framework of an international partnership, the CEA 
has launched the JHR project in order to construct a new high performance MTR whose 
purpose will be to study material and fuel behaviour under irradiation with experimental 
capabilities relevant for different power reactor technologies and generation. It will also 
contribute to securing the production of radioisotopes for medical applications.  
 
To meet these needs, the JHR has been designed for a maximum power core of 100MW 
with flexibility for operation at lower power levels in order to perform irradiations 
corresponding to with the demand. It will allow the performance of a significant number of 
simultaneous experiments in core and in reflector. Maximum performances are obtained at 
100MW core operation with the reference core loaded with 34 fuels elements in a core rack 
with 37 cells (Fig 1). 
Due to this performance level, the JHR requires a high density of fissile material and the 
reference fuel for the JHR is UMo fuel with uranium density of 8g/cm3 and 20% 235U 
enriched. It is for this reason that the CEA is deeply involved in the international collaboration 
on UMo fuel development. Moreover, UMo is not yet available as an industrial product 
qualified for JHR operation, and CEA is qualifying a back-up fuel solution for the first power 
operations of the JHR. This back-up fuel solution is U3Si2 particles dispersed into an 
aluminium matrix. UMo fuel dispersed into aluminium will replace U3Si2 as soon as it 
becomes available.  
 
*AREVA-CERCA, a subsidiary of AREVA NP, an AREVA and SIEMENS Company 



 
 

Fig 1.  Design of the core and reflector 
 

 
 
 
 
2. The JHR fuel element  
2.1 Design and characteristics 
The three main parts of the element are (Fig 2): 

- the lower and upper aluminium end pieces; they keep the element in position in its 
location in the core, 

- the fuel assembly. 
 

  
 
 
 
 
 
 

Fig 2. The fuel element 
 

The fuel assembly consists of 8 concentric rings (Fig 3), each of them resulting from the 
coupling of three bended U3Si2/Al fuel plates crimped inside 3 aluminium stiffeners. For 
neutron consideration, small boron (10% mass) aluminium plates are set in the upper side of 
the plates (Fig 2). The cooling water channels defined by 2 rings are 1.95mm wide, and the 
velocity of the water through the channels is 15m/s. The fuel active length is 600mm. The 
inner and outer diameters of the element are 41mm and 96mm respectively; the inner hole 
has been designed to host an experimental device or a control rod. 
 

 Fig 3. Cross section of the plates  
assembly 

    
 
 
 
 
 
 
The fuel meat is co-laminated with an aluminium cladding in order to obtain fuel plates (Fig 
4.b); the fuel plate meat thickness is 0.61mm. The fuel plate cladding average thickness is 
0.38mm; the cladding material is AlFeNi. The fuel meat is U3Si2 particles with MEUfuel 
uranium density of 4.8g/cm3. These particles are dispersed in an aluminium matrix (Fig 4.b). 
 
 
 

Fig 4: .a Fuel plate, .b Fuel meat 
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2.2 Fuel operating conditions; safety and functional requirements for the fuel 
The reference core configuration is a core loaded with 34 fuel elements and a 100MW core 
operation. Table 1 gives fuel parameters and operating conditions : 
 

Fuel type and 235U enrichment  U3Si2  
(first operation phase) 

Clad material AlFeNi 
In core residence (cycle number x cycle length)(EFPD) 102,8 (4 X 25.7) 

Hydraulic gap (mm)/ coolant velocity (m/s) 1.95 / 14.6 
Average (1) /  Max (2) / Peak (3) Heat flux (W/cm2) 152 / 420 / 516 

Average (1) / Peak (3) wet temperature (°C) 65 /  165 
Average (4) / Max(4) Burn-up (%235U) 51/53 

Average (4) / (1021 f/cm3) 2 
(1) Core average; (2) local 3D; (3) All uncertainties included; (4) for discharged fuel elements, at End Of Life 

Table 1: RJH  fuel operating conditions 
 
The general safety framework required for the JHR fuel underlies the objectives of the 
qualification program of the fuel element. More precisely stated, as the first discussions 
progressed on the JHR safety options, the ASN issued a certain number of fuel 
recommendations which led the CEA to set the following functional requirements for the fuel 
[1]: 
 

Operating category 
 

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 2: Operating categories and associated functional requirements for the fuel 
 

Based on these requirements, 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 

 
This led to a detailed description of the fuel functional requirements regarding the fuel and 
the plates, which need to be transposed into quantitative criteria for safety analysis in order 
to demonstrate that the safety objectives are being met (Table 3). 
 

 
 
 

Fig 4.b 
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Table 3: Set of detailed fuel functional requirements and associated criteria 
 

Operating 
category 

Mechanical 
integrity 

(leaktightness) 

Geometric 
integrity 

(local and general) 

No fusion No violent 
exothermal 
interaction 

OC1, OC2 required required required required 
OC3   required required 
OC4    required 

Criteria  Experimental 
validation on full 
size elements 

Local:Tmeat<515°C 
General: validation 

against buckling 

Tcladding<616°C 
Tmeat<645°C 

Tmeat<915°C 

 
To demonstrate that these functional requirements are observed for normal operating 
conditions, the CEA has developed an experimental program (see 3.3).   
 
Local geometric integrity of the plates 
During a series of heat treatments- called blister tests- on irradiated U3Si2/Al plates involving 
several 30 minutes plateaux at increasing temperatures, blisters (several millimetres in 
diameter) tended to appear on the cladding [2]. These local blisters slightly pinched the 
hydraulic channel and thus may hindered decay heat removal. In compliance with the NRC 
report, the criterion thus defined was based on feedback from these tests an is express as  
Tmeat< 515°C. 
 
No melting 
As in OC1 operating conditions, melting of the fuel plates is also prohibited in OC2 and OC3 
operating conditions. The criteria are defined: 

- by the solidus/liquidus temperature of AlFeNi for the cladding (616°C) 
- and the solidus/liquidus temperature of the matrix Al (A5) (645°C) 

Calculations of the temperatures evolutions in the matrix and in the hottest point in the 
cladding the more penalizing transient (among the OC2 situations and OC3 situations 
respectively) must show that these criteria are respected. 
 
No violent exothermal reactions 
This type of reaction may only have consequences when its kinetics becomes fast and 
creates more thermal flux than the coolant can extract. Based on this consideration, the NRC 
report [2] gives the following information regarding the interaction between particles (U3Si2) 
and matrix (Al): 

- the kinetics of the interaction becomes significant only when Aluminium is molten, 
- the heat produces by the interaction is progressively consumed by Aluminium 

melting, 
- no other thermal phenomena is observed in the upper temperature domain (from 

aluminium melting temperature up to 1300°C) 
Furthermore, many works have characterized the kinetics of the interaction between Al and 
water, and it can be concluded [3] that for T<915°C, there is no violent reaction.  
The overall criterion of Tmeat<915°C shall therefore be applied as a conservative one for the 
all above mentioned reactions. 
 
 
3. The qualification program for the fuel elements 
The fuel element is one of the major parts of the project because it has to ensure the 
performances required for reactor operation and to guarantee the functional requirements.  
At the present time, elements with U3Si2 fuel are widely used in MTRs [2], but their behaviour 
has been qualified for a range of operating conditions which do not reach the high level of 
the specified JHR ones. Furthermore, those high level performances led to special design for 
the fuel element with very tight constraints on the geometry and the manufacturing margins. 
This position justifies the qualification of both design and behaviour of the different 



 
 

components of the fuel elements under reactor operating conditions. Therefore, the 
qualification program is aiming to meet the following objectives [4]: 

- The validation of the fuel element design options to prove the required 
performances 

- The qualification of the manufacturing routes for plates fabrication and assembly  
- The qualification of the behaviour of the fuel element including hydraulic tests under 

irradiation in the JHR operating domain. 
-  

For OC1 operating conditions, the validation is led through an experimental demonstration 
(3.3).  
In OC2 operating conditions, the validation of the global geometric stability of the plates is 
checked through an analysis of the behaviour regarding the buckling. This methodology has 
been validated (fig 5 )on the results of experimental tests performed on U3Si2 plane plates 
([5], [6], [7]) then transposed to JHR plates. It shows that in OC2 and OC1 operating 
conditions, there is no buckling of the plates in a range of  
 

Fig 5 : Results of an analysis on plane plates 
 

 
 

For OC3 and OC4, the validation is based on thermal analyses taking into account the more 
penalizing transients (reactivity insertion, flow-rate reduction) among the relevant ones for 
theses categories of operating conditions. 
 
 
3.1 Validation of the fuel element design 
The objective is to demonstrate that the fuel element (shape and dimensions) is able to carry 
out the assigned functions (neutron flux supply, safety, interactions with other part of the 
reactor) and to insure all required performances are met for the whole duration of its location 
in-core.  
 
Validations have been previously carried out on the neutron and thermal-hydraulic points of 
view and shows that the core performances meet the required objectives. The aim of this 
paper is focused on the mechanical part of the validation. 
 
The final selection for the fuel and the preliminary design of the assembly have been 
validated at the end of the design phase. It is then required to validate that the design 
options which have been chosen (material, geometry,..) will lead fuel elements which will: 

- respect the criteria associated to the different operating categories (see 2), 
- guarantee the required performances for the core, through their individual 

contribution to neutron flux supply, 
- generate no disturbances on other reactor components induced by a damaging 

behaviour caused by the different thermal and mechanical constraints they 
undergo.  

 
The validation of the fuel element design is performed by a set of theoretical demonstrations. 
This analysis is carried out using the same methodology for each type of operating 
conditions.  



 
 

 
For the thermal-mechanical analysis, the study considers the JHR fuel element as an entire 
component with its different parts (upper end lower end pieces, fuel assembly) and their 
different joining technologies; it does not take into account the design and the qualification of 
the behaviour of the fuel plate, which is carried out elsewhere through in the program (3.3). 
The required output results (Fig 6) for each part of the element are:   

- the definition of the behaviour (phenomena), 
- the calculation of the constraints, 
- the contribution of the validation of the choices for material, 
- and the validation of the geometry. 

It has to be demonstrated that the mechanical behaviour of the whole element is acceptable 
for each category of operating conditions, i.e. to the evolution of the significant parameters 
influencing the thermal and mechanical behaviour of the element, ensure the checking of the 
criteria. 
 
The mechanical analysis takes into account the thermal-mechanical constraints which are 
undergone by the element for OC1, OC2 and OC3 operating conditions. For OC4 operating 
conditions, the respect of the criteria is check through thermal and thermal-hydraulic 
analyses which are the relevant ones for this type of conditions. 

              
 
Fig 6: Example of results available from calculation of the mechanical behaviour of the fuel 

element (AREVA-TA) 
 
.The final outcome of this program will consist of a general validation (3.3) of this design will 
be carried out on prototypes through an experimental program design to comprehend to the 
fuel behaviour under representative operating conditions (regarding flux and thermal-
hydraulics), by verifying that changes occurring in the element are satisfactory with regard to 
the various criteria (evolution of the geometry, mechanics,…).  
 
3.2 Qualification of the manufacturing 
The qualification of the manufacturing must guarantee the capability:  

- to complete the manufacturing of the elements with respect to the specifications to 
verify that an industrial rate for the manufacturing corresponding to the needs in 
terms of RJH core reloading can be ensure (about 80 elements/year), 

- to deliver the first core and the following reloading s within the required times. 
 
The manufacturing is performed for the CEA by AREVA-CERCA [8] which was early involved 
in the project for fuel design.  
 
First of all, preliminary demonstrations have been carried out to validate the feasibility of the 
main stages of the manufacturing on U3Si2/Al plates. A very tight constrain is assigned on the 
depth of the coolant channels between the plates. As it was not in the usual range of the 
manufacturing parameters for CERCA, a test has been performed on an aluminium mock-up 
to prove the feasibility of crimping plates on 3 stiffeners at 120° for a reduced clearance. 



 
 

Furthermore, the feasibility of the bending of the plates for the smallest and largest sizes (1 
and 8 respectively) has been demonstrated with. It led to development of specific tools for 
the JHR plates manufacturing.  
At the end of this preliminary demonstration phase, a preliminary version of the 
manufacturing was drawn up and sent to the manufacturer. It allowed us to start the following 
phase which is aimed at procuring equipment specific to manufacturing of the JHR plates 
and assembly, fixing the final tools, the accurate set of material and the final range for 
manufacturing parameters, and performing the pr-industrial qualification on a set of about 
230 plates. This phase led to previous specifications for manufacturing and control to be 
applied to the manufacturing of 12 JHR prototypes elements. 
 
The manufacturing is defined and supervised by the CEA, and validated for each key point 
with respect to the specifications: 

- U3Si2/Al powder fabrication, 
- Realisation of the plates, 
- Bending of the plates (Fig 7), 
- Assembly of the elements (fuel plates en end pieces) 

 

 
Fig 7: Bended plates size 1 and 8 (AREVA-CERCA) 

 
Twelve elements (LTA; Lead Test Assemblies) have to be manufactured. Five among them 
are devoted to a qualification program under irradiation flux and operating conditions 
representative of the JHR normal operating domain (EVITA, see 3.3 ,[9]). The other ones will 
be tested in the EOLE reactor (CEA, Cadarache) for neutron database acquisition.  
 
The first fuel of these twelve elements has been delivered to BR2 reactor in January 2009, 4 
last ones will be inspection for acceptance in March, then the seven last ones in June.  
 
 
3.3 Qualification of the fuel behaviour in normal operating conditions 
Behaviour under representative hydraulic conditions (AREVA-TA) 
Hydro-mechanical tests have been conducted in the BACCARA loop (CEA), with a full-scale 
aluminium mock-up, in order to characterize the mechanical behaviour of the JHR element in 
representative flow conditions. The tests have delivered useful information and 
measurements on physical parameters for the modelling and the consolidation of the 
preliminary concept calculations. Tests showed no mechanical degradation of the plates or 
the structure of the element due to hydraulic or vibratory phenomena. Moreover, metrologies 
have been performed on the mock-up before and after the test campaigns. They indicate that 
the evolutions of the external diameter of the element (mock-up) are not significant in 
comparison to the manufacturing scattering and to the evolution expected after irradiation. 
 
 



 
 

Behaviour under conditions representative of JHR normal operating conditions (thermal 
hydraulic and neutron flux)  
A preliminary test has been carried out in the BR2 reactor in 2005, to validate the behaviour 
of representative U3Si2 plates under conditions similar the JHR ones. It consists of a “mixed” 
BR2 fuel element, with its 5 inner usual rings (UAlx fuel and AG3N cladding) and an external 
ring representative of JHR fuel. The plates were tested during 3 cycles (21 EFPD), with a 
maximum power density of 435W/cm3 and BR2 cooling conditions (12m/s). The mean fuel 
burn-up in U3Si2 plates at the end of the experiment was 54%. Examinations carried out after 
irradiation allowed to conclude that the silicide fuel plates behaved correctly under the 
experimental conditions. 
 
In order to complete this previous demonstration, it was decided to qualify the correct 
behaviour of the fuel elements under JHR normal operating conditions (OC1) by means of an 
experimental in-pile program. It will check that: 

- the mechanical integrity of the fuel plates, 
- the geometric integrity of the fuel plates and more generally of the whole assembly 

are preserved in these conditions (in particular limited deformation under flux of the plates 
and of the coolant channels is expected). For this purpose, a dedicated loop has been 
designed to be implemented in the BR2 reactor of the SCK-CEN ([9], fig 8). 
 
Fig 8: Artistic view of the EVITA loop in the BR2 reactor and location for JHR element during 

irradiation (SCK-CEN) 
 

  
 
The in-core of the part of the loop is located in the central channel of the BR2 core (H1 
channel). Adaptations have been done to host a JHR element for irradiation campaign at the 
specified irradiation conditions.  
 
The program plan is the following: 

- previous examinations at fuel element reception at BR2 (geometrical 
characterization) in order to obtain a dimension initial state, 

- irradiation cycles under specified conditions with inter-cycles examinations of the 
plates (visual and fission product release tests), 

- post-irradiation examinations (EPI) whose objective is the characterisation of the 
final state of the plates (swelling, corrosion of the cladding, levels of deformation). 

 
It will also allow to access to the thermal-hydraulic and mechanical behaviour of the element 
under normal operation and to consolidate some of the previous answers given by the test 
performed in the BACCARA loop. 
 

Central channel  
Of BR2 reactor 



 
 

Five elements will be available for successive tests. The five tests will aim at applying the 
JHR nominal operating conditions gradually (maximum surface density and cooling rate) and 
will achieve the target burn-up fraction, beginning with an initial test with an intermediate 
burn-up objective. 
 
The leaktightness of the plates can be checked without recourse to destructive testing, so 
the information might be available in a short delay after the end of irradiation. The geometric 
integrity (plates and channels) of the assemblies will be verify by mean of three dimensional 
measurements, which should also give access to the comparison between initial state (after 
manufacturing) and final state (after irradiation). Then metallographic inspections on samples 
taken in the most stresses areas will give information on the behaviour of the uranium silicide 
particles. 
 
Schedule for the availability of the loop and the details of the program can be found in 5. 
 
 
4. Schedule for the JHR fuel elements qualification   

 
 2009 2010 2011 2012 2013 
Validation of the fuel element design           
Qualification of the LTA (and transport)           
Qualification in OC1 operating conditions           
EVITA loop availability           
Irradiation of the 1rst EVITA element           
Irradiation of the 2ndt EVITA element           
First results : mechanical integrity (elements 1 and 2)           
Results of the dimensional results (elements 1 and 2)           
Irradiation of the following EVITA elements  (3 to 5)           
Demonstration for OC2 operating conditions            

 
 
 
5. Conclusion 
The CEA has launched a qualification program to demonstrate that the back-up fuel element 
will ensure the fundamental safety functions and the required performances for the core 
operation.  
At the time being: 

- theoretical studies are on going to validate the final fuel element design regarding 
its mechanical behaviour in the different category of operating conditions, 

- the manufacturing of twelve JHR prototypes must demonstrate the capability to 
complete the manufacturing with respect to the specifications with the final 
acceptance of the last elements in June 2009. 

- the demonstration of the correct behaviour of the fuel assembly under conditions 
representative of the JHR nominal ones will start in July with the first irradiation in 
the EVITA loop.  
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ABSTRACT 
 

For nuclear energy to remain a long term option in the world’s energy mix, nuclear 
power technology development must meet sustainability goals with regard to fissile 
resources and waste management. The utilization of breeding to secure long-term 
fuel supply remains the ultimate goal of fast reactor development. Plutonium 
recycle in fast reactors, as well as incineration/transmutation of minor actinides and 
long-lived fission products in hybrid reactor systems (e.g. accelerator driven 
systems) also offer promising waste management options. Several R&D 
programmes in various IAEA Member States are actively pursuing these options, 
along with the energy production and breeding mission of fast reactor systems. 
The paper presents an overview of the major national and international R&D 
programs in the area of accelerator driven systems for transmutation of long-lived 
nuclear waste. It also describes IAEA’s ongoing and planned activities in this field. 

 
 
1. Introduction 
 
Based on a cumulative experience of almost 13’000 reactor-years, nuclear power is a mature 
technology that makes a large contribution to the energy supply worldwide. As of March 2009, 
there were 436 nuclear power plants operating in the world with a total net installed electrical 
capacity of 370 GW supplying slightly more than 15% of the world’s electricity, and 44 nuclear 
power plants of 38 GW electrical capacity under construction [1]. In 2007, the nuclear share in 
electricity generation ranged from maxima of 76.9%, 64.4%, and 54.3% in France, Lithuania, 
and Slovakia, respectively, to minima of 2.8%, 2.5%, 2.3%, and 1.9% in Brazil, India, Pakistan, 
and China, respectively [1]. 
There are four major challenges facing the long-term development of nuclear energy as a part 
of the world’s energy mix: improvement of the economic competitiveness, meeting increasingly 
stringent safety requirements, adhering to the criteria of sustainable development, and public 
acceptability. Meeting the sustainability criteria with regard to waste management is the driving 
force behind the topic of this paper. While not involving the large quantities of gaseous products 
and toxic solid wastes associated with fossil fuels, radioactive waste disposal is also today’s 
dominant public acceptance issue. One of the primary reasons that are cited is the long life of 
many of the radioisotopes generated from fission. This concern has led to increased R&D 
efforts to develop a technology aimed at reducing the amount of long-lived radioactive waste 
through transmutation in fission reactors or accelerator driven systems (ADS). In recent years, 
in various countries and at an international level, more and more studies have been carried out 
on advanced and innovative waste management strategies (i.e. actinide separation and 
utilization/elimination). 
This paper summarizes the major programs worldwide, as well as IAEA’s activities on utilization 
of plutonium and transmutation of long-lived radioactive waste implemented within the 
framework of the “Project on Technology Advances in Fast Reactors and Accelerator Driven 
Systems” [2]. 



2. Advanced nuclear fuel cycles 
 
The rationale for the research and technology development programs in the field of ADS must 
be seen in the context of the efforts to establish innovative nuclear fuel cycles including 
partitioning and transmutation (P&T). 
Presently, industrial maturity can be claimed for two fuel cycle strategies, i.e. the "Once 
Through Fuel Cycle" (OTC), and the "Reprocessing Fuel Cycle" (RFC) in which plutonium and 
very limited uranium quantities are being recycled. It is helpful to recall some key data that set 
the stage for any fuel cycle (waste management) discussion: worldwide, the annual spent fuel 
discharge is in the range of 10’500 – 11’000 t heavy-metal (HM), while the industrial 
reprocessing capacity amounts to ~5’000 t HM [3]. Hence, less than ½ of the discharged spent 
fuel can be processed. Worldwide, the cumulative inventory of stored spent fuel is estimated to 
be ~130’000 t HM, and the amount of reprocessed spent fuel is estimated to be ~70’000 t HM. 
The latter inventory has been transformed into high-level waste (HLW) and spent light water 
reactor (LWR) mixed uranium-plutonium oxide (MOX) fuel. Considering the relatively low 
uranium ore prices, this situation is expected to continue over the next few decades (the 
cumulative inventory of stored spent fuel could reach 192’000 t HM by 2010). Therefore, it is 
likely that the need for repository space will increase accordingly. Taking Yucca Mountain 
(63’000 t HM capacity) as reference repository, the present worldwide inventories would require 
two repositories for the spent fuel, and one for the HLW. For the USA alone (OTC strategy), 
assuming a life time extension of the present nuclear reactors to 60 years, and no new 
reactors, the capacity of Yucca Mountain will be exceeded by ~2050. Given the strong public 
opposition to the construction of geologic repositories, it is understandable that over the last 
decade or so, in various countries and at an international level, more and more studies have 
been carried out on advanced and innovative waste management strategies aiming at reducing 
the amount of long-lived radioactive waste through transmutation in fission reactors or ADS. In 
several IAEA Member States, P&T is being revisited with the goal of reassessing its merits and 
investigating new approaches that could be followed in implementing this innovative fuel cycle 
and waste management option. 
 
3. Status of ADS research and technology development 
 
P&T is a complex technology that implies the availability of advanced reprocessing plants, 
facilities for fuel fabrication of transuranics (TRUs), and irradiation facilities beyond the 
presently existing nuclear reactors. For the major part, partitioning consists in extending the 
current reprocessing techniques: in addition to uranium, plutonium and 129I, also minor actinides 
(neptunium, americium and curium), and, possibly, also long-lived fission products (99Tc, 93Zr, 
135Cs, 107Pd and 79Se) would be extracted from the liquid high level waste. This technology, 
could, to a certain extend, be extrapolated on the basis of decades-long industrial experience in 
Europe and Japan. Transmutation, on the other hand, requires fully new fuel fabrication plants 
and irradiation technologies and their implementation on an industrial scale. The use of existing 
nuclear reactors as transmutation devices results in modest incineration and transmutation 
yields, and, more importantly, is limited by both safety and operational considerations. 
Therefore, new concepts, i.e. dedicated fast reactors, and sub-critical systems (ADS and even 
fusion/fission hybrids) have been proposed as incineration/transmutation devices. 
ADS rely on the availability of a hard neutron source produced by the spallation process 
induced by a high-energy proton beam impinging on a heavy nuclide target. While ADS present 
an attractive potential, various specific economics and technological issues remain to be solved 
(e.g. capital costs, additional energy consumption, accelerator reliability, various physics and 
material science issues linked, e.g. to nuclear data, fuel performance, heavy liquid thermal 
hydraulics, etc). 
The assessment of the potential of the ADS technology must consider the fact that the 
spallation neutron source is much less effective than the fission one. Basic physics 
considerations comparing spallation and fission neutron sources lead to the conclusion that 
transforming the energy of one fission event (which yields roughly 200 MeV of energy and 3 
hard neutrons) into spallation results in approximately 20 MeV of energy and, in an optimum 



situation, 1.5 hard neutrons. In other words, compared to fission, the spallation source requires 
180 MeV energy to produce half the number of neutrons. It is obvious that the introduction of 
ADS, which are depending on such an expensive neutron source, can be justified only with 
conspicuous advantages in other areas. These advantages, always compared to critical 
reactors, are claimed in two areas: firstly, the improvement of the dynamics behaviour (and 
hence safety characteristics), and, secondly, the enhanced flexibility linked to an improved 
neutron balance gained from the availability of an external neutron source. Both these 
advantages motivate R&D efforts aiming at substantiating the potential of ADS and studying 
their role in innovative reactor and fuel cycle strategies that include systems for large-scale 
utilization and transmutation of actinides and LLFP. The major ongoing programmes in Europe 
and Asia are summarized below. 
 
3.1 European Union 
In the European Union, research and technology development in the area of ADS is part of 
European Atomic Energy Community’s 6th ( 2002 – 2006) and 7th (2007 – 2011) Framework 
Programmes (FPs) [4,5]. The objective of these activities is to investigate ways and means of 
reducing the amount and/or the hazard of the nuclear waste. The activities include research 
and technology development in partitioning and transmutation with the expressed goal of 
developing pilot facilities. In FP6 (to be continued in FP7), the focal point for ADS research and 
technology development was the EUROTRANS project (funded with a total of 45 million Euro, 
of which the EC contributed 23 million). EUROTRANS had two main objectives: firstly, 
perform preliminary design studies of experimental ADS (XT-ADS) in the thermal power range 
50 – 100 MW, and, secondly, perform the conceptual design of a modular European 
Transmutation Demonstrator (ETD) in the thermal power range of several hundred MW. The 
mission of the XT-ADS is to demonstrate the feasibility of transmutation with ADS. Both the 
spallation target material and the coolant are lead-bismuth eutectic. The subcritical core is 
fuelled with mixed uranium-plutonium oxide, and the accelerator is a 600-MeV∗2.5 mA or 
350 MeV∗5 mA LINAC. The Belgian SCK•CEN Research Centre at Mol has aligned its R&D 
activities aiming at the design of the full scale ADS demonstrator MYRRHA with the XT-ADS 
efforts. All major possible design cliff edges are being (will be in FP7) investigated, the key 
accelerator components demonstrated, the spallation target thermal hydraulics design 
completed, and, last but not least, the experimental coupling of a sub-critical core with a 
neutron source realised. The latter (the GUINEVERE experiment) will also provide an 
experimental facility allowing physics experiments and technological research under conditions 
representative for XT-ADS. GUINEVERE, currently being erected at SCK•CEN Mol, stands for 
“Generator of Uninterrupted Intense NEutrons at the lead VEnus Reactor”. This facility couples 
a deuteron GENEPI-3C accelerator functioning in continuous, pulsed, and beam trip modes 
with a Ti3H target producing 14.1 MeV neutrons (deuterium-tritium target), surrounded by a fast 
sub-critical metallic uranium fuelled core in a lead matrix. 
 
3.2 Belarus 
The Joint Institute for Power and Nuclear Research – SOSNY (JIPNR-SOSNY) of the National 
Academy of Sciences of Belarus is implementing the experimental program YALINA with the 
objective of studying the physics of ADS and investigating the feasibility of minor actinides and 
long-lived fission product transmutation in fast spectrum sub-critical 
facilities [6]. The research activities pursued by the YALINA group include the development of 
experimental techniques for monitoring sub-criticality levels (currently, the YALINA-BOOSTER 
configuration is the only installation where reactivity monitoring techniques used in a power 
ADS can be tested), the investigation of spatial kinetics of sub-critical systems driven by 
external neutron sources, the measurement of transmutation reaction rates, and investigations 
of maintenance and operation characteristics of sub-critical systems driven by external neutron 
sources. The YALINA experimental programme contributes, on the one hand side, to the 
EUROTRANS project, and, on the other, aims at converting the HEU loaded fuel zones of the 
sub-critical YALINA-BOOSTER configuration to LEU loaded zones without penalizing its 
functionality [7]. 
 



3.3 India 
In addition to the rationale for ADS development mentioned in Section 2, India is pursuing an 
ADS programme in view of its potential to enhance breeding of fissile material in conjunction 
with the utilization of thorium fuel in nuclear power systems [8]. The programme includes 
research in the areas of high power proton accelerator technology, spallation target systems, 
heavy liquid metal thermal hydraulics, and sub-critical core design. In the field of accelerator 
technology, the Indian research programme addresses the challenges at both the low (due to 
high currents) and high (superconducting RF cavities) energy end. R&D related to spallation 
target systems includes thermal hydraulics experiments on a lead-bismuth eutectic loop with 
proton heating of the beam window simulated by a plasma torch and electron beam. Extensive 
validation and qualification of Computational Fluid Dynamics codes is being done based on 
these experiments. This loop is also being used for corrosion testing. The core design studies 
look at various sub-critical systems in view of thorium fuel utilization. The Indian programme 
includes also an experimental programme coupling a deuterium-tritium neutron source with a 
sub-critical water cooled, natural uranium fuelled reactor. Design studies for an experimental 
reactor that would offer the flexibility of being transformed into a sub-critical system driven by a 
spallation source are also underway. 
 
3.4 Japan 
R&D on ADS is pursued by the Japan Atomic Energy Agency (JAEA) with the objective of 
transmuting long-lived radioactive nuclides [9]. JAEA proposes an 800 MWth lead-bismuth 
eutectic cooled ADS. As in the case of India, various activities are conducted to investigate the 
feasibility of the ADS from the viewpoints of accelerator technology, lead-bismuth technology, 
and sub-critical core design. Within the framework of the J-PARC (Japan Proton Accelerator 
Research Complex) project, JAEA is pursuing the TEF (Transmutation Experimental Facility) 
design studies. Specifically, handling of minor actinides bearing fuel studies were performed, 
and a remote handling system was designed for the transportation of the fuel assemblies and 
for the core storage. Corrosion tests for various structural material candidates were performed 
in low oxygen concentration condition at 450°C and at 550°C. The sub-critical core design 
studies lead to a four-zone core concept, which was adopted to limit operating temperatures 
below 500°C and thus improve the compatibility with the lead-bismuth eutectic. 
 
4. IAEA activities 
 
IAEA activities include information exchange and collaborative R&D. Recently, the IAEA, in 
collaboration with the International Centre for Theoretical Physics (ICTP), convened the 
“Advanced Workshop on Model Codes for Spallation Reactions” [10], and the “Workshop on 
Nuclear Reaction Data for Advanced Reactor Technologies” [11]. Looking ahead, IAEA’s 
Department of Nuclear Energy and Department of Nuclear Sciences and Applications are 
organizing in collaboration with ICTP the School on “Physics, Technology and Applications of 
Innovative Fast Neutron Systems” in Trieste, from 9 to 20 November 2009. Two major 
international conferences related to the scope of this paper are organized by the IAEA in 2009: 
the “Topical Meeting on Nuclear Research Applications and Utilization of Accelerators, AccApp 
’09”, organized in collaboration with the ANS by IAEA’s Department of Nuclear Energy and 
Department of Nuclear Sciences and Applications (Vienna, 4-8 May 2009) [12]; and the 
conference on “Fast Reactors and Associated Fuel Cycle – Challenges and Opportunities”, 
organized by IAEA’s Department of Nuclear Energy in cooperation with various Japanese and 
international organizations, and hosted by JAEA (Kyoto, 7-11 December 2009 [13]. 
With regard to collaborative R&D, the IAEA has completed the Coordinated Research Project 
(CRP) on “Studies of Advanced Reactor Technology Options for Effective Incineration of 
Radioactive Waste” [14], and has an ongoing CRP (2005-2009) on “Analytical and 
Experimental Benchmark Analyses of Accelerator Driven Systems (ADS)” [15]. 
Last but not least, the IAEA is maintaining the “ADS Research and Development Database”. It 
provides information about ADS related R&D programs, existing and planned experimental 
facilities as well as programs, methods and data development efforts, design studies, and so 
forth. While operational on the Web ((http://www-adsdb.iaea.org/index.cfm), the database must 



rely on content contributed by the interested community. Data can be provided on-line, and 
contributions are solicited (the author will gladly grant access privileges upon request). 
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ABSTRACT 
 

In the frame of the JHR fuel qualification program, CEA awarded to AREVA-CERCA an order for the 
manufacture and delivery of twelve Lead Test Assemblies. These assemblies are made in MEU U3Si2 
type fuel plates using AlFeNi cladding. They are dedicated to experimental tests performed in the BR2 
reactor, with the purpose of demonstrating the good behaviour of the fuel elements under operating 
conditions representative of the JHR normal operation. 
The main challenges were to manufacture new designed fuel assemblies with specific constraints on 
the geometry and on the manufacturing margins, due to the high performances required for the JHR 
reactor; as well as to deal with the insertion of burnable poisons in the U3Si2 type fuel plates. This 
paper is focused on manufacturing developments performed along the project so as to finally 
successfully produce the LTA’s fuel elements. 
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1. Introduction 
Since 1957, date of creation, CERCA Company has always been involved in fuel 
development for MTR reactors. 

When CEA decided to start up the study of the new French JHR MTR reactor, AREVA was 
early involved in the project for reactor and fuel design through AREVA TA and AREVA-
CERCA companies. 

In 2006, CEA awarded to AREVA – CERCA an order for the manufacture and the delivery of 
twelve lead test assemblies, in the frame of the JHR fuel qualification program. Five 
assemblies are dedicated to qualification tests performed in the “EVITA” loop of BR2 reactor, 
with the purpose of demonstrating the good behaviour of the fuel elements under operating 
conditions representative of the JHR normal operation. While, other seven assemblies are 
dedicated to experimental tests performed in the EOLE reactor with the purpose of JHR core 
modelling for “HORUS-3D” qualification. 

This paper is focused on necessary developments which have been carried out in order to 
manufacture these new designed fuel elements.  
 

2. Fuel element design details  
JHR fuel element is a cylindrical element, constituted 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 
plates (see figure 2 for a sketch of the fuel section). The plates are roll-swaged in three 
stiffeners which ensure the connection with endfittings. The LTA’s for EVITA and EOLE differ 
mainly by their endfitting. Figure 1 shows sketches of each type of LTA. 

 
 

Fig 1: Sketches of fuel elements 
 

 

 



 

 
Fig 2: Sketch of a LTA’s fuel section 

 

The plates of the fuel element are distributed according to 8 sizes. The composition of each 
plate is the following: insertion of a fuel core in high density U3Si2 (4,8 g/cm3) and of a boron 
insert in an AG3 frame, cladded in an AlFeNi cover-sheet – see figure 3 for a plate sketch. 

 
 
 
 
 
 
 
 
 

Fig 3: Sketch of a plate 
 

 
 

3. Technical challenges and results 
To be successful in the LTA’s manufacturing requirement, several challenges were accepted 
by AREVA-CERCA. They are related to: 

- Place a boron insert in a high density U3Si2 fuel plate, 

- Bending of U3Si2 high density fuel plates, 

- Roll-swaging of 8 sizes of plates with a narrow watergap, 

- Fabrication of an assembly able to be easily dismantled. 

They are all detailed hereafter. 
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3.1. Place a boron insert in a high density U3Si2 fuel plate  
AREVA-CERCA already had experience as regards insertion of a boron insert but only with 
an aluminide fuel core. The specificities of JHR’s developments were: 

- The fabrication of a boron insert with a high quantity of boron, 

- The fabrication of the fuel plate with mastering the occurrence of blistering and low 
cladding thickness. 

So as to succeed, several types of boron inserts were manufactured and placed in the plates 
in order to test different mechanical behaviours. The parameters tested in the boron inserts 
were the following: 

- The boron core, 

- The cladding, 

- The fabrication process. 
 
 
 

Fig 4: Sketch of a boron insert 

After a development period of more than one year, organised in several progressive testing 
phases, a design of boron insert as well as a design of fuel plate were agreed. They enabled 
to reach a high level of quality, as show following inspections results: 

-  No blister was observed by visual inspection, nor by UT, 

-  The cladding thickness reached was similar to other standard fabrications – see figures 5 
and 6 for illustrations in the uranium and in the boron area, 

-  Homogeneous uranium distribution surface was obtained, even in the dog-bone area – 
see figure 7. 

  

Fig 5: Metallographic inspection: dog bone area Fig 6: Metallographic inspection: boron insert area 

 
Fig 7: Surfacic uranium distribution 

These excellent results enabled to obtain the acceptance of the CEA on the designs retained 
and to validate the specification covering the fabrication of the plates. 
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3.2. U3Si2 high density fuel plates bending  

 

JHR fuel section is constituted of 8 
sizes of plates, bended according to 
various radius of curvatures. The 
radius of curvature of the most internal 
sizes of plates were lower than those 
usually manufactured in AREVA-
CERCA (in particular, size # 1 with a 
radius of curvature of 22 mm). This 
meant that we had to adapt the 
bending tool and to develop new 
bending parameters enabling to distort 
the plate while ensuring a perfect 
integrity of the fuel core and no 
modification of the global thickness of 
the plate.  

Fig 8 – Picture of bended JHR plates of 
extreme sizes 

To do so, a specific study was performed to define the necessary tools to implement. Several 
plates in surrogate materials and then in depleted uranium were manufactured and bended 
with the retained tool. Detailed inspections were performed on the plates to make sure of 
their internal quality (radiography of the plate, metallographic inspection on the entire core 
and on the boron insert). For example, figure 9 - metallographic picture on the central zone of 
the core on an overbended plate (radius of curvature around 16 mm) – doesn’t show any 
crack and deformation.  

 
 

Fig 9: Picture of a metallographic inspection – central zone of the plate 
These excellent results enabled to validate the modified tools and to install them on the 
bending machine.  
 

3.3. Roll-swaging of 8 sizes of plates with a narrow watergap 
The aimed watergap by CEA was extremely difficult to achieve considering concentric 
assemblies. 

The challenge for AREVA-CERCA lied in reaching the low value of 1,95 mm, while 
maintaining a limited tolerance of ± 0,30 mm, and this, on seven successive watergaps.  

This has conducted AREVA-CERCA to design a new parametering on the roll-swaging 
machine with a complete modification of the existing tools.  

A complex study has been launched to define a tool that would enable to perform the 
operation and to check the manufacturing reproducibility on each watergap. Following 
parameters were particularly studied: the accurate positioning of the plates inside the 
element, the shape of the roll-swaged wheels, … 

Size 8 – Most 
external size 

Size 1 – Most 
internal size 



Finally, a new tool was defined and the validation was obtained through several pull tests 
performed on dummy sections representative of the element and thorough inspections of 
each watergap – see example of inspection with capacitive gauges on figure 10. You can 
notice that results are as homogeneous from the most internal to the most external watergap. 
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Figure 10 – Inspection of the watergaps on JHR fuel section using capacitive gauges 

 

3.4. Fabrication of an assembly able to be easily dismantled 
For the elements meant for EOLE installation, one requirement was to benefit from an 
element able to be easily dismantled in order to measure each plate by gamma-scanning 
and to have more precise information about neutron beam. The challenge for AREVA-
CERCA was to design a fuel element almost identical to the others, but that could be 
completely dismantled. The main requirements of the end-user were the following: 

- Same watergap (1,95 mm) with a tolerance enlarged from 0,30 mm to 0,50 mm, 

- Precise positioning of plates in the element and maintaining of their position, 

- Assembling and dismantling of the element at least 100 times with a facilitated extraction 
of the plates. 

Advanced studies were performed during a period of 10 months to find adequate solutions to 
each of these specificities. The work consisted in determining a set of solutions for each 
requirement, presenting the principles to the end-user to take into account its constraints (a 
few materials prohibited like stainless steel in different locations of the element, obstruction 
of watergaps as reduced as possible, …) and testing the retained solutions on an inert 
dummy at scale 1 to ensure of their adequacy with the given requirements.  

At least, a specific design of element was proposed to the CEA, integrating adapted solutions 
for each of the specificities requested: for example, specific lateral comb enabling to maintain 
the watergap as well as to ensure the precise positioning of plates in the fuel assembly, 
surface treated stiffeners to facilitate the extraction of plates, design of a made to measure 
assembling tool and so on.  



 

Figures 11 and 12 show local views of a standard fuel assembly (figure 11) and of the 
assembly able to be easily dismantled for EOLE (figure 12). 
 

  
Figure 11 – Sketch of a standard fuel 

assembly 
Figure 12 – Sketch of the fuel assembly able 

to be easily dismantled 
 
 
4. Project schedule  

 
 

Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June

Contract between CEA and CERCA ♦

Preliminary study

CEA / CERCA / AREVA TA meetings 
for project review ♦ ♦ ♦ ♦ ♦ ♦ ♦

poison plate qualification

Fuel plate qualification

technical specification validation ♦ ♦ ♦

structural parts supplying

poison plate manufacturing

Fuel plate manufacturing

Fuel element manufacturing

1st EVITA fuel element witness 
inspection ♦

4 EVITA fuel elements witness 
inspection ♦

7 AMMON fuel elements witness 
inspection ♦

2009

LTA's manufacturing for JHR fuel qualification program schedule
2007 20082006

 
 

 
The project is still running; the first EVITA fuel element has been delivered in due time to 
BR2 reactor beginning of January 2009, next step is the witness inspection for the last 4 
EVITA fuel elements scheduled in March. 

This project schedule shows the last phase of JHR fuel qualification program, relative to 
the fuel plate manufacturing developments; but, previously to this phase, technical and 
design evaluation developments were successfully carried out, through a close 
collaboration between: the designer (AREVA-TA), the manufacturer (AREVA-CERCA) and 

Lateral 
comb 

Surface treated stiffener 



the end user (CEA), to define the final fuel element design. Many meetings were held along 
the project to constantly keep informed all partners about the project progress. 

Many challenges, so as: narrow watergaps, fuel section with 8 size plate roll-swaged, …. 
were achieved before starting the final step of the program. 

 
 

5. Conclusion  
 

From the early start up of the project, close collaboration between CEA, AREVA-TA and 
AREVA-CERCA was carried out to give chance to succeed for the fuel element 
manufacturing development. Despite of the difficulties inherent to this type of project, 
technical options were discussed and solutions were validated together, always keeping in 
mind the final target of the project: to design an efficient and durable fuel for JHR reactor. 
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ABSTRACT 

 
RERTR U-Mo dispersion fuel plates are being developed for application in research reactors throughout 
the world. Of particular interest is the irradiation performance of U-Mo dispersion fuels with Si added to 
the Al matrix. Si is added to improve the performance of U-Mo dispersion fuels. Microstructural 
examinations have been performed on fuel plates with Al-2Si matrix after irradiation to around 50% LEU 
burnup. Si-rich layers were observed in many areas around the various U-7Mo fuel particles. In one local 
area of one of the samples, where the Si-rich layer had developed into a layer devoid of Si, relatively 
large fission gas bubbles were observed in the interaction phase.  There may be a connection between 
the growth of these bubbles and the amount of Si present in the interaction layer. Overall, it was found 
that having Si-rich layers around the fuel particles after fuel plate fabrication positively impacted the 
overall performance of the fuel plate. 
 
1. Introduction 
 
The United States Reduced Enrichment for Research and Test Reactors (RERTR) Fuel 
development program is actively developing low enriched uranium (LEU) fuels for the world’s 
research reactors that are currently fueled by uranium enriched to more than 20% 235U [1].    
 
To assess the performance of U-Mo dispersion fuels with Si-doped matrices, different reactor 
experiments have been conducted using the Advanced Test Reactor (ATR). For the purpose of 
conducting scanning electron microscopy examinations on irradiated samples, the RERTR-6 
experiment has been of particular interest since the experiment was extracted from ATR over 
three years ago, and as a result, small samples can be handled in the Electron Microscopy 
Laboratory (EML). This paper will discuss results of recent microstructural characterization 
using a scanning electron microscope (SEM) that was performed on a fuel plate with Al-2Si 
matrix, irradiated as part of the RERTR-6 experiment.  Optical metallography (OM) data will also 
be included.  Focus will be given to the partitioning behavior of Si amongst the microstructural 
phases and how the presence of Si affects the development of interaction layers at the U-
7Mo/matrix interface.  Comparisons are made to the other irradiation experiments that have 
been reported for fuel plates with U-7Mo fuel dispersed in Al-2Si matrix.  
 
2. Experimental 
2.1 Irradiation Testing 
 
The RERTR-6 experiment was the first experiment to test “second generation” U-Mo fuels 
designed to overcome the fuel performance problems encountered in U-Mo/Al dispersions [2].  
In this experiment, the fuel materials were tested to high burn-up under moderate flux and 
moderate temperature conditions. The fuel plates were positioned edge-on to the core, and as a 
result had a neutron flux across the widths of the fuel plates.   
 



Previous papers discussed characterization results for other RERTR-6 fuel plates with Si-
containing fuel meat matrices [3, 4].  This paper focuses on U-7Mo dispersion fuel plates with 
Al-2Si matrix.  The irradiation conditions for the two characterized fuel plates with Al-2Si matrix 
are enumerated in Table 1. One plate (R2R020) was characterized using only OM and the other 
plate (R2R010) was characterized using OM and SEM.  R2R010A is a punching taken from the 
low flux side of the fuel plate that was used for SEM, and R2R010B was taken from the high flux 
side.  Included in this table are the irradiation conditions for other reported experiments that 
used plate-type, U-7Mo dispersion fuel with Al-2Si matrix. 
 

Table 1. Irradiation conditions for U-7Mo/Al-2Si dispersion fuel plates irradiated as part of RERTR-6, 
IRIS-3 [5], and IRIS-TUM [5] reactor experiments. 

Fuel Plate Label Peak 
Temp.(˚C) 

Ave. Fission Density 
(1021 f/cm3) 

Ave. Fission Rate  
(1014 f/cm3s) 

Peak Heat 
Flux 

(W/cm2) 
R2R010A 94 2.4 2.0 98 
R2R010B 109 4.5 3.8 148 
R2R020 104 3.1 2.7 139 
IRIS-3 83 3.4 3.0 196 

IRIS-TUM 103 4.2 3.6 ~250 
 
2.2  Microstructural Characterization 
 
For as-irradiated fuel plates, OM was performed on a transverse cross section taken from the 
mid-plane of a fuel plate.  To conduct SEM analysis on as-irradiated plates, a punching process 
was first used in the Hot Fuel Examination Facility to generate one-mm-diameter cylinders that 
contained a sampling of the fuel meat. These samples were then transferred to EML where they 
were mounted, polished, and coated with a thin layer of Pd.  SEM analysis, with energy and 
wavelength dispersive spectroscopy (EDS/WDS), was performed on the mounted samples to 
characterize the microstructure and to determine the partitioning behavior, during irradiation, of 
different fuel and matrix components between the different fuel meat phases.   
 
3.  Results and Discussion 
3.1 Optical Metallography 
 
For fuel plates R2R010 and R2R020, an OM image of a full transverse cross section taken at 
the mid-plane of the as-irradiated microstructure, along with higher magnification images at the 
low and high flux side of each fuel plate, are presented in Figs. 1 and 2.  The overall 
microstructures for both fuel plates were very similar. 

 
(a) 

(b) (c)  
Fig. 1. A low magnification optical micrograph (a) of the R2R010 fuel microstructure and an image at 
the (b) low and (c) high flux side of the fuel plate. 



(a)  

(b) (c)  
Fig. 2. A low magnification optical micrograph (a) of the R2R020 fuel microstructure and an image at 
the (b) low and (c) high flux side of the fuel plate. 
 
3.2 Scanning Electron Microscopy  
 
SEM analysis was performed on punching samples generated from fuel plate R2R010.  Images 
of the microstructure observed for a sample produced at the low flux side of the fuel plate are 
presented in Fig. 3.  Like was the case for the OM images (see Fig. 1), the nominal thickness of 
the interaction layer was observed to be around 1-2 μm.  X-ray mapping was employed to 
determine the partitioning behavior of fuel and matrix components (see Fig. 4).  Si was enriched 
in the interaction layer, except in some discrete locations where “nodules” were present in the 
interaction layer (see Fig. 4e). A higher magnification image of a “nodule” is presented in Fig. 
3d.  For the gaseous fission products, Kr was observed in the fuel and interaction layer phases, 
and Xe and Cs could also be found in the fuel meat matrix.  Some of the highest Xe 
concentrations were found at the interface between two contacting U-7Mo particles. The solid 
fission products Nd and Ru were primarily found in the fuel and interaction layer phases, and 
small concentrations seemed to be present in the fuel meat matrix.   

(a) (b)  

(c) (d  
Fig. 3. Backscattered electron images of the low flux side of the R2R010 fuel microstructure. The 
image in (d) shows a Si-deficient nodule that developed in the interaction layer. 
 



(a) (b) (c)

(d) (e) (f)  

(g) (h) (i)

(j)  
Fig. 4. Secondary electron image (a) and X-ray maps for (b) U, (c) Mo, (d) Al, (e) Si, (f) Xe, (g) Kr, (h) Cs, 
(i) Nd, and (j) Ru. The arrows in (e) indicate Si-deficient “nodules” that were present in the interaction 
layer. 
 
For the punching from the high flux side of the fuel plate, relatively narrow Si-rich interaction 
layers were also observed around the U-7Mo fuel particles.  SEM micrographs of the 
microstructure are presented in Fig. 5.  Like was the case for the sample from the low flux side 
of the plate, some local regions in the interaction layer were observed to be relatively thicker.  
Compositional analysis indicated that these regions contained negligible Si.  Detailed analysis 
of one of these regions (area 1 in Fig. 5a) revealed the presence of fission gas bubbles in the 
interaction layer.  This microstructural feature has never been observed before in any other 
RERTR-6 samples characterized to date.  Composition analysis along a line shown in Fig. 6a 
indicated that where Si concentrations remained relatively high in the interaction layer no fission 
gas bubbles could be resolved up to high magnifications.  On the other hand, where the Si 
concentration was significantly lower, easily resolvable fission gas bubbles could be observed.  
It was only in this very localized region of the sample that fission gas bubbles could be resolved 
in the interaction layer.   



 

(a) (b)  
Fig. 5. Backscattered electron images of the high flux side of the R2R010 fuel microstructure.  Location 
1 in (a) is where fission gas bubbles were observed in the interaction layer, and location 2 is near an area 
of a fractured fuel particle where fission gas bubbles could be resolved in the U-7Mo. 
 

(a) (b)  
Fig. 6. Backscattered electron images (a,b) of an area of the R2R010 fuel microstructure on the high 
flux side of the fuel plate. The line in (a) indicates the location where a linescan compositional analysis 
was taken, and (b) shows how the right side of the line, which passed through a Si-depleted region of 
interaction layer, coincided with an area where relatively large fission gas bubbles could be observed. 
 
Characterization of as-fabricated dispersion fuel plates before insertion into ATR has shown that 
Si-rich layers are present around the fuel particles after fabrication of dispersion fuel plates with 
Al-2Si matrix [3], and based on the results reported here for the as-irradiated samples with Al-
2Si matrix, these initial layers do not exhibit an overall significant increase in thickness and do 
not develop significantly large areas of gross porosity. This agrees well with the SEM 
characterization that has been performed on other fuel plates with matrices that contain 
significant Si (0.88 wt% or greater) that were irradiated as part of the RERTR-6 experiment [3, 
4]. This type of interaction layer behavior during irradiation is a significant improvement 
compared to the RERTR fuel plates that were tested in ATR with just Al as the matrix, which 
developed wide interaction layers and large pores at the interaction layer/Al interface [6]. For 
another plate-type, dispersion fuel with Al-2Si matrix (IRIS-3) that was irradiated in the OSIRIS 
reactor, an irradiation behavior that differed from RERTR-6 fuel plates was observed [7]. 
Characterization of the IRIS-3 fuel plate indicated that the fuel/matrix interaction layers around 
the U-7Mo particles were similar to those that have been observed for U-7Mo dispersion plates 
with just Al, in that most of the interaction layers that formed did not contain significant Si.  
However, it was observed that in regions near Si-rich matrix particles an enrichment of Si was 
present in the interaction layer.  Similarly, a pin-type fuel element with Al-2Si matrix (KOMO-3) 
that was irradiated developed interaction layers without significant Si [8].  However, the 
characterization results for both these fuel plates seemed to indicate that there was a positive 
effect of having Si present in the matrix in that it reduced the amount of fuel/matrix interaction.  



The results of a third reported irradiation test, which used ground U-7Mo powders and Al-2Si 
matrix (IRIS-TUM), also indicated a reduction in interaction layer growth because of Si in the 
matrix [9].  One potentially significant difference between the RERTR-6, Al-2Si-matrix plates 
and those irradiated in IRSIS-3 and KOMO-3 is that Si-rich interaction layers were present in 
the RETR-6 plates before irradiation, whereas the KOMO-3 and IRIS-3 plates did not have 
these layers, since they were processed at lower temperatures.  This suggests that having Si-
rich fuel/matrix interaction layers present after fabrication may play a significant role in 
improving the performance of U-Mo dispersion fuel plates, because these layers do not change 
much in thickness and do exhibit stable behavior under the conditions of the RERTR-6 
experiment.   
 
The fact that some resolvable porosity could be found in the interaction layer of the sample from 
the high flux side of R2R010 suggests that there is a link between the Si concentration of the 
interaction layer and the stability of the very fine fission gas bubbles that typically cannot be 
resolved using an SEM.  When the local Si concentration in the interaction layer is below a 
certain threshold under certain reactor conditions, the fission gases present in very fine bubbles 
may begin to agglomerate to form larger bubbles, which in turn may become mobile resulting in 
movement to the interaction layer/Al-Si alloy matrix interface. In [10], it was suggested that 5 
at% Si is required in the interaction layer to retain stable behavior.   Future characterization of 
irradiated samples will continue investigating how the Si concentration in the interaction layer 
affects the behavior of fission gas bubbles. 
 
4.  Conclusions 
 
1. Si-enriched fuel/matrix interaction layers produced during fabrication of U-Mo dispersion 
fuels with Al-2Si matrix exhibit overall stable behavior when fuel plates are irradiated up to the 
conditions of the RERTR-6 experiment (moderate power and burnup).  This means that the 
layers remain relatively thin and do not develop areas of significantly large porosity.   
 
2. The local Si content within the fuel/matrix interaction layers may affect the behavior of the 
fission gases that are dissolved.  Depending on the reactor conditions of an experiment, there 
may be a minimum Si content required to keep the behavior of dissolved fission gases stable.  If 
concentrations fall below a certain level, then relatively large fission gas bubbles can grow, and 
the fission gases could become more mobile. 
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ABSTRACT 
 

MTR fuel aluminium plates undergo oxidation in heat transfer conditions during 
operation in Research or Production Reactors. The aluminium oxide is a poor 
thermal conductor; hence, the fuel plate’s temperature tends to increase with time, 
as the oxide grows, up to a point in which it may become dangerous for the fuel 
integrity. In order to evaluate this effect, an experimental facility which simulates 
heat transfer in a fuel channel was used to measure the amount of oxidation in 
different operating conditions. A parabolic growth as a function of time has been 
verified, which can be adequately predicted by available published correlations. 
Oxidation in a slightly acid environment (pH=5.2) is one order of magnitude lower 
than in near neutral water. Pre-filming of the aluminium plates does not seem to 
influence the ulterior oxidation behaviour. 

 
 
1. Introduction 
 
Aluminium clad MTR fuel undergoes oxidation during operation in Research Reactors. 
Aluminium oxides are poor heat conductors; hence, heat transfer between fuel and coolant 
could be disturbed by the growth of a thick layer. If this should happen, fuel plate 
temperature will increase, even at constant coolant temperature, due to the temperature drop 
across the oxide layer, thus accelerating the oxidation process, generating a vicious circle. 
Aluminium and its alloys may suffer corrosion in water at temperatures above 150-200 °C 
(range which could conceivable be attained in the fuel plate if the oxide film exceeds certain 
thickness), with penetrating intergranular attack, blistering and oxide exfoliation. As oxide 
growth is a function of plate temperature, water condition, coolant flow and other reactor 
parameters, the heat transfer situation will vary from reactor to reactor, depending on thermal 
power and other specific characteristics. A reliable performance prediction may then be 
relevant to fuel design. Several empirical regressions are available, which are just valid for 
the conditions of the experiments used to develop them; it can be mentioned, among them, 
those by Griess [1], Kritz [2] and the so called “Correlation II” [3]. More recently, a predictive 
model was published [4] taking into account various different variables, which is so far the 
most comprehensive attempt to describe the influence of all relevant parameters. However, 
as can be seen in Figure 1, slight variations in pH (from 7 to 5) give place to a two orders of 
magnitude change in the predicted oxide thickness. 
 
An experimental approach is presented, which intends to supply a way of directly measure 
oxide growth in different conditions, in order to foresee fuel performance in a variety of 
situations. These may include variations in inlet and outlet coolant temperature, heat transfer, 
coolant flow and/or speed, coolant chemistry conditions, plate metallurgical conditions, etc 
 
 
2. Experimental method 



 
In order to reproduce the heat transfer conditions which are present in the interface between 
fuel plates and flowing coolant, a double loop device was built, which simulates a fuel 
channel segment. The heart of the system is composed by two parallel aluminium alloy 
plates separated by a channel distance (around 2.5 mm). A water flow passes between 
them, which takes out the heat supplied by a hot fluid which circulates on the two external 
sides of the channel, as depicted in the schematic diagram displayed in Figure 2. 
 

 
 

Figure 1: Difference in predicted oxide thickness by various models, for the same heat 
transfer conditions: heat flux 200W/cm2, inlet temperature 50 ºC, temperature increment 5.3 

ºC in 8 cm heat transfer length, coolant mass flow 2.7 Kg/sec. 
 

 
Figure 2: Schematic Diagram of the test device. TI Inlet Temperature, TO Outlet Temperature, 

TP Plate Temperature 
 

A detailed description of the experimental system can be found in a previous publication [5]. 
An on-line purification system permits to keep the water quality in nuclear grade standards 
(conductivity below 1µS/cm, no detectable amounts of dissolved ions, etc.). However, for the 
tests to be carried at a controlled pH, the on-line purification was cancelled and a weekly 
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batch water renewal was performed instead. The addition of controlled amounts of nitric acid 
to the coolant torrent permitted to regulate the acidity with a precision of 0.2 pH units. 
 
Test plates were manufactured with aluminium alloy 6061. Some tests were made with the 
plates in the normal factory outlet condition (the rolled plates are pickled in a hot sodium 
hydroxide solution, rinsed and dried). In other cases, they were oxidised by immersion in 
distilled water at 80 ºC for 33 hours, to test the ability of such a pre-filming to inhibit ulterior 
corrosion. This treatment is known to produce a layer resistant to corrosion at room 
temperature in pure water [6].  
 
Oxide thickness determinations were performed using an Eddy Current Probe (Fischer 
Dualscope with probe ETD 3.3). The instrument resolution is ±1µm. Figure 3 shows a 
scheme of the oxidised plate; the whole of the channel length (31 cm) was surveyed, 
although the heat was transferred only in the central portion (8 cm). 
 

 
Figure 3: Coolant channel scheme. Two oxide thickness determinations were made in three 
places of each surveyed position. In the transfer zone the positions were established at 1 cm 

intervals and in the rest at 2 cm. 
 
Tests of various durations, up to 36 days, were performed in the same nominal conditions: 
heat flux 200W/cm2, inlet temperature 50 ºC and temperature increment of 5.3 ºC in an 8 cm 
heat transfer length. Additionally, three tests of one week of duration were carried out in 
identical physical conditions: thermal fluid temperature 200 ºC, coolant flow 1.95 m3/h, 
coolant speed 7.3 m/sec, inlet temperature 60 ºC and outlet temperature 64.7 ºC. These 
were made to compare the oxidation in water of free pH, water at pH=5.2 and in water with 
free pH on pre-oxidised plates. 
 
In the experiments performed at free pH, coolant water conductivity was continuously 
maintained below 1 µS/cm (normally between 0.2 and 0.4 µS/cm). When the coolant was 
kept at pH=5, instead, the conductivity reached values of up to 2.5 µS/cm at the end of the 
test (as pointed out previously, the water was not subjected to purification in this case). 
 
3. Results 
 
The time dependence of oxide thickness seems to fit a parabolic curve, which could 
approximately be adjusted by one of the published correlations [4], as can be seen in Figure 
4, when adequate values for the relevant parameters are applied (pH=7, heat flux of 2 
MW/m2, coolant speed 8 m/sec), which nominally coincide with those used. The time covered 
by the experiments (less than 1000 hours) corresponds to the very initial part of the 
calculated regression (see Figure 1) and a perfect fit should not be expected. 
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Figure 4: Time evolution of measured oxide thickness, compared with predicted trend [4] for 
the similar nominal conditions. Values correspond to the plate centre (maximum thickness). 

 
The comparison of film profile histograms corresponding to oxide growth in a test conducted 
in free pH water and other carried out in water at pH=5.2 clearly demonstrate a strong pH 
effect on oxidation. Film thickness is roughly reduced by a factor of 4 to 5 in the acid 
environment, but this number could be higher, taking into account that the smaller measured 
thickness is in the order of instrument resolution. 
 
 

 
 

Figure 5: Distribution of oxide thickness along the length of the coolant channel (Inlet at 0 cm 
and outlet at 31 cm). Left: free pH test. Right: water pH=5.2 

 
Whereas the surfaces tested in uncontrolled pH bears clear signs of oxidation (the heat 
transfer zones covered by a grey layer), those produced in acid water are oxide-free, but 
they show a slightly brownish colouration. This may be due to the deposition of iron coming 
from the coolant circuit. 
 
Pre filming of the aluminium plates does not seem to have any beneficial effect with respect 
to oxidation. On the contrary, corrosion appears to be stronger than on polished surfaces 
(Figure 6) although part of the difference in thickness could be attributed to the initial layer. 
 



 
 

Figure 6: Distribution of oxide thickness along the length of the coolant channel (Inlet at 0 cm 
and outlet at 31 cm) for the test with pre-filmed plates. 

 
 
4. Discussion and conclusions 
 
The development of the oxide in heat transfer conditions can be approximately adjusted by 
one of the published models [4] with values of experimental parameters similar to those 
nominally used in the tests. The correlation between both experimental and theoretical 
curves should be checked with tests of longer duration. 
 
The strong pH effect observed in 120 hours tests could be related to the stability of formation 
of aluminium oxides, which is known to be maximum at pH=5.07 [7]. A layer grown in that 
particular condition may be more compact, thereby more protective. 
 
The tested pre-oxidation treatment does not provide any corrosion protection in the 
conditions of the experiments. Te pre-filming temperature was chosen above 70 ºC, which is 
the known limit for the bayerite-bohemite transition; bohemite is said to provide a better 
protection. It is possible that a higher formation temperature may be needed for the layer to 
show this quality. 
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ABSTRACT 

 
Heavy ion irradiation with an 80 MeV 127I beam is used as out-of-pile technique in order to simulate the 
in-pile growth of the UMo/Al interaction layer. However, irradiation conditions used in 2005-2006 do 
not fully allow reproducing the characteristics of the in-pile interaction layer (IL). In this paper, a study 
focussing on the influence of the different irradiation parameters on the thickness, nature and 
composition of the interaction layer, is presented. The results are in excellent agreement with SRIM 
calculations. The interest for heavy ion irradiation is supported by the evidence for a phase transition 
γ-UMo(a) + α-U  γ-UMo(b) as observed in pile (in this reaction, γ-UMo(a) has a  higher Mo content 
than γ-UMo (b)). 

 
1. Introduction 

During in-pile irradiation, U-Mo high density nuclear fuel is impacted by the formation 
of a large interaction layer (IL) at the periphery of the U-Mo particles, embedded in the Al 
matrix. This problem reduces the irradiation performance of the fuel element due to the 
development of large porosities leading to pillowing and sometimes to breakaway swelling. 
Thus to allow further use of UMo particular fuel, technological solutions to stabilize and 
minimize the IL have to be found. Furthermore, this objective must be supported by an effort 
to improve our understanding of the ILs nature and its kinetic of formation. 
To simulate the in-pile growth of an IL in an UMo7/Al fuel, out-of-pile techniques have been 
envisaged. Among them heavy ion irradiations using a typical fission fragment (Iodine energy 
of 80 MeV) have demonstrated their efficiency to study the irradiation enhanced diffusion in 
UMo/Al fuel [1, 2, 3 and 4]. However many experimental aspects regarding this technique 
have to be analysed in detail in order to rigorously interpret the results and to make this tool 
more robust and more representative of the in-pile irradiation phenomena. The main 
objective is the routine use of ion irradiation to discriminate technological solutions envisaged 
for limiting the growth of the UMo/Al IL. 

                                                 
♦ AREVA-CERCA, a subsidiary of AREVA NP, an AREVA and SIEMENS company 
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In 2008, methodological improvements have been undertaken by FRM II and CEA teams at 
the tandem accelerator of the Maier-Leibnitz Laboratorium at Garching (Germany). Indeed, 
up to now, the studies of this type of fuel by heavy ions irradiation were mainly focused on 
the effects induced by a maximization of the burn-up. In this work, we have chosen to test 
different irradiation parameters (incident angle of the ion beam, flux and integral ion fluence) 
and to define their influence on the IL in term of morphology, thickness and composition 
thanks to a set of accurate and non-destructive characterizations using microscopy and X-
ray diffraction (XRD) techniques. 
 
2. Experimental method 
2.1. Fuel plate processing and characterizations 
 The samples had been prepared from fuel miniplates provided by AREVA-CERCA 
which consist of atomized UMo7 (U-7wt%Mo) particles inside an aluminium matrix. The 
sample size, after the cutting and polishing processes were 8 x 8 x 0.3 mm3. 
Fresh fuels and heavy ion irradiated samples were studies at the ‘Laboratoire UO2’ in 
Cadarache (France). Microscopy was performed using a FEG-SEM-Philips XL30 coupled 
with an Energy Dispersive X-ray Spectrometer (EDS) and XRD measurements were 
obtained using a diffractometer D8 Advance Brüker. µ-XRD analyses using synchrotron 
radiation in reflection mode on the ID22 beamline at ESRF (European Synchrotron Radiation 
Facility) in Grenoble (France) have completed the data. The photon energy was set to 17 
keV and the size of the beam spot was in the order of 1 x 20 µm2. To fulfil safety 
requirements samples were conditioned under Kapton tape.  
 
2.2. Heavy ion irradiation 
 At the 14 MV tandem accelerator of the Maier-Leibnitz Laboratorium heavy ion 
irradiations were carried out under high vacuum (<2.10-6 mbar) in a dedicated set-up that 
enables rough temperature measurement [1]. Projectiles representative of the 235U fission 
products were used: 127I ions with energy of 80 MeV. The irradiated area (4 x 4 mm2) has 
been chosen so that it is large compared to the size of a single UMo particle (diameter of 
around 20-80µm) enabling moreover to reach high fluence with the available maximal current 
(1,4µA). Recently a first experiment has been carried out with the same set-up at an 
irradiation angle of 30° on atomised UMo/Al fuels and a flux of 1x1013 ion/(cm2.s) and a 
fluence of 2x1017 ion/cm² [1-4], To complete a parametric campaign was added to evaluate 
the influence of the flux, the irradiation angle and the ion fluence on the IL in term of 
morphology, thickness and composition. The ion flux was tested from 1x1012 up to 7x1012 

ion/(cm2.s). These values allow limitation of the temperature effect and the better simulation 
of the in-pile irradiation conditions. The ion fluence was tested between 3x1016 and 3x1017 
ion/cm2 with an irradiation angle between the sample surface and the ion beam ranging from 
30° to 90°. Reproducibility experiments have been successfully carried out. They will not be 
detailed in this article. 
 
3. Results  
3.1. Post-irradiation examinations: microscopy observations 
 
 3.1.1 Surface observations 
 
3.1.1a Influence of the ions beam irradiation and discussion about the flux 
 Both, optical (OM) and scanning electron microscopy (SEM) have allowed to 
distinguish clearly the irradiated from the non-irradiated zones on the sample surface. 
Whatever the experimental conditions (in particular for each irradiation angle), the irradiation 
has systematically led to the growth of an IL around the UMo particles.  
Because of the use of a lower flux, no ripples have appeared at the sample surface contrary 
to previous similar experiments [1, 2, 3]; for the relatively high fluences considered in this 
work, the fluence does not seem to have a major impact on this ripple phenomenon. 
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For the lowest flux values tested during this campaign, the global organisation of the sample 
is preserved after irradiation (see figure 1). For the highest fluxes, the interaction compounds 
are not strictly limited to the periphery of the UMo particles but also cover the surface. In this 
last case, post irradiation experiments and results are difficult to interpret. Thus, moderate 
flux has been preferred for the major part of these irradiation experiments.  
 

 
   
  3.1.1b Influence of the irradiation angle 
 The morphologies of the IL at the surface are strongly affected by the irradiation angle 
(figure 2). With normal incidence, the IL is homogeneously organized around the particle; 
however in the others cases and especially for the lowest incident angle (30°), the interaction 
morphology has clearly changed. 
 

a b 
Figure 2: Influence of the ion beam angle on the morphology of the interaction layer; 
SEM observations in BSE mode of a fuel plate irradiated (a) at 90°and (b) at 30° 

 
 
  3.1.1c Influence of the ion fluence on the interaction layer thickness 
 During this parametric irradiation campaign, it has been possible to confirm that the 
ion fluence has a direct influence on the IL thickness. In fact, if we compare two samples 
irradiated under the same conditions except for the ion fluence (figure 3), we can note an 
unambiguous evolution of the IL thickness which ranges from 3 µm for 3x1016 ion/cm2 to 
around 15 µm for 3x1017 ion/cm2. It does not seem to depend on the size of the particles; 
smallest particles may fully be consumed (figure 3b). 
 

Figure 1: Influence of the heavy ion irradiation.  Microscopy images have been taken on the same zone 
before (a: OM observation of the sample surface) and after irradiation (b: OM observation, c: SEM 
observation in BSE mode of the irradiated sample surface). The darker parts on OM observations and dark 
grey coloured zones on SEM observations correspond to the interaction compounds. 
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a 

3 µm3 µm

 b 

15 µm15 µm

 
Figure 3: Influence of the ion fluence on the interaction layer thickness. Comparison of two plates 
irradiated at 30° with an ion flux fixed at about 4x1011 ion/(cm2.s) and different ion fluences. a: SEM 
observation of a fuel plate irradiated at 3.1016 ion/cm2); b: SEM observation of a fuel plate irradiated at 
3x1017 ion/cm2. 
 
  3.1.1d Conclusion 
 It has been shown that irradiation conditions control the morphology and the 
thickness of the IL, implying the use of strictly the same conditions (flux and irradiation angle) 
for a fuel discrimination study [4]. However surface examinations are not adapted for 
analyzing the samples irradiated with the highest flux; strong sample modifications prevent 
the measurement of the interaction layer size.   
 
 3.1.2 Understanding of the “in depth” behaviour 
  3.1.2a Influence of the ions beam irradiation 
 In case of 90° incidence angle the penetration depth of 127I ions with 80 MeV energy 
reaches 5 µm inside γ-UMo and 13 µm in Al. Calculations of the ions penetration length using 
the SRIM2003 code [5] show that this distance evolves with the beam incidence angle as 
shown the table 1. 
 
 
 
 
 
 
 
 
The surface observations allow having an overview of the irradiation effect but they don’t 
allow understanding the behaviour in depth. Consequently, they do not describe a significant 
part of the modification induced by irradiation in this material. In-depth analyses are thus 
required. 
Indeed, thanks to calculations one would expect that each UMo/Al interface located at a 
depth ranging from the surface down to 13 µm (in the normal incidence case) would be 
decorated by an IL. 
To confirm this hypothesis transversal cross sections of the UMo/Al plates have been 
prepared in the irradiated zone and they have been observed by SEM [2]. 
For samples irradiated using a beam normal to the surface, we can observe the formation of 
an IL around a UMo particle down to 13 µm (figure 4a). When UMo particles are present at 
the sample surface and are thinner than 5 µm, an interaction layer has grown below the 
particles (figure 4b). This IL has also been identified above UMo particles that are buried in 
the Al matrix (sufficiently close to the surface (figure 4b)). 
It is important to note that deeper zones are not affected by interaction phenomena.  
The results are totally in agreement with the SRIM calculations reported on the Table 1.  
 

 127I  mean penetration depth for different irradiation angle (µm) 
Material 90° 60° 45° 30° 
UMo 5,0 4,6 3,5 2,5 
Al 12,7 11,0 9,0 6,4 
Table 1 : Penetration length of the ions simulated using the SRIM2003 code in 
pure UMo and Al materials. 
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Figure 4: SEM observations of transversal cross sections prepared in irradiated UMo7/Al fuel plates. (Irradiation 
angle equals to 90°). Red dashed lines indicate the deepest part of the IL. 
  
 
 3.1.2b Influence of the irradiation angle 
 SRIM calculations enable to estimate the influence of the irradiation angle on the 127I 
penetration depth (Table 1): If the irradiation angle differs from 90°, the penetration depth 
becomes smaller. An asymmetry of the IL profile has been detected inside samples 
irradiated under low angles of 30° and 45° (figure 5). At the left side of the biggest particle, 
the IL has been formed up to 11µm whereas at the right side only 5 µm have been affected 
by the phase transformation. It is easily interpreted by the geometry of the particle and by the 
orientation of the ion beam as the transversal cross section has been cut parallel to the beam 
orientation. 
 

127I beam127I beam

  
Figure 5: Influence of the angle between the 
sample surface and the ion beam during 
irradiation on the morphology of the IL in depth. 

Figure 6: Influence of the ion fluence on the IL in 
depth. Case of the highest final fluence tested 
(3x1017 ion/cm2). 

 
 3.1.2c Influence of the ion fluence on the interaction layer  
 In case of the highest ion fluence (3x1017 ion/cm2), the profile is slightly different to 
samples irradiated with moderate ion fluence. In fact, we see in the figure 6 a quasi 
continuous IL from the surface to the first micrometers under the sample surface. 
 
 3.1.2d Conclusion 
 The analysis of cross sections appears to be very fruitful. Indeed the measurement of 
the IL thickness can be performed more accurately since it can be decoupled from surface 
phenomena. It opens the way to model the IL growth kinetics which is one of the main goals 
of this out-of-pile program. Moreover the composition in depth of IL may fluctuate since 
heavy ion energy loss phenomena are different between the near surface (electronic) and 
the few last hundred nanometres (ballistic) of the heavy ion pathway. Further studies on this 
last point by EDX are under progress.  
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However the transversal cross section study is destructive and time consuming, since many 
preparations and observations are needed for having enough statistics. 
  
 
3.3. Crystallographic evolution of the UMo/Al fuel plate under irradiation 
 
 3.3.1 Crystallographic composition of the interaction layer 
 The previous studies [1, 2, 3] using X-ray diffraction analyses have demonstrated that 
the main component of the IL was the crystalline UAl3 phase.  
X-ray diffraction analyses have enabled us to characterize globally the U7Mo/Al plate 
surfaces after irradiation. We note the presence of α-U, γ-UMo, Al, UO2 (pollutions) and UAl3 
but not any UxMoyAlz ternary compound.  
Although the flux and the irradiation temperature have been decreased the IL remains mainly 
crystalline. Further improvements of the experimental set-up have to be achieved for limiting 
the irradiation temperature and thus improving the significance of this out-of-pile simulation. 
 
 
 3.3.2 Evolution of the metallic phases under irradiation 
 
3.3.2a Analysis of the irradiated fuel plates 
 The comparison of µ-XRD diagrams obtained in the irradiated area with those 
obtained in the non-irradiated one has shown clearly the decrease of the α-U weight fraction 
without significant change for the γ-UMo weight fraction (table 2). Moreover this ion 
irradiation has led to a slight increase of the γ-UMo cell parameter from 3.425 Å up to 3.431 
Å. Further interpretation will be given in the next paragraph. 
Note that a very limited oxidation has occurred during irradiation as shown by the presence 
of the UO2 in the irradiated part of the sample (table 2). 
  

 Weight fractions (%) 
 U(α) UO2 γ-UMo Al UAl3 

U(α)/U(γ) 
(%) 

Non irradiated area 13 3 62 22 - 21 
Irradiated area 3 9 62 22 4 5 

Table 2: Comparison of the composition of the irradiated and the non irradiated zone of an 
atomised U7-Mo fuel plate irradiated at the maximum ion fluence. The weight fractions had 
been deduced from the quantitative analysis of the µ-XRD diagrams and performed thanks 
Rietveld refinement [8].   

 
 
3.3.2b Discussion on the γ-UMo stability under irradiation 
 As in atomised fuel plates, the same trend has been observed in ground UMo8/Al 
dispersion fuel [4]: heavy ion irradiation has induced both the decrease of the α-U weight 
fraction and the increase of the γ-UMo cell parameter from 3.396 Å for the fresh fuel, up to 
3.423 Å for the irradiated sample (table 3). For the fresh fuel, it corresponds to a 
molybdenum depletion of the γ phase from UMo13 (27%at.) down to UMo9 (19%at.). 
These results are consistent with the stabilization of the γ-UMo phase: 
   γ-UMo (a) + α-U  γ-UMo (b)   
In this reaction, γ-UMo(a) has a  higher Mo content than γ-UMo (b). 
It has to be stressed that this stabilization of the γ-UMo phase occurs also in-pile. This has 
been demonstrated many years ago [10, 11] and observed recently thanks to the IRIS 1 
experiment [9]. This result appears as a new element of validation of the out-of-pile 
experiment for simulating the in-pile behaviour. A future experiment is planned on bulk U-Mo 
alloys to confirm these first results. 
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 Weight fractions (%) 
 U(α) UO2 γUMo Al 

U(α)/U(γ) 
(%) 

Non irradiated area 20 27 43 10 47 
Irradiated area 8 25 41 26 21 

Table 3: Comparison of the composition of the irradiated and the non irradiated zone (fresh 
fuel) of a ground U8-Mo fuel plate irradiated in 2005 (in comparable conditions) [4]. The 
weight fractions had been deduced from the quantitative analysis of the XRD diagrams, 
performed thanks Rietveld refinement [8]. 

 
4. Conclusions 
 After the demonstration experiments performed in 2005 and 2006, heavy ion 
irradiation on UMo needed further methodological studies. They aimed at better controlling of 
the experimental conditions and improving the quality of the subsequent PIE. 
The results of this collaboration between CEA and FRM II demonstrate the robustness of 
simulating in-pile irradiation behaviour by out-of-pile ion irradiation. Furthermore progresses 
in the PIE through the analysis of transversal cross sections have been obtained. For 
completing these analyses (mainly SEM), a depth resolved crystallographic method (XRD 
tomography [13]) will have to be used. 
Moreover it has been shown that under these heavy irradiation conditions the γ-UMo cubic 
phase is stabilized as is observed under in-pile irradiation. This is an additional argument in 
favour of heavy irradiation. 
In 2009 further technical efforts to improve the temperature control will be performed to 
promote the growth of amorphous phases in the IL as observed in in-pile experiments. The 
fabrication of a new cooled sample holder is in progress. Taking advantage of these 
improved experimental conditions the next step will consist in the irradiation of technological 
solutions. 
 
REFERENCES 
[1] N. Wieschalla, A. Bergmaier, F. Böni, K. Böning, G Dollinger, R. Grossman, W. Petry, A. 
Röhrmoser, J. Schneider, J. Nucl. Mater 357 (2006) 191 
[2] H. Palancher, N. Wieschalla et al., J. Nucl. Mater, (2009), in press  
[3] R. Jungwirth, W. Petry, W. Schmid, L. Beck, in: Proceedings of the 12h International 
Meeting on Research Reactor Fuel Management (RRFM), Hambourg, Germany, 2008, p371 
[4] H. Palancher, P. Martin, C. Sabathier, S. Dubois, C. Valot, N. Wieschalla, A. Röhrmoser, 
W. Petry, C. Jarousse, M. Grasse, R. Tucoulou, in: Proceedings of the 10th International 
Meeting on research Reactor Fuel Management (RRFM), Sofia, Bulgaria, 2006, p99 
[5] J. F. Ziegler, J. P. Biersack, SRIM – the Stopping and Range of Ions in Matter, Srim-2003, 
Computer Code, 2003 
[6] K. Colon, D. Sears, in: Proceedings of the 10th International Meeting on Research Fuel 
Management (RRFM), Sofia, Bulgaria, 2006, p104. and K. Colon, D. Sears, in: Proceedings 
of the 11th International Meetings on Research Reactor Fuel Management (RRFM), Lyon, 
France, 2007, p140 
[7] S. Van den Berghe, W. Van Renterghem, A. Leenaers, J. Nucl. Mater. 375 (2008) 340 
[8] J. Rodriguez- Carjaval, FullProf, version 3.40, LLB, CEA/Saclay, France, 1990, 
http://www.llb.cea.fr/fullweb/poudres.htm 
[9] CEA internal report 
[10] M. L. Bleiberg, J. Nucl. Mater 2 (1959) 182 
[11] S. T. Konobeevskii, N. F. Pravdiuk, K. P. Dubrovin, B. M. Levitskii, L. D. Panteleev and 
V. M. Golianov, J. Atomic Energy 1958 4- 1 p33-45 
[12] M.K. Meyer, G.L. Hofman, S.L. Hayes, C.R. Clark, T.C. Wiencek, J.L. Snelgrove, R.V. 
Strain, K.-H. Kim, Journal of Nuclear Materials 304 (2002) 221–236 
[13] H. Palancher, E. Welcomme, P.Martin, F. Mazaudier, S. Dubois, C. Valot, R. Tucoulou, 
P. Lemoine, in: Proceedings of the 30th International Meeting on Reduced Enrichment for 
Research and Test Reactors, Washington, United States, 2008 



IAEA Publication on Good Practices for Qualification of  
High Density LEU Research Reactor Fuels* 

J.L. Snelgrove 
 
 

Nuclear Engineering Division, Argonne National Laboratory (Retired) 
9700 S. Cass Avenue, Argonne, Illinois 60439 – USA 

 
 
 

Abstract 
 

The International Atomic Energy Agency, through a consultancy, has prepared a 
document describing good practices for the qualification of LEU research reactor 
fuel. The rationale for the preparation of the document and the document’s 
organization and content are discussed. Publication is anticipated during the first 
half of 2009. 

 
 
1. Introduction 

Increasingly critical non-proliferation concerns resulting from the use of high-enriched 
uranium (HEU) fuels in training, research, test, and isotope-production reactors† have 
resulted in a number of national and international fuel development and qualification 
programmes aimed at allowing these reactors to fully achieve their missions while using low-
enriched uranium (LEU) fuels‡ and isotope-production targets. One result of international 
collaboration in fuel development and qualification has been the realization that participants 
from different countries do not always understand the terminology in the same way; e.g., the 
term ‘qualification’ is currently interpreted differently in different countries. Therefore, one 
goal of this document is to suggest a set of commonly accepted definitions for the 
terminology of fuel development and qualification activities. 
 
Also, it is expected that the high level of fuel development and qualification activity around 
the world will lead to a high level of demand for the qualified fuels for conversion of existing, 
and use in new, research reactors. Such demand will mean that fuel-supply arrangements 
must be made with research reactor fuel manufacturers and that regulatory bodies will be 
faced with the need to judge the suitability of the newly developed fuels in the research 
reactors that they oversee. 
 
The International Atomic Energy Agency (IAEA), recognizing the need for a universal 
understanding of what is required to qualify a new fuel and what information a potential user 
of the fuel or a regulatory body should expect the fuel developer to provide, convened a 
consultancy in Vienna during March 2005 to discuss the issue and recommend further 

                                                      

* Work supported in part by the US Department of Energy, National Nuclear Security Administration, Office of Global 
Threat Reduction, Office of European and African Threat Reduction (NA-212) under contract DE-AC02-06CH11357. 

† Hereinafter in this paper, the term “research reactor” is used to refer to training, research, test, and isotope-production 
reactors unless explicitly stated otherwise. 

‡ Hereinafter in this paper, the term “fuel” will be assumed to refer only to LEU research-reactor fuel unless explicitly stated 
otherwise. 



activities to meet the need. The consultants*, representing a broad cross section of experts 
active in the international fuel development community, determined that preparation of a 
document providing a common definition of qualification and outlining good practices in 
developing and qualifying new research reactor fuels would provide valuable information for 
fuel developers and qualifiers, fuel manufacturers, fuel users, and regulatory bodies. 
Subcommittees of the consultants prepared drafts of specific parts of the document, which 
were subsequently integrated into the final draft document presented to the IAEA for 
publication.  
 
The Good Practices Document† is expected to be published during the first half of 2009, and 
this paper presents a summary of its contents. 

 
2. Structure and Content of the Good Practices Document 
2.1. Guiding principle of fuel development 
 
Developing fuel, fuel elements, and fuel assemblies that will operate safely under the 
specified operating conditions is the ultimate goal of any fuel developer and reactor core 
designer. In the context of fuel development, operating conditions are normally considered to 
include both normal operating conditions and at least some incident conditions. The guiding 
principles are that (a) a heat transfer path from the fuel meat to the cladding must be 
maintained, (b) the fuel element must maintain its integrity to prevent fission products from 
entering the coolant, and (c) the fuel meat swelling must remain stable to beyond the highest 
fission density that could be achieved during irradiation. 
 
2.2. Basic document structure 
 
The chapters of the Good Practices Document are listed in Table 1.  
 

Chapter Number  Chapter Title 
1  Introduction 
2  Scope 
3  Definitions 
4  Information obtained by the fuel developer 

for fuel qualification 
5  Overview of the fuel development and 

qualification process 
6  Fuel development and qualification 

processes currently being used 
Appendix I  Supplement to Chapter 4 containing 

additional detailed information 
Appendix II  Fuel development and process examples 

Table 1. Titles of Good Practices Document Chapters 

 
 
                                                      

* The initial group of consultants included: M. Salvatore – INVAP, H. Taboada – CNEA (Argentina); D. Sears – AECL 
(Canada); J.-P. Durand – Areva-CERCA, P. Lemoine – CEA (France); C.K. Kim – KAERI (Republic of Korea); A. Enin – 
NCCP (Russia); G. Gale – BWXT, M. Meyer – INL, J. Snelgrove – ANL (United States of America); and P. Adelfang-
IAEA. In 2006, M. Salvatore resigned; C. Jarousse replaced J.-P. Durand; N. Arkhangelskiy – Rosatom (Russia) was 
added; M. Nilles replaced G. Gale, and T. Totev – ANL (USA) was added. In 2007, D. Wachs replaced M. Meyer, and D. 
Keiser – INL was added. 

† The full title of the document is ‘Good Practices for Qualification of High Density LEU Research Reactor Fuels.’ 
Hereinafter it will be referred to as the ‘Good Practices Document.’ 



2.3. Definitions 
 
As indicated in the introduction of this paper, the terminology of fuel development and 
qualification currently is not used in a consistent manner by all those involved in this work. 
Therefore, after the Introduction and Scope, precise definitions are given of a number of 
terms specifically used in fuel development and qualification. For example, the definition of 
‘fuel qualification’ agreed upon by the consultants is: 

A process carried out by (1) a Fuel Developer to provide sufficient information 
about a new fuel type or about a new use for an existing fuel for a regulatory 
body to license that fuel type for use under a set of bounding geometric 
configurations and irradiation conditions and (2) a Fuel Manufacturer to 
demonstrate to a regulatory body and a customer that Fuel Elements and Fuel 
Assemblies of the new fuel type can be reliably and consistently manufactured to 
the required specifications.  

Under this definition, the process clearly involves both the fuel developer and the fuel 
manufacturer, and both the regulatory body and the customer are involved in determining if a 
fuel is qualified. 
 
2.4. Information that should be provided by the fuel developer 
 
Following Chapter 3’s definitions of critical terms, Chapter 4 provides a discussion of the 
information that should be provided by the fuel developer and the justification for each item; 
additional detailed information and discussion are provided in the Appendix. This information 
is summarized in Table 2. 
 

Information  Rationale for Providing this Information 
Basic Fuel Properties   
Fuel chemical and phase 
composition 

 Provides basis for the acceptable composition 
and metallurgical condition of the fuel material 

Density  Needed to determine the volume fractions of fuel 
meat constituents, and, hence, the fuel meat 
uranium density 

Heat Capacity  Needed to calculate the fuel meat temperature in 
nonequilibrium situations and needed for 
measurement of fuel meat thermal conductivity by 
the laser-flash method 

Thermal Expansion 
Coefficient 

 Needed to determine the thermal expansion 
coefficient of monolithic fuel meat and, perhaps, 
of high-density dispersion fuel meat 

Method used to produce 
fuel powder for dispersion 
fuels 

 Describes acceptable methods to manufacture 
fuel powder having the required properties 

Particle size distribution 
(for dispersion fuels) 

 Influences fuel meat and/or fuel element 
fabricability and fuel performance 

Fuel foil properties (for 
monolithic fuel) 

 Influence fuel meat swelling and fuel element 
areal heat flux and mechanical strength 

As-Manufactured Fuel 
Meat and Fuel Element 
Properties 

  

Volume and constituent 
volume fractions 

 Needed to determine fuel meat swelling 



Information  Rationale for Providing this Information 

Heat capacity  Needed to calculate the fuel meat temperature in 
nonequilibrium situations and needed for 
measurement of fuel meat thermal conductivity by 
the laser-flash method 

Thermal conductivity  Needed to calculate fuel meat temperature during 
irradiation and during post-irradiation cooling 

Thermal expansion 
coefficient 

 Needed to evaluate stress resulting from 
differential thermal expansion during design of 
fuel element 

Exothermic energy release  Needed to evaluate fuel temperatures during slow 
transients or loss-of-coolant situations 

Mechanical properties  Needed during design of the fuel element and fuel 
assembly 

Fuel Meat and Fuel 
Element Irradiation 
Properties 

  

Fission density distribution  Needed itself and needed to estimate the time 
history of fuel fission rates, both of which are 
required to interpret data from post-irradiation 
examinations 

Fuel element and fuel 
meat swelling 

 Needed to determine if fuel is behaving in a stable 
manner and to estimate the narrowing of coolant 
channels between fuel elements 

Fuel meat and fuel particle 
microstructures 

 Needed to accurately characterize the nature of 
fuel/matrix or fuel/cladding interaction and the 
nature of fuel material and fuel meat swelling 

Mechanical integrity  Needed to assure that an adequate heat transfer 
path and containment of fission products is 
maintained 

Blister threshold 
temperature 

 Provides a figure of merit of the fuel element’s 
ability to withstand high temperatures during 
incidents 

Cladding corrosion 
behaviour 

 Needed to assure integrity against the release of 
fission products and to estimate the thermal 
history of the fuel element 

Fission product release  Needed to estimate the radiological source term 
in accident situations 

Fuel Assembly 
Properties 

  

Hydraulic and mechanical 
properties 

 Needed to calculate coolant flow rates and to 
assure that the fuel assembly can withstand 
hydraulic and thermal stresses during irradiation 

Irradiation behaviour  Needed to demonstrate that fuel assemblies will 
perform under irradiation as expected, based on 
all of the properties listed above in this table. 

Table 2. Information that should be provided by the fuel developer 
 



2.5. Generic approach to fuel development and qualification 
 
A generic approach for developing and qualifying of a new fuel is described in the first three 
sections of Chapter 5. The fourth section describes the variations in the process needed 
when qualifying an already-qualified fuel type for use under the existing qualification limits 
(that is, when a potential user of a previously qualified fuel wants to use that fuel in a fuel 
element or fuel assembly with a different design than the one in which the fuel was originally 
qualified) and for use outside the existing qualification limits. The approach described is a 
consistent and integrated approach based on the experience of organizations previously 
involved in LEU fuel development and on international best practices. The description of the 
fuel development and qualification process focuses on the tasks to be accomplished and the 
logical sequence of events. The tasks are not described in detail and the way in which the 
tasks should be accomplished are not prescribed, because such details depend on the 
policies, practices, methodologies, and standards of the particular country and organizations 
involved. It is noted that before its implementation, the fuel qualification programme for a new 
fuel should be discussed with the Regulatory Body in order to address the requirements for 
additional data related to fuel behaviour under accident conditions. 
 
A phased approach is recommended for LEU fuel development and qualification, with the 
first phase focused on research work and development/testing activities leading to the 
selection of a preferred fuel type, the second phase focused on fuel performance 
qualification to demonstrate that the selected fuel meets specified performance 
requirements, and the third phase focused on qualification of the fuel manufacturer. The 
recommended activities are summarized in Table 3. 
 

Activity  Results of Activity 
Phase 1: Research and 
Development 

  

Fuel conceptual design  Rationale for developing a new fuel 
Choice of design concept for the fuel element 
and fuel assembly 
Initial selection of candidate fuel and cladding 
materials 
Initial selection of candidate manufacturing 
technologies 

Fuel manufacturing development  Fissile material (meat) manufacturing process 
Cladding manufacturing process 
Fuel element (plates, rods, tubes) manufacturing 
process 

Out-of-pile testing  Basic fuel properties (before and after 
manufacturing) 
Compatibility of fuel meat components or fuel 
and cladding (before and after manufacturing) 
Integrity of the fuel meat/cladding bond 
Resistance of the fuel to corrosion in the 
presence of the coolant (after manufacturing) 

Irradiation testing and post-
irradiation examination 

 Determination of required materials properties 
and performance levels 
Selection of irradiation devices and facilities 
Preparation of safety report 
Performance of in-pile measurements 



Activity  Results of Activity 
Performance of PIE 
Preparation of final PIE report 

Decision point  Proceed to the final design and qualification 
phase or continue the development phase 

Phase 2: Fuel Performance 
Qualification 

  

Detailed design  Design requirements 
Design description 

Technical specification  Technical specification for qualification fuel 
elements and fuel assembly 

Prototype manufacturing 
assessment and development 

 Fuel material (powder or monolithic) process 
Fuel element process 
Fuel assembly process 

Prototypic fuel element and fuel 
assembly manufacturing 

 Full-size fuel assemblies for irradiation tests 

Qualification test planning  Qualification irradiation test plan 

Prototype full-size fuel assembly 
irradiation testing, including post-
irradiation examinations 

 Demonstration that the behaviour of fuel 
elements and fuel assembly is satisfactory and 
consistent with results from Phase 1 

Fuel qualification report  Report demonstrating that the newly developed 
fuel can be safely used in its intended 
applications 

Fuel licensing  Approval by a regulatory body for use of the 
newly developed fuel in a licensed reactor 

Manufacturer qualification   
Subcomponent manufacturing 
qualification 

 Manufacturing of statistically significant 
quantities of subcomponents to required 
specifications 

Full-size fuel element and 
assembly manufacturing 
qualification 

 Manufacturing of prototype or lead test 
assemblies to customer specifications for 
irradiation to compare behaviour with that of 
qualified reference fuel 

Requalification (if needed)  Demonstration that manufacturing quality is 
under control 
Demonstration that the workers are still trained 
Demonstration that the inspection equipment is 
still able to perform properly 
Demonstration that special process qualifications 
(welding, heat-treatment, etc) are still valid 
Demonstration that previous or new 
subcontractors and/or material/component 
suppliers are either still qualified or have been 
requalified 

Table 3. Steps in generic approach to fuel development and qualification 

 



Chapter 6 discusses the generally similar qualification processes used in a number of 
countries other than Russia engaged in fuel development and qualification and the process 
used in Russia. The discussions of Chapter 6 both demonstrate that actual qualification 
programs are consistent with the generic approach described in Chapter 5 and provide 
additional detail to emphasize the good practices recommended in Chapter 5. Examples of 
specific past and present qualification programs are described in Appendix II: (a) U3Si2-Al 
dispersion fuel through an international collaboration during the 1980s led by the US 
Reduced Enrichment for Research and Test Reactor (RERTR) programme, (b) U3Si2-Al 
dispersion fuel by the French CEA for the enhanced conditions required for use in the 
OSIRIS reactor and in the Jules Horowitz reactor currently being designed, (c) U3Si-Al 
dispersion fuel for use in AECL’s NRU and Maple-type research reactors, (d) high-density 
TRIGA® fuel, and (e) high-density UO2-Al dispersion fuel (IRT-4M) fuel assemblies in Russia 
for use in several reactors outside Russia. 
 
3. Conclusion 
 
The IAEA initiated preparation of and will soon publish a document on ‘GOOD PRACTICES 
FOR QUALIFICATION OF HIGH DENSITY LEU RESEARCH REACTOR FUELS.’ In addition 
to recommending good practices to any organization undertaking a fuel development 
programme in the future, this document will bring research reactor fuel manufacturers, fuel 
users, and regulatory bodies up to date on the information expected to be available to 
support licensing of newly developed fuels for conversion of research reactors from the use 
of HEU fuels to the use of LEU fuels and for use in new reactors. 
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ABSTRACT 
 

In the framework of the French IRIS program of high density UMo/Al fuel 
development, the latest alternative solution was focused on the development of 
advanced UMo atomised particles surrounded by a tailored oxide layer. The IRIS4 
irradiation, launched in October 2008 in OSIRIS, is currently testing this concept 
where the oxide layer is aimed to act as a protective barrier. The potential positive 
contribution of silicon effect is also studied since two kinds of matrix are tested: 
pure Al and Al + 2.1wt% Si. 
 
This paper describes the IRIS4 experiment and reminds its main objectives. First 
visual examinations and plate thickness measurements at the current level of 
irradiation are compared to those of previous irradiations allowing the discussion of 
both effects of oxide layer and silicon addition on the irradiation behavior.  

 
1. Introduction 
 
Despite the intrinsically good irradiation stability of UMo alloys, the UMo dispersion fuel 
development has still to challenge the poor in-pile behaviour of the (atomised) UMo 
dispersed in pure Al evidenced by past in-pile experiments such IRIS2, FUTURE and 
RERTR irradiations [1, 2, 3]. Extensive porosity is formed in the reaction layer, at the 
fuel/matrix interface, resulting in an unacceptable pillowing and/or swelling of the fuel plate. A 
large part of the instability of (atomised) UMo/Al fuel is attributed to the behaviour of the 
fission gas release and the properties of the UMoAl interaction layer (IL) formed during the 
irradiation.  
In that context, current development of advanced UMo/Al dispersion fuel has two main 
objectives:  

- either decrease the IL formation kinetics, 
- or/and improve the IL in-pile behaviour, i.e. to enhance its fission gas retention. 

 
To reach these goals, the French IRIS program has already tested two kinds of improvement 
on full-size plates in the OSIRIS reactor using high density UMo fuel by modifying the Al 
matrix composition and/or the UMo powder characteristics [4].  

                                                 
◊ AREVA-CERCA, a subsidiary of AREVA NP, an AREVA and SIEMENS Company 



Four various experiments IRIS1 [5], IRIS2 [1], IRIS3 [6] and IRIS-TUM (in collaboration with 
German FRMII and TUM) [7] were carried out with ground or atomised powder, dispersed in 
pure or silicon enriched aluminium matrix. Ground fuel particles showed a good in-pile 
behaviour in IRIS1 experiment confirmed by IRIS-TUM one, performed at higher heat flux 
and reaching higher equivalent burn-up. Benefit of silicon addition into the Al matrix was 
particularly evidenced in the IRIS3 (2.1%Si) fuel plates involving atomised UMo particles. For 
the plates made of ground UMo powders (case of IRIS-TUM), the positive effect of Si is less 
discernable and certainly covered by the intrinsic characteristics of the ground fuel (shape 
microstructure, defects, oxidized powder surface, induced porosity…) supposed to be at the 
origin of the good in-pile behaviour as discussed in previous papers [4, 8].  
 
Based on these European irradiation results, on recent Russian in-pile experiments with UO2 
coated UMo particles [9] and on CEA out-of-pile studies attesting that an oxide layer 
deposited on atomised UMo particles appear to be a promising protective barrier as regard to 
UMo/Al interdiffusion [8, 10, 11], a new IRIS4 experiment was designed to further evaluate 
the oxide layer effect. Atomised UMo particles were selected because of manufacturing 
aspects and particularly the difficulties to industrialize a grinding process.  
 
IRIS4 experiment has been defined by CEA, within a specific collaboration with AREVA-
CERCA. The irradiation has begun in October 2008 in OSIRIS Reactor.  
 
The first objective of IRIS4 experiment is to discriminate the role of the oxide layer on the 
irradiation behaviour of the UMo fuel independently of the contribution of the Si. The potential 
positive effect of both modifications (silicon + oxide layer) will also be studied since two kinds 
of matrix are tested: pure Al and Al + 2.1wt% Si.  
 
The second objective of IRIS4 is to test the fuel at the OSIRIS’ maximum authorized 
irradiation conditions (by the French Nuclear Regulatory Commission) i.e. a maximum heat 
flux of about 290 W/cm² and an outer cladding temperature of about 100°C. The IRIS4 
irradiation targets a minimum burn-up of 50% 235U.  
 
This paper presents the IRIS4 fabrication, the irradiation parameters and deals with the first 
plate thickness measurements after 4 cycles. 
 
 
2. IRIS4 Plates fabrication and characterization 
 
Since the main objective of IRIS4 was to test the influence of a tailored oxide layer on fissile 
particle in a UMo/Al dispersion fuel, a preliminary lab-scale study at CEA was made to define 
a reliable and optimised oxidation treatment procedure to obtain the desired uranium oxide 
layer characteristics, keeping in mind to not strongly modify the current manufacturing rolling 
[11]. A compromise between the oxide layer uniformity around atomised UMo particles, the 
decrease of the uranium density and the integrity of the barrier allowed to specify an oxide 
layer thickness of 1.5 µm ± 0.5 µm.   
 
After a scale-up oxidising treatment step performed by AREVA-CERCA, four full-size AlFeNi 
cladded fuel plates made of oxidised atomised UMo particles were fabricated by AREVA-
CERCA [12]. The plates have a high uranium meat loading of ~7.8 gU.cm-3 and a uranium 
enrichment of about 19.8 % 235U. The meat consists of oxidised U7.3wt%Mo atomised 
particles dispersed in either a pure (A5) aluminium matrix (plates 8053 and 8054) or an Al 
matrix to which 2.1 wt% Si is added (plates 8043 and 8044). The IRIS4 fuel meat 
characteristics are similar to those of the IRIS2 [1] and IRIS3 [6] experiments with a fuel 
volume fraction close to 50%. The as-fabricated porosity is comprised between 1.1 to 4.5 
vol%. 
 



The main characteristics of the IRIS4 fuel plates are summarized in table 1. The length, width 
and thickness of the IRIS4 plates are identical to previous IRIS experiments ones, 
respectively close to 641 mm, 73 mm, 1.30 mm. The fuel plate inspections, such as 
metallographic examinations, X-ray diffraction, blister tests, indicated that the plates met the 
usual OSIRIS specifications. 

 

Plate ID Matrix 
composition 

Mo/UMo 
(wt%) 

235U/U 
(%) 

Utotal
 

(g) 
U density
(gU.cm-3)

Mean plate 
thickness 

(mm) 

Porosity
(%) 

U7MZ 
8043 

Al + 2.1 
wt% Si 19.78 131.3 7.7 1.31 3.8 

U7MZ 
8044 

Al + 2.1 
wt% Si 19.78 129.7 7.9 1.31 1.1 

U7MZ 
8053 Pure Al 19.75 131.3 7.8 1.30 2.4 

U7MZ 
8054 Pure Al 

7.3 

19.75 131.3 7.7 1.30 4.5 

Table 1: Characteristics of IRIS4 oxidised UMo plates 
 
From a microstructural point of view [12], the fuel meat presents a typical shape of rolled 
plate made of atomised particles (cf. Fig.1a) with a homogeneous meat thickness. Some 
UMo particles interpenetration can not be avoided due to the high uranium density and the 
rolling process, leading up to some local cracks in the oxide layer. Such fuel characteristics 
must be kept in mind for the on-going irradiation and further PIE, notably in the case of the 
plates with Al added with Si, where Si can play its recognised protective role.  
 

            
Fig. 1a and 1b : As-fabricated cross-section of IRIS4 plate (left) and  

detail of as-fabricated IRIS4 microstructure (right) 
 
3. Irradiation history 
 
The irradiation of the four plates is being carried out in the IRIS device loaded in the OSIRIS 
reactor at the core cell #52 which was already the irradiation position of the IRIS2 experiment 
(cf. Fig. 2). This position leads to a slight flux gradient between the 2 most irradiated objects 
(plates 8044 and 8053) and the 2 less ones situated in the inner part of the IRIS device 
(plates 8043 and 8054) as illustrated by Fig. 2. The irradiation has started in October 2008 
and should last up to reach a minimum of 50% 235U, expected by mid-2009.  
 
 
 
 



 
 

 
 

Fig. 2 : IRIS4 loading in the OSIRIS core 
 
Peak Heat Flux (PHF) of the four plates are given in Table 2 for each cycle.  At this step of 
the IRIS4 experiment, those PHF values must be considered as first estimated results which 
will be consolidated after spectrometry measurements and neutronic calculation. An average 
burn-up at Maximal Flux Plane of ~38% and ~35% is estimated for the two outer plates 
(8044 and 8053) and the two inner plates (8043 and 8054) of the IRIS4 experiment 
respectively. The two most irradiated plates (8044 with Si and 8053 without Si) have seen a 
maximal heat load above 285 W.cm-2. All the four plates have been reinserted mid-February 
for the 5th cycle F233 since no pillowing or important swelling1 occurred.  
 
 

  Peak Heat Flux2 (W.cm-2) 

Cycle EFPD* Plate 8044 Plate 8043 Plate 8054 Plate 8053 

F229 8 295 275 265 280 

F230 14 290 275 270 285 

F231 16 250 235 230 245 

F232 18 230 220 220 230 
 

Table 2: Maximum Flux Plane (MFP) irradiation conditions of IRIS4 
(*Equivalent Full Power Day) 

  
 
                                                 
1 The admissible swelling limit is 250 µm. Above this value, it is not possible to reinsert the incriminate 
plate.  
2 These PHF are preliminary values based on the OSIRIS loading. Definitive results of PHF will be 
available after neutronic calculations. 

Plate 8054 (0% Si) 

Plate 8044 (2.1%Si ) 

Plate 8043 (2.1% Si) 

IRIS-4 

Plate 8053 (0% Si) 



4. In-pool plate thickness measurements  
 
The plate thickness measurements were collected plate by plate, at each intercycle, on five 
axial and one transverse (at the MFP) profiles3 (fig. 3a and 3b). Note that the measurements 
after the 2nd cycle F230 are not available due to technical problems encountered on the in-
pool measurement device at that moment. The precision of these measurements is about 15 
µm. 
 
As can be seen in Fig. 3a, the plate 8044 testing oxidised UMo in Al+2.1%Si did not show 
abnormal swelling after the fourth cycle (peak BU estimated to ~38%). The thickness of both 
plates containing oxide coated UMo + Si increased normally as irradiation proceeded. The 
maximal thickness increase for the hottest plate (8044) was between 40 and 50 µm at the 
end of cycle F232, taking into account thickness measurement differences between axial and 
transverse profiles performed at MFP (see Fig. 3a).  
 
By comparison, Fig. 3b shows the thickness evolution of plate 8053 containing oxidised UMo 
particles dispersed in pure Al. Fig.3b indicates a more heterogeneous swelling, particularly 
during the 4th cycle. Local thickness increases up to 70 µm have been measured. Same 
results are evidenced for the plate 8054. IRIS4 plates without silicon added to the Al matrix 
show a slightly higher swelling than those with 2.1%Si. 
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Fig. 3a: In-pile evolution of the transverse 
thickness profiles of plate 8044 at MFP 

Plate 8053 (UMo ox - 0% Si) 
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Fig. 3b: In-pile evolution of the transverse 

thickness profiles of plate 8053 at MFP 
 
5. Discussion 
 
IRIS4 experiment is currently testing for the first time the behaviour of oxidised UMo fuel 
dispersed in pure Al or in Al+2.1%Si alloy matrix using full-size plates.  
 
In order to discriminate both effects of oxide layer and silicon addition on the UMo irradiation 
behaviour, the average plate thickness versus the fission density is represented on Fig. 5, 
comparing results of IRIS2 (pure Al), IRIS3 (2.1%Si and 0.3%Al) and IRIS4. Fig. 4 reminds 
the heat flux history for these three IRIS experiments.  
 
At the current status of IRIS4 experiment, if we compare the behaviour of UMo fuel without 
Si, one can notice that no pillowing has occurred in IRIS4 plates whereas, at similar fission 
density and even lower temperature, large pillowing was already observed on IRIS2 plates 
(whose irradiation conditions were higher than IRIS3 ones). However, local thickness results 
from Fig. 3b could indicate a beginning of degradation of the oxidised UMo plates.  

                                                 
3 These measurements are done in the OSIRIS reactor pool with a dedicated device, originally 
developed for the qualification of the U3Si2 fuel. 



In that case, one can assume that oxidised UMo would hinder the interaction rate UMo/Al 
without really modifying its intrinsic characteristics. Behaviour of plates 8053 and 8054 
during the further cycles will definitely confirm or not this assumption.   
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Fig. 5: Plate swelling of IRIS2, IRIS3 and IRIS4 plates 

 
6. Conclusion 
 
IRIS4 consists in four full-size plates with high uranium loading and U-7.3 wt %Mo oxidised 
atomised powder dispersed in pure or added with silicon aluminium matrix. In this latest 
IRIS4 experiment still on-going, a modification of the UMo/Al interface is considered. The 
concept of protective barrier with the use of an oxide layer surrounding UMo particles was 
promoted by out-of-pile results [10, 11].  
 
Up to now, the IRIS4 plates were irradiated during 58 EFPD at OSIRIS reactor at a peak 
power of more than 290 W.cm-2. The first results show that in the tested conditions, i.e. 
fission density of about 2.5 1021 f.cm-3

UMo, no pillowing occurred. For oxidised UMo fuel 
dispersed in pure Al, plate thicknesses have slightly more increased than for plates with Si 
added in Al. 

The behaviour of the two others plates (8043 
and 8044) testing the both contribution of the 
oxide layer and the Si addition is promising 
since the thickness increase of those plates 
is of the same order of magnitude as that of 
the IRIS3 plate 8021 containing Al+Si but 
irradiated at much lower heat flux (below 200 
W/cm² against more than 285 W/cm² for the 
IRIS4 plates). 
Until now, positive effect of 2.1%Si addition 
in the Al matrix is confirmed in higher 
irradiation conditions. The potential 
contribution effect of oxidised UMo particle 
should be discriminate in the further 
irradiation cycles. 
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At that stage of IRIS4 irradiation progress, it is too early to conclude to a really promising 
effect of oxide layer on the UMo/Al behaviour. Positive effect of Si observed after 4 cycles 
needs to be confirmed. Further OSIRIS cycles planned by mid-2009 are compulsory to test 
IRIS4 device at higher burn-up in order to complete the comparison with former IRIS 
experiments and thus confirm or not current tendencies. 
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ABSTRACT 

 
The need to provide more accurate property information on U-Mo fuel alloys to 
operators, modellers, researchers, fabricators, and government increases as 
success of the GTRI Reactor Convert program continues.  This presentation 
provides an update on fresh fuel characterization activities that have occurred at 
the INL since the RERTR 2008 conference in Washington, D.C.  The update is 
particularly focused on properties recently obtained and on the development 
progress of new measurement techniques.  Furthermore, areas where useful and 
necessary information is still lacking is discussed.  The update deals with 
mechanical, physical, and microstructural properties for both integrated and 
separate effects.  Appropriate discussion of fabrication characteristics, impurities, 
thermodynamic response, and effects on the topic areas are provided, along with a 
background on the characterization techniques used and developed to obtain the 
information.  Efforts to measure similar characteristics on irradiated fuel plates are 
discussed. 

 
1. Introduction 
Characterization of fresh U-Mo fuel alloys is a key element of the GTRI Reactor Convert fuel 
development program for three main reasons:  (i) effectively document available information 
for current and future fuel and material researcher use, (ii) establish a link between fresh fuel 
properties and irradiated fuel observations so that the effect(s) of irradiation can be 
confidently deduced, and (iii) provide a feedback loop into the fuel plate preparation methods 
to optimize behaviours for additional fabrication processes and the best possible irradiation 
performance.  As the fuel development campaign progresses, the necessity of bridging the 
gap between lab-scale process demonstration and commercial scale development 
intensifies.  Characterization of fabrication processes and material properties is at the 
forefront of bridging this gap, so that continuity between lab-scale and bulk production is 
maintained.  For example, the INL employs arc melting (lab-scale) for mini-plate experiments 
while Y-12 has employed induction melting (bulk production) for full-size plate experiments.  
Two different encapsulation methods are being investigated:  friction bonding at the INL for 
mini- and full-size plate experiments and hot isostatic pressing at the INL for mini-plate 
experiments and Babcock & Wilcox for full-size plate experiments.  Forming operations 
required for some reactor designs also introduce considerations for processing.  The 
continuity of these two scales is of the utmost importance to ensure that desired fuel 
performance behaviour and attributes are maintained. 
 
For the most part, this paper will serve as a progress report of the characterization 
techniques being employed and developed at the Idaho National Laboratory (INL) since the 
RERTR 2008 conference in Washington D.C.  Specific progress has been made performing 
needed material property measurements and further identifying areas where improved 
material property information is needed to support fuel fabrication and qualification.  
Furthermore, progress has been made on characterization technique development in terms 
of equipment procurement and installation. 
 
2. Thermophysical Property Measurements 
Thermal properties of nuclear fuel, specifically thermal conductivity, play a vital role in fuel 
performance.  However, evaluation of these properties is both challenging and very 
expensive to determine experimentally.  Furthermore, fuel performance codes must assume 



extrapolated thermal property values or values calculated employing the Neumann-Kopp 
approximation, even though there is insufficient data for pure elements in some cases at 
elevated temperatures.  Thermal conductivity is most commonly determined experimentally 
employing three different measurement methods:  differential scanning calorimetry (DSC) for 
specific heat capacity, dilatometry for density, and laser flash for thermal diffusivity (LFTD).  
Errors associated with each of these measurements can be compounded in determination of 
thermal conductivity, and must be appropriately understood. 
 
Measurements have been conducted on alloys encompassing the proposed range of fuels, 
i.e. U alloyed with 7 to 12 wt% Mo, with each of these techniques.  Combined data plots for 
each of these alloys and techniques are provided in Fig. 1.  For the alloy containing 10 wt% 
Mo, the specific heat capacity, density, and thermal diffusivity behaviour is as expected, from 
near room temperature up to 800oC.  For the alloys containing 7 and 12 wt% Mo, a change in 
behaviour is observed between 400 and 600oC.  In both cases, the behavioural change is 
attributed to decomposition of the desired high temperature γ-U(Mo) phase into α-U(Mo) 
and/or U2Mo.  Based on time-temperature-transformation diagrams (TTT) on the U-Mo 
system, the rate at which the quenched γ-U(Mo) phase will decompose into α-U(Mo) phase 
in a homogeneous alloy is strongly dependent upon the isothermal treatment temperature, 
being more pronounced when the alloy is near the eutectoid temperature (550oC) [1,2].  The 
α-U phase forms continuously by a cellular matrix decomposition reaction as a function of 
time, nucleating primarily at sub-grain boundaries and leading to precipitation at the grain 
boundaries [3]. 
 
For the 7 wt% Mo alloy, decomposition of γ-U(Mo) into α-U(Mo) is relatively rapid as defined 
by the TTT diagram, with the kinetics becoming much more sluggish with increased wt% Mo.  
For the 12 wt% Mo alloy, decomposition would not necessarily be expected.  However, the 
foil sample used for DSC measurements contained a significant amount of chemical banding 
that resulted from inadequate homogenization during the arc-melting fabrication process.  
Conversely, the cast samples used for dilatometry and LFTD did not exhibit the banding.  
Chemical banding is the result of Mo-rich and Mo-lean zones, and XRD and 
 

 
Fig. 1.  Combined specific heat capacity, density, and thermal diffusivity data plots for 

representative DU-7, -10, and -12 wt% Mo alloys 
microhardness measurements performed on the foil sample more accurately placed the Mo 
content in the 13-14 wt% range, rather than the nominal 12 wt% range [4,5].  The kinetics 



associated with the decomposition of γ-U(Mo) into α-U(Mo) and U2Mo begin to accelerate 
rapidly beyond the 12 wt% content.  Thus, thermal cycling of the samples during 
measurements on these alloys will result in a mixed microstructure of γ-(Mo), α-U(Mo), and 
U2Mo for the 7 and 12 wt% Mo alloys, rather than a single phase as was the case for the 10 
wt% Mo alloy.  The thermophysical properties of these phases are different, and therefore 
result in unexpected alloy behaviour.  This is demonstrated by the thermal conductivity 
determined by the combined data plots presented in Fig. 1.  The results of these 
determinations are provided graphically in Fig. 2.  These measurements illustrate the 
importance of solid characterization and understanding of alloy behaviour on desired material 
attributes, such as thermal conductivity.  Furthermore, values available from literature were 
determined by electrical conductivity measurements and converted to thermal conductivity 
employing the Wiedemann-Frantz law.  Thermal conductivity measurements obtained from 
electrical conductivity are lower than those measured in a direct or semi-direct manner, since 
electrical conductivity only considers the electronic contribution to thermal conductivity and 
phonon-phonon scattering is not taken into account. 
 
Sound knowledge of the fresh fuel thermal conductivity is necessary in order to determine 
separate effects such as burn-up and fuel temperature.  In addition, in order to understand 
overall integrated behaviour of the fuel plate, one must be able to effectively deconvolute the 
effects of modifications made to the fuel alloy, including any modification made to the 
interface, e.g. Si or Zr. 
 
3. Instrumented indentation 
One of the most important aspects of monolithic fuel forms is the behaviour of the interface.  
Integrity of the bond between the U-Mo monolith and cladding material must be measured as 
a function of processing method, processing parameters, and interface modifications, e.g. Si 
or Zr.  Instrumented indentation offers a unique capability to measure the normal and lateral 
forces simultaneously in order to determine the cohesive strength of the interface.  Basically, 
a conical indenter is placed near the interface of interest and a load applied.  As the normal 
load increases, lateral force changes accordingly as the tip is pushed away from the 
cohesive interface.  As the interface delaminates, the indenter moves backward towards the 
interface as the normal load continues to increase.  Thus, a change in slope for the Fx-t curve 
corresponds to delamination or cracking, and the decohesive force is taken as the normal 
load at that point.  A FEA model can be developed to calculate cohesive strength of 
 

 
Fig. 2.  Thermal conductivity of the DU-7, -10, and -12 Mo alloys determined from the 

combined data plots in Fig. 1. 
the interface from the normal load.  A tribometer has been procured from CETR (California) 
to perform this function at the INL.  The instrument is capable of both vertical and lateral 
displacement measurement, modular load capacity (up to 1kN), and comes equipped with an 



optical microscope, acoustic emission detector, and an environmental chamber capable of 
temperatures up to 1000oC. 
 
4. Shear Punch Testing 
Small scale specimen testing is desirable to determine mechanical properties of fuel alloys.  
Specifically, such techniques are desirable to correlate beginning of life mechanical behavior 
with end of life behaviour in terms of burn-up and temperature, while also investigating the 
effects of microstructure, impurities, and the interface layer.  Shear (or small) punch testing is 
ideal for this purpose and is based on blanking a circular disk from a fixed sheet specimen.  
The technique is relatively simple and straightforward in the fact that a cylindrical punch with 
a flat end is utilized to punch a hole in the circular disk.  The technique is currently being 
developed for both out-of-pile and in-cell measurements.  Deformation and failure processes 
that occur during shear punch testing are analogous to those that occur in uniaxial tension.  
The load displacement data can be interpreted in terms of and correlated with uniaxial 
mechanical properties data (flow properties such as yield stress, UTS, work hardening 
exponent and ductility parameters). 
 
Verification and validation of the SPT fixture and procedure is continuing out-of-pile.  
Stainless steel 304 samples are being employed as a calibration standard.  SPT 
measurements performed on these calibration samples are in good agreement with uniaxial 
tension measurements.  Furthermore, the technique is being validated on fresh U-Mo alloy 
samples.  Examples of SPT measurements performed on a DU-10 wt% Mo alloy are 
provided in Fig. 3.  In-cell SPT development continues, with an Instron being prepared for 
insertion into the INL Hot Fuel Examination Facility in mid March.  A photograph of the 
instrument is provided in Fig. 3.  The first SPT on irradiated fuel alloys will begin in mid May 
on the AFIP-2 experiment. 
 
5. Through-thickness Flash Thermography 
Through-thickness flash thermography is an alternative non-destructive evaluation tool 
currently being investigated at the INL for use on plate-type fuels.  Theoretically, the 
technique should allow the minimization of errors, increase product yield due to reduced 
measurement time, increase fuel performance confidence, and offer additional information to 
better understand potential effects that may result in performance deterioration.  The 
technique can be qualitative or quantitative.  Qualitative analysis uses differences in contrast 
to identify areas with flaws or material differences.  Quantitative analysis determines the 
specimen’s thermal diffusivity, α, as a function of location.  The technique is 
 

 
Fig. 3.  Examples of SPT measurements performed on a fresh, DU-10Mo alloy (left) and a 

photograph of the in-cell Instron at INL (right) 



 
Fig. 4.  Simple schematic of the through-thickness flash thermography technique illustrating 

qualitative analysis capability (left); Example thermal diffusivity profile obtained from through-
thickness flash thermography illustrating quantitative analysis capability (right). 

 
currently being evaluated for application to both out-of-pile and in-cell measurements.  A 
simple schematic of the through-thickness flash thermography method and an example 
thermal diffusivity profile is provided in Fig. 4. 
 
6. Conclusions 
Fresh fuel characterization is a key element in understanding and predicting fuel behaviour, 
optimization of fabrication processes to tailor properties to desired performance, and vital to 
transfer of knowledge and technologies to current and future researchers and developers.  A 
number of characterization techniques are being utilized at the INL to accomplish the mission 
of qualifying usable U-Mo dispersion and monolithic fuel forms.  This has culminated in vast 
educations and experiences to the benefit of the GTRI Reactor Convert Program.  Specific 
areas of technique development to provide links to use out-of-pile characterization to better 
understand post-irradiation observations are also essential.  These techniques must 
therefore be developed for both beginning of life and end of life measurement. 
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ABSTRACT 
 

SCK-CEN intends to replace the current burnable poisons, which are mixed in the 
fuel meat, by cadmium wires which should be more appropriate for a future LEU 
fuel element. This paper describes the present status and planning of this 
modification project. In a first step theoretical and computational evaluations have 
been performed by BR2 to determine an optimum configuration of burnable 
poisons for the future LEU element. Various Cd wires design were studied in order 
to define an optimal solution. Mechanical studies and design modifications were 
investigated at AREVA-CERCA in order to evaluate the manufacturing feasibility of 
a BR2 fuel element using Cd wires inserted in the stiffeners instead of Sm2O3 and 
B4C powder mixed in the aluminium matrix of the fuel meat. It is the intention to 
deliver 2 prototypes with the new design of burnable absorbers to BR2 by mid-
2010 and to irradiate them shortly there after. The final objective is to have this 
new type of burnable poisons qualified by mid-2011 to be able to use them for 
future LEU fuel elements. 

 
 
1. Introduction 
 
Burnable absorbers are used in most nuclear reactors. These are isotopes with high neutron 
absorption cross section, which purpose is to lower the reactivity at the start up of the reactor 
operation. The idea behind is that the burnable absorbers will capture neutrons and 
transmute all along the cycle in order to completely disappear at the end of the cycle, thus 
allowing to limit the reactivity penalties. 

The BR2 reactor is a multi-purpose Material Testing Reactor which main activity is to 
test advanced fuel designs, including new LEU types, and structural materials for different 
reactors types like LWR, fusion reactor (ITER), ADS. BR2 belongs to the European Network 
of reactor dedicated to the production of Mo99. When the BR2 was designed in the 60's, the 
fuel was foreseen to be Highly Enriched Uranium (93% U5) in aluminium matrix with 
burnable absorber, B4C and Sm2O3, homogeneously mixed in the fuel meat. HEU is a 
concern in the proliferation of nuclear weapon framework, from one side and from the other 
side, mixing burnable absorber (boron) in the fuel meat causes some concerns for the 
fabrication of such fuel. Therefore, a 'BR2 conversion project' has been initiated in 2008 
under the RERTR programme for non-proliferation of nuclear weapon, which is managed by 
U.S. DOE and supported by IAEA. The first aim of this project is to re-consider the current 
fuel assembly design, in particular the localization and the nature of the burnable absorber in 
the fuel assembly. The requirements for the burnable absorber are: to have high absorption 
cross section at beginning of life and relatively short lifetime, which allows compensating for 
depletion of the fissile material at the end of cycle.  

Preliminary studies for the choice of an optimal material, geometry and localization of 
the burnable absorber in the fuel assembly, which provides at least the same (as for the 
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presently used fuel) or enhanced fuel utilization, have been performed in the frame of the 
'BR2 conversion project'. The preliminary results of these studies have been discussed in 
joint BR2-ANL meetings under the RERTR programme in May-June'08 and reported at the 
RERTR'08 meeting in Washington [1]. A detailed analysis about the impact on the neutronics 
of the reactor for different fuel types, including standard HEU and LEU types, can be found in 
the Master Thesis of B. Guiot, which considers insertion of burnable absorber wires inside 
the aluminum stiffeners of the standard BR2 fuel assembly design [2]. 

 
2. Optimization of the burnable absorber 
 
The main objective in the utilization of burnable absorbers is to reduce the energy costs of 
the fuel cycle. Therefore the optimization problem was to find an optimal control strategy and 
optimal burnable absorber among materials with large microscopic cross section and to 
optimize the geometry and localization of the poisons in the fuel assembly. The solution of 
these optimization problems were discussed in [1]&[2]. The criteria for an optimal control 
strategy were formulated as: extended fuel cycle length, enhanced fuel utilization, flattened 
reactivity evolution, reduced control rods motion during an operation cycle. At the same time 
the optimized burnable absorber should satisfy the safety criteria, such as shut down margin. 
 
2.1 Simulation of conversion through transition cores 
 
In the process of the conversion from HEU to LEU fuel, the reactor will be gradually loaded 
with the new fuel type. A preliminary choice for a Reference Core Load was made, assuming 
that the loading keeps a pattern similar to that of the cycle "04/2007A.5" of the BR2 reactor, 
which has been operated at P=55 MW during T~20 days. The new type of fuel is loaded in 
the channels 'C' in the second reactor core ring where fresh fuel of the old type is usually 
loaded. Calculation of the flux and local consumption of the fuel and the burnable absorber is 
made. In the next cycle, the burnt six fuel assemblies are put in the six channels 'A' or 'B' in 
the central crown and six new fresh fuel assemblies are loaded again in the 'C' channels. 
The same calculations are made. Then the burnt fuel assemblies from channels 'A', 'B' are 
moved to channels 'D', 'F', 'G' in the core periphery in the next cycle. The process is repeated 
through five to six transition cores until the entire core is converted with the new fuel type. 
The neutronics and burn up calculations have been performed using the combined 
MCNPX&ORIGEN-S method (BR2 development) and the Monte Carlo burn up code MCNPX 
2.6.F (LANL). 
 
2.2 Optimization of  geometry and localization of BA 
 
The geometry of the standard BR2 fuel element of MTR type, composed of 6 annular 
concentric tubes maintained by 3 aluminium stiffeners, is suitable for localization of the 
burnable absorbers in the aluminium stiffeners. It was decided to preserve the current fuel 
plate design in order to avoid significant changes in the thermal-hydraulics characteristics of 
the reactor. Therefore, the same fuel plate thickness, same number of fuel plates, same 
cladding and same water gap thickness were used in the calculations. The choice of 
geometry for the burnable absorber was limited to cylinder (in form of wires) or slab (in form 
of plates) as shown in Fig. 1. An option of homogeneously mixed boron with the powder of 
the aluminium stiffeners was also considered.  
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Figure 1. MCNP geometry model of fuel element with burnable absorber lumped in 36 wires 
or 3 slabs in the aluminium stiffeners.  

 
2.3 Optimization of burnable absorber composition 
 
The criteria for choice of optimal burnable absorber material was based on: (i) maximum 
efficiency (macroscopic absorption cross section; reactivity worth); (ii) maximum burn up 
rate; (iii) the daughter isotopes of the burnable poison should have small absorption 
macroscopic cross section compared to the cross section of their precursors; (iv) high 
melting point is preferable for the chosen burnable absorber. The best of these options 
should have high macroscopic effective absorption cross section in the beginning of cycle 
and burn up most rapidly in order to end the cycle with the lowest burn up penalty. Suitable 
burnable absorbers are cadmium, gadolinium, boron, samarium; also erbium and 
dysprosium. Europium and hafnium have high cross sections of daughter isotopes, therefore 
they were excluded as candidates for burnable absorber. Samarium possibly will be included 
as additional burnable absorber, mixed in the fuel meat as in the current fuel after the final 
selection of main burnable absorber. The burnable absorber samarium burns in ~ 2 days and 
it is added to the fuel with purpose to compensate the rapid production rate of xenon-135 at 
the reactor start-up.  

A comparative analysis of the macroscopic absorption cross sections, burn up rate, 
reactivity effects was performed for the selected burnable poisons and presented in [1-2]. 
Three major candidates as burnable absorber for the new BR2 fuel were selected: Cd, 
Gd2O3, B4C. The preliminary evaluations with erbium did not show satisfactory results for the 
reactivity excess during the transition cores, therefore it was excluded from further studies. 
On the basis of the absorption properties of the considered 3 burnable absorbers it was 
concluded that reducing the wire diameter enhances the burn up rate.  

 
2.4 Comparison of BA absorption properties in transition cores 

 
Preliminary studies for the feasibility of the BR2 fuel cycle with different fuel types (HEU, 90% 
U5, 1.3 gUtot/cc, UAlx; LEU, 20% U5, UMo, 8.5 and 7.5 gUtot/cc; LEU, 20% U5, U3Si2, 4.8 
gUtot/cc) and various burnable absorber options have been performed for the transition and 
fully converted cores. The reactivity excess during the transition and fully converted cores 
was evaluated and compared for the different burnable absorbers. The diameter of the wires 
has been varied between 0.2 mm and 0.6 mm with purpose to adjust the burn up rate of the 
poison to the desired reactivity excess for the different fuel types. The gain in reactivity is 
maximum (+3.30$) for UMo, 8.5 gUtot/cc with Cd-wires with diameter D=0.4 mm. The 
reactivity excess in UMo, 8.5 gUtot/cc with borated aluminium stiffeners is similar (+3.22 $) to 
the same core with Cd-wires with D=0.4 mm. The gain for UMo, 7.5 gUtot/cc is similar to the 
reference load (+0.36$). The preliminary calculations of the reactivity evolution of fully 
converted cores with cadmium wires (D=0.4 mm) have shown flattened reactivity evolution 
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and longer fuel cycle length for UMo core (8.5 gUtot/cc)  in  comparison to the reference load 
with standard BR2 fuel with mixed absorbers. 

 A preliminary choice was made to lump the  new burnable absorber in 36 Cd wires 
in the Al stiffeners of the fuel element. The optimum diameter for the different fuel types is as 
follows: D=0.55 mm for HEU (1.3 gUtot/cc); D=0.4 to 0.5 mm for fuel type UMo (8.5 gUtot/cc); 
D=0.4 mm for UMo (7.5 gUtot/cc). 

 The preliminary calculations of the axial distributions of the neutron fluxes for the 
UMo core have shown a significant impact on the performance goals: reduction of the 
thermal fluxes in the axis of the fuel channels (30 to 35%) and about 10% in the experimental 
positions in reflector channels, which needs future optimization studies. 

 
3. Sheathed Cd wires design and manufacturing 
 
3.1 Sheathed Cd wires design 
 
Following the conclusions of SCK●CEN concerning the replacement of the current poisons, 
mixed in the fuel core, by cadmium wires in the stiffeners, two options were investigated by 
AREVA-CERCA: sheathed or not sheathed cadmium wires. BR2 early decided to eliminate 
the use of not sheathed cadmium wire: (i) cadmium is soluble in acid environment, (ii) reactor 
water pool pH is slightly acid, (iii) cadmium solubility increases with temperature. 
AREVA-CERCA studied different methods to sheath the cadmium wires: by coating or by 
cadmium wire insertion into an aluminium sheath. As regard to the specification, the second 
technical principle was selected as the most appropriated. This solution is already used since 
years by some other customers. AREVA-CERCA masters this manufacturing and has a long 
experience feedback. 
 
3.2 Sheathed Cd wires manufacturing 
 
The cadmium wires are inserted into an aluminium alloy sheath. End plugs made of the 
same aluminium alloy close the both extremities in Fig 2. 
 
 
 
 
 
 
 
 
 
 
   

Figure 2: Sheathed cadmium wire 

 
Various inspections are performed: 

- Leak-tightness test 
- Dimensional inspection. 
- Dimensions as well as the positioning of the cadmium inside the sheath. 
- Cadmium integrity 
- Visual inspection. 

 
4. BR2 fuel element design and mechanical studies 
 
A design study was performed to insert the cadmium wires in the stiffeners. In order to avoid 
any major change on the fuel assembly or plate design, the following criteria have been 
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considered carefully: (i) maintain the geometry of the fuel core, of the plates and of the fuel 
element in order to ensure the same thermo-hydraulic characteristics, (ii) ensure the swaging 
criteria, (iV) keep the stiffeners mechanical characteristics and (iiii) keep the current 
assembling process. 
As a part of the project, the manufacturing costs and delivery schedule of 2 BR2 fuel 
elements at Mol by Mid 2010 were took into consideration.  
 
4.1 Mechanical calculations and proposed technical solution 
 
The stiffener geometry, principally the thickness, has to be modified in order to maintain the 
mechanical characteristics as well as ensure a perfect insertion of cadmium wires (see figure 
3). The Cd wire dimension was selected by BR2. The design modification may avoid any 
major change on the fuel plate design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Fuel section with sheathed cadmium wires 

 
 
The new stiffener design and the stiffener mechanical characteristics were defined and 
validated by a series of specific mechanical tests.  
According to our experience on swaging, a technical investigation has shown that the 
mechanical modifications do not change the swaging parameters  that were already qualified 
for BR2. 
As a consequence of the stiffener width modification, an analysis of the fuel plate geometry 
was performed in order to confirm their correct adaptation to the new design.  
Regarding the conventional criteria, some margin was found on plate and fuel dimension to 
successfully perform the modification without cost (processing modification…) and safety 
impact (thermo-hydraulic cooling aspect on the border edge in between the stiffener and the 
fuel area…). Taking into account our quality approach, the margin was validated throughout 
a full measurement campaign on existing plates. 
Thus, for the new fuel elements design, the border edge aluminium area (AA) and the 
stiffener groove edge (D), will remain the same as in the current BR2 fuel element (see figure 
4). Most of all, the fuel element geometry will not be modified avoiding any long and costly 
safety demonstration and qualification program.  
 
As one of the most critical manufacturing step, a global approach was carried out to validate 
the swaging processing phase.  
 
 
 
 
 

AA
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  Figure 4: sketch of the future stiffener design 

 
The whole program was performed using the conventional mechanical tool design as CAD 
(Computer Assisted Design) allowing AREVA-CERCA to share and easily discuss the 
proposed solution with BR2 (Fig 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 5: Views of BR2 fuel element with sheathed cadmium wires 

 

 
 
 
 
 
 
 
 
 
5. Conclusion 
 
In the framework of the ‘BR2 conversion project’, SCK●CEN and AREVA-CERCA are 
working closely for the design and manufacturing feasibility of new fuel elements. One 
important challenge is to deal with the replacement of the burnable poisons mixed in the fuel 
cores by cadmium wires inserted in the stiffeners. Technical options and solutions were 
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discussed and validated together, keeping in mind the project target: delivery of 2 prototypes 
with the new ‘Cd wire’ design at Mol Mid 2010. 
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ABSTRACT 

 
The interaction layer (IL) thicknesses of four plate pairs with different Si content in the 
matrix irradiated side-by-side from RERTR-6, -7A, -9A and -9B were compared. The 
plate pairs from each test have the same fabrication and irradiation condition 
(temperature, fission rate, burnup, etc). The pair from the RERTR-7A showed that a 
pure-Al matrix plate (R0R010) had three times larger IL thickness on the hot side than 
a 2% Si-added plate (R2R040). The Si addition also showed that pore formation was 
effectively suppressed up to around full LEU burnup at typical RERTR test conditions. 
However, the pair from RERTR-9B (8.5 gU/cm3) with extremely high burnup (119% 
LEU equiv.) showed that an initial stage of pore formation in plate regions with thick 
ILs. The minimum as-fabrication Si content that needs to be added to provide the 
beneficial effect is also assessed. 

 
1. Introduction 
 
The concept of adding Si in the Al matrix to reduce interaction layer (IL) growth and suppress the 
formation of deleterious pores in the ILs has been tested extensively. The out-of-pile [1,2] and in-
pile [3-5] tests showed generally consistent results with the theoretical predictions [6-8]. 
However, direct comparisons for the effect of Si addition using test plates with the same 
irradiation conditions were not available. 
 
In the RERTR program, the effect of Si has been in-pile tested extensively from the RERTR-6 to 
the RERTR-9B. Some of the results from the RERTR-6 and RERTR-7A were reported 
previously [3,4]. In the RERTR-7A, -9A and -9B, pairs of plates with different Si contents were 
tested side-by-side. From these plates, we could examine more systematically the effect of Si 
and the minimum Si content necessary to preserve its effectiveness on IL thickness reduction 
and suppression of pore formation in ILs.  
 
The plate pairs from the RERTR-7A have plate-average burnups of about 75% (LEU-equiv.) and 
100% for those from the RERTR-9B. The maximum Si content tested in the RERTR program 
was 5%. Because of the extremely high burnup for the RERTR-9, some plates showed evidence 
that the as-fabrication Si content in the Al matrix was insufficient to sustain its effectiveness 
throughout their lives.  
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The as-fabrication Si contents in the Al matrix used in the tests were decided on the prediction 
using out-of-pile test results available in the literature [9]. An analysis was performed to estimate 
the minimum as-fabrication Si content for the plates examined that is necessary throughout their 
lives.  
 
2. Irradiation test 
 
The general test data for the plates used in this paper are summarized in Table 1. It is noticeable 
that the RERTR-9B test has extremely demanding conditions in terms of fission rate, 
temperature, and burnup. The information is for dispersion fuel plates used in this paper and not 
entirely applicable for monolithic fuel plates. RERTR-7A, -9A and -9B included plates with 
different Si content that were tested side-by-side in the test capsules. Therefore, the plate pairs 
have the same irradiation condition: temperature, fission rate, and burnup are almost identical.  
 

Table 1 Average irradiation data of plates used in the analyses 
 

 
Test 

U-loading 
* 

(gU/cm3) 

enrichment
(%U-235) 

Meat 
Temperature 

BOL (oC) 

Time 
(EFPD)

Average ** 
fission rate 

(1014 f/cm3-s) 

BU *** 
(% LEU 
equiv.) 

RERTR-6 6 19.5 114 135 3.0 48 
RERTR-7A # 6 58 114 90 6.3 72 
RERTR-9A 8 58 120 98 5.4 65 
RERTR-9B 8.5 44 120 115 7.1 99 

* Some information is specific only for dispersion fuel plates. 
** The fission rate is for fuel particles averaged over life and plate. 
*** Meat average, for hot side, typically ~1.2 power factor is multiplied. 
# RERTR-7A has fuel particle size (~150 μm) and the others have ~90 μm. 

 
Figure 1 shows a schematic of plate locations in test capsules. A pair of plates from the RERTR-
6 that had similar irradiation conditions are also included in this paper to extend to the lower 
burnup regime. 
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Fig. 1 Schematics of plate locations in test capsules applicable to typical RERTR tests 

and burnup and temperature profiles. 
 
From the RERTR-6, metallographs of R5R020 (C5) having 0.2% Si and R2R010 (C3) having 2% 
Si are examined. From the RERTR-7A, R2R040 (B2) having 2% Si and R0R010 (B3) having 
0.1% Si are examined. The effect of Si-content on IL thickness growth was examined in the 



RERTR-9A and -9B. From the RERTR-9A, R3R108 (C2 with 5%Si) and R2R078 (C3 with 2%Si) 
achieved plate-average fuel particle BU of 64% LEU Equiv. for 98 EFPD. From the RERTR-9B, 
R2R088 (B6 with 2%Si) and R6R018 (B7 with 3.5%Si) have plate-average BU of 100% LEU 
Equiv. for 115 EPFD.  
 
3. Results 
 
The effect of the Si addition to the matrix for suppressing IL growth is clearly distinguishable 
when we compare the microstructures of the post-irradiation metallographs of pairs of plates 
irradiated side-by-side. As shown in Fig. 2, the IL thickness and microstructure are remarkably 
different between the left-hand-side plate and the right-hand-side plate. The low Si-content plate 
on the left-hand-side consistently shows a thicker IL than the one with 2% Si-content on the 
right-hand-side. For the RERTR-6 and -7A, the low Si-content plates consistently give 
approximately three times thicker ILs than the 2% Si-content plates.  
 

 
 

Fig. 2 Postirradiation metallographs of side-by-side test plates from RERTR-6, -7A, -9A 
and -9B tests. The micrographs are from the hot side and the burnup is at the spot. 

 
The ILs of Si-added plates are commonly uneven and the thicknesses are different among 
neighboring particles. This is due to the local difference of the IL growth rate caused by the non-



uniform Si diffusion and consequently the non-uniform Si concentration in the IL. In addition, for 
the fuel particles in densely populated regions, the available amount of Si for diffusion is 
effectively restricted by the region enclosed by the fuel particles. This also causes Si diffusion to 
be locally heterogeneous.  
 
As the IL grows thicker, the Si effect to suppress its growth diminishes and simultaneously the IL 
becomes more uniform akin to a low Si-content plate. This suggests that RERTR-9B plates, with 
extremely high burnup, reached to the point where the IL reduction power of Si addition is 
depleted. 
 
From the RERTR-6, -7A and -9A tests, it is a common observation that U-Mo/Al with addition of 
2wt% or more of Si in the matrix are free of pore formation in the ILs. Instead, highly burned fuel 
particles show the formation of pore-like fission gas bubbles in their peripheries. The pore 
surface has sharp edges and is rough. However, the extremely high burnup plates from the 
RERTR-9B show the formation of pores in ILs. As shown in the bottom row of Fig. 2, these pores 
are generally smooth and located in the ILs. 
 
Figure 3 compares IL thicknesses and microstructures of plates with 2% Si addition having 
different burnups. The IL thickness gradually increases with burnup and time and, as R2R078  
and R2R088 show, the IL thickness appears to reach a critical point where pores form in the ILs 
at high burnup. We believe that deficiency in Si content in the ILs is the reason for this change.  
 

 
Fig. 3 Comparison of microstructures of plates with 2wt%Si additions at similar temperature. 

 
 
4. Discussion 
 
Unlike in the out-of pile tests [1], Si accumulation in the ILs is weak from some tests with a low 
process-temperature and a low fission rate [9]. Keiser et al. [10] observed that the IL thickness 
measured in low temperature regions in Si-added plates was predominantly formed during 
fabrication. Ryu et al. [11] also suggested that a preferential Si diffusion during irradiation is 



small in a plate having a low fission rate and, hence, typically a low temperature. These 
observations suggest that Si accumulation in the ILs occurs primarily during a heating process of 
the fabrication stage and additionally by fission enhanced diffusion when the fission rate is high. 
It is fortunate that the Si diffusion is fast in a plate with a high fission rate and therefore high 
temperature in which the effectiveness of Si addition is needed the most.  
 
The IL thicknesses observed in R2R040 and other plates with 2wt% or more Si addition is small, 
smaller than in U3Si2/Al at the same condition. This remarkable effectiveness of Si addition is 
similar to the test results by Ugajin [12], although he added Mo in U3Si2. Ugajin observed that 
U3Si2+0.5wt%Mo/Al dispersion grew thinner ILs than U3Si2/Al dispersion. This observation and 
the present result show that Si has a superior effectiveness when combined with Mo. 
 
As discussed earlier, no porosity was observed in the ILs in plates with the addition of 2wt% or 
more Si to a burnup close to 90%. This stability improvement by the presence of Si in the IL was 
theorized by Ryu [13]. Ryu showed that the enthalpy of formation of IL decreases, or becomes a 
larger negative number, when Si is added to the IL. The average bond strength typically 
increases with decreasing enthalpy of formation, by which the viscosity of the IL increases to 
better retain fission gas.  
 
However, as the IL thickness increases, Si deficiency eventually will occur in the IL. Then, the IL 
growth rate increases and pores may form in the ILs as observed in R2R088 and R6R018 from 
the RERTR-9B. In order to estimate the minimum as-fabrication Si content to avoid the Si 
deficiency, we assume the following: (1) Fuel particles have a uniform size (~90 μm) and 
distribution in the meat. (2) Thermal diffusion during fabrication reaches equilibrium. (3) For 
conservative results, fission enhanced diffusion is neglected. (4) By analogy to UAl3 [14], the 
minimum Si concentration is 5at% in the IL. (5) The amount of Si diffused into the ILs is equal to 
the amount in the ILs. 
 
Figure 4 shows the estimated Si contents in ILs for two IL thicknesses that have as-fabrication Si 
content of 2% in the Matrix. As shown in Fig. 4(b), the estimated Si content in ILs is slightly 
higher for the high U-loading cases than the minimum Si content. This overprediction suggests 
that some of the assumptions for the model may be unrealistic. The inhomogeneity of fuel 
particle size and distribution seems to be the most sensitive assumption.  
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(a) IL = 5 μm and 2% as-fabrication Si in Al (b) IL = 9 μm and 2% as-fabrication Si in Al  
Fig. 4 Estimated Si content in IL for Al-2wt% as-fabrication Si for typical RERTR test 

condition. The broken lines indicate the minimum Si content in the IL necessary for 
the Si addition to be effective. 

 



Recently, fuel relocation induced by creep has been observed at the fuel transverse edge region 
close to the rail [15]. Because of fuel accumulation at the ‘hot side’ of the transverse cross 
sections where the micrographs were obtained, a tensile stress in the thickness direction builds 
up and is thought to adversely enhance pore formation. This also contributes to the discrepancy 
between observation and estimation.  
 
The high U-loading of the RERTR-9A and -9B restricts the absolute amount of Si available for 
diffusion. This is considered the reason why RERTR-9A plates showed thicker ILs and earlier 
pore-formation than RERTR-7A plates (see Fig. 3). High U-loading and particle size distribution 
have a significant effect that limits the full use of the advantage of Si addition. Therefore, 
increasing the as-fabrication Si content must accompany a method to provide Si where it is 
needed most. The observation in R6R018 from the RERTR-9B indicates that the addition of 
3.5% Si is locally insufficient, suggesting that the addition of at least ~4% as-fabrication Si 
content is necessary for U-loading greater than 8 gU/cm3 and irradiation conditions similar to 
RERTR-9B. 
 
5. Conclusions 
 
The side-by-side irradiations of plates with various Si contents showed the efficacy of Si addition 
in the Al matrix to reduce IL growth and suppression of the formation of pores in the ILs. Plates 
with 2% Si addition have IL thicknesses a factor of three smaller than those without Si. An 
analysis shows that 2% Si addition in the matrix is sufficient to sustain the Si effect during 
irradiation under typical conditions. However, in a plate with 3.5% Si addition from the RERTR-
9B that had high U-loading (8.5 gU/cm3) and extremely high burnup (119% LEU equiv.), IL grew 
thicker than normal and pore started to form because of the insufficient Si content in ILs. 
Therefore, for a practical purpose, the addition of at least ~4% as-fabrication Si content appears 
to be necessary for U-loading greater than 8 gU/cm3 and irradiation conditions similar to 
RERTR-9B. 
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ABSTRACT 

A set of U-Mo7/Al-Si diffusion couples, with  silicon content going from 2 wt% to 10 
wt% were obtained by thermal annealing. These couples were systematically 
characterized by SEM+EDS and by µ-XRD. Thanks to these characterizations, we 
have shown that two main types of interaction layers (ILs) are evidenced, 
depending on the silicon content in the aluminium alloy, with a threshold value of 
about 5 wt%. Below the threshold value, the ILs are three-layered, with : a first sub-
layer, close to U-Mo, containing the UAl3 + U6Mo4Al43 phases, an intermediate one 
with the U(Al,Si)3 phase and a third one, close to Al-Si, with the U(Al,Si)3 + 
UMo2Al20 phases. Above this threshold, the ILs are mainly bi-layered, with an 
U(Al,Si)3 + U3Si5 sub-layer, close to U-Mo, and an U(Al,Si)3 + UMo2Al20 sub-layer, 
close to Al-Si. A mechanism is proposed for explaining the formation of these two 
types of ILs. 

 
1. Introduction 
U-Mo/Al dispersed fuel is developed as an high-uranium-density for Materials Testing 
Reactors (MTR) cores. In operating conditions, a reaction between U-Mo particles and the Al 
matrix occurs and can lead to a poor irradiation behaviour [1]. The addition of Si into the Al 
matrix seems to be a promising solution for solving this problem.  
Microstructural examinations carried out on interaction layers (IL) formed between U-Mo and 
Al-Si, after out-of-pile and in-pile tests, have shown that the decrease of the interaction rate 
seems to be linked to a silicon accumulation process in the IL (see for example [2-9]). 
However, these results differ in terms of Si accumulation level and Si gradient throughout the 
IL (this IL being multi-layered, in certain cases), depending on the Si content of the Al-Si alloy 
and the interaction conditions (temperature, irradiation or not, type of samples : diffusion 
couples or  fuel plates with dispersed U-Mo particles). Many questions remain also open 
concerning the Si-rich phases present in the U-Mo/Al-Si interaction zones.  
To our knowledge, the most detailed study concerning the Si-rich phases identification, in the 
U-Mo/Al-Si ILs,  was performed by Mirandou et al. [2-3], thanks to synchrotron 
characterization of diffusion couples. The authors have shown that, at 550°C, the IL 
developed between an U-7wt%Mo alloy and an Al-7.1wt%Si alloy has two sub-layers : the 
first one, located close to the Al-Si alloy, comprises the U(Al,Si)3 main phase and the second 
one, more Si-enriched, is located close to the U-Mo side of the couple and comprises an 
U3Si5 phase, mixed with an unidentified one. At 340°C, on  thinner ILs, U3Si5 phase was also 
found in a U-7wt%Mo/Al-0,6%Si couple. 
Our previous work, also performed on U-Mo/Al-Si diffusion couples, has shown that two main 
types of ILs could exist, depending on the Si content of the Al alloy [4-5]. This 
complementary study is aimed to achieve a better knowledge of the microstructural 



characteristics of  ILs obtained in U-Mo/Al-Si diffusion couples, depending on the silicon 
content (from 2wt% to 10 wt%) in aluminium. A special attention is given to the stratification 
of the ILs. For this purpose : 
- the ILs are first studied by SEM+EDS, in order to determine the layers and sub-layers 
thicknesses and elementary compositions, 
- µ-XRD characterizations are then performed on areas of the ILs previously characterized. 
 
2. Experimental details 
2.1. Raw materials 
U-Mo alloys : homogenized arc melted ingots of γU-Mo, containing 7 wt.% Mo (U-Mo7), were 
supplied by AREVA-CERCA (a subsidiary of AREVA NP) fuel manufacturer. Some uranium 
carbides (UC phase) are precipitated in the γ matrix. 
Al alloys : aluminium alloys, with a Si content ranging from 2 to 10 wt% (see Table I) were 
supplied by ALCAN (France), in the form of rolled plates (thickness ~ 3 mm). At reception 
state, Si precipitates can be either inter- or intra-granular, depending on the alloys. After an 
heat treatment of 2 hours at 450°C (corresponding to that used for preparing diffusion 
couples), the Al grain size increases more or less sharply and reaches a few hundreds of 
micrometers. The Si precipitates also become larger and are only intergranular (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2. Diffusion couples preparation 
Diffusion couples were prepared with samples of approximately 2 x 5 x 5 mm3, cut out from 
U-Mo ingots and Al alloys plates. Both parts were mechanically polished (to a final mirror 
polished state) and chemically etched. During the annealing, they were maintained in contact 
thanks to a clamping device. Two sets of 4 couples (one per Al-Si alloy) were prepared : 
- the first one was annealed at 450°C for two hours, under Ar + 5 % H2 atmosphere, in 
order to induce the U-Mo/Al-Si interaction process, 
- the second one underwent the same heat treatment + a complementary annealing of 2 
months at 350°C (performed in vacuum sealed fused quartz tubes). 
The first annealing conditions were chosen for obtaining relatively thick ILs, with well defined 
stratifications (at least, in certain cases). The aim of this choice was to try to obtain, as far as 
possible, a "complete" interaction system, in terms of concentration gradients and phases 
involved in the process. 
The second long annealing at a lower temperature was performed in order to obtain a better 
equilibrium state and study potential modifications in the IL characteristics without a 
significant increase in thickness of this area. 
 
2.3. Characterizations 
After their annealing, the diffusion couples were polished in cross-section. Each couple was 
characterized by SEM+EDS (Philips XL30 FEG SEM + EDAX EDS system), for determining 
the IL thickness, its possible stratification (presence of sub-layers) and its local elementary 
composition at different locations, by reference to the Al-Si and the U-Mo interfaces. The 
characterized areas were then marked with Vickers micro-indentations, in order to be able to 
localize them precisely, for further µ-XRD characterization.  
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The µ-XRD measurements were performed in reflection mode, on the ID22 beam line at the 
ESRF (European Synchrotron Radiation Facility) in Grenoble (France). To fulfil safety 
requirements, samples were conditioned under kapton tape. The photon energy was set to 
17 keV and the beam size on the samples was of the order of 2x20 µm2. The length of the 
beam print was positioned parallel to the reaction front and the sample was moved µm per 
µm, perpendicularly to this front, between each acquisition. 
 
3. Results  
3.1. SEM+EDS characterization of ILs  
As previously shown by M. Cornen et al. [4-5], in the conditions used in this work for 
performing interdiffusion annealings, the IL thickness decreases when the Si content in Al 
increases, with a threlshold value of about 5 wt%, beyond which an increase of the Si 
content doesn't lead to a significant additional decrease of the IL thickness. SEM+EDS 
characterizations have shown that this critical value of about 5 wt% is also linked to a 
significant change in the IL microstructure and composition. That's the reason why two cases 
were more particularly taken into consideration in this study : 
- U-Mo7/Al-Si2 couples (Si content : below the threshold value), 
- U-Mo7/Al-Si7 and U-Mo7/Al-Si10 couples (Si content : above the threshold value). 
The U-Mo7/Al-Si5 samples will also be shortly described. 
The results given below are valid for those annealed at 450°C but also for those which 
underwent a complementary heat treatment at 350°C. Indeed, no significant evolutions of the 
ILs compositions occurred during this complementary annealing. The ILs thicknesses can 
vary from one place to the other along the reaction interface, in the same sample or from one 
sample to another (for the same type of couple and the same annealing). This is due to a 
relatively high dispersion of the kinetics results, linked to the experimental procedure. 
All the elementary compositions, determined by EDS, are given in at%. They are only semi-
quantitative and, thus, must be considered caustiously especially when low concentrations 
are measured (of the order of one to a few at%, the accuracy of the measurements being 
estimated to about 1 at%). 
 
Figures 2 and 3 summarise the results obtained on U-Mo7/Al-Si2 and U-Mo7/Al-Si7 diffusion 
couples, as representative of the two main types of ILs that can be found in the studied 
samples : 
- Type 1 (Si content : from 2 to 5 wt%) : characterized by the absence of Si, close to the U-
Mo side, a slight and progressive Si enrichment, in the intermediate part of the IL and a Si 
enrichment of the order of 13 at%, close to Al-Si.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : SEM+EDS typical results obtained on an U-Mo7/Al-Si2 diffusion couple. 
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- Type 2 (Si content ≥ 5 wt%) : characterized by an high Si enrichment (about 53 at%), close 
to the U-Mo side, an intermediate one (about 36 at%), in a relatively thin intermediate layer 
and a low one (about 20 at%), in the sub-layer located close to the Al-Si alloy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : SEM+EDS typical results obtained on an U-Mo7/Al-Si7 diffusion couple. 
 
In couples mainly developing "type 2" ILs, the relative thickness of the sub-layer with ~53 
at%  Si increases with the Si content of the Al alloy (it goes from about 20% of the total 
thickness to about 50%, when the Si content goes from 5 wt% to 10 wt%). Locally thicker ILs 
can also be encountered from place to place. They seem to be not far from a type 1 IL, with 
more or less defined stratifications and variable Si enrichments. In U-Mo7/Al-Si5 diffusion 
couples, their presence is obvious, as shown by figure 4. Their occurrence could be linked to 
the heterogeneous distribution of Si precipitates in the Al, since the alternation step of thin 
and thick areas is of the same order of magnitude as the Al grain size (compare Figures 1 
and 4). These thicker areas become less numerous when the Si content in Al increases. 
 
 
 
 
 
 
 
3.2. µ-XRD characterization of ILs  
The results presented in this section correspond to the main ones. A more detailed 
description of them is planned to be done in another paper [10]. In accordance with 
SEM+EDS results, two main types of ILs were also evidenced by µ-XRD, depending on the 
Si content of the Al alloy. Figures 5 and 6 summarize the results obtained on two 
representative couples : an U-Mo7/Al-Si2 one (Figure 5) and an U-Mo7/Al-Si7 one (Figure 6), 
after Rietveld refinements of the data aimed to estimate the distribution of the detected 
phases throughout the IL. Due to the beam size, its penetration depth in the sample, the 
sample position and the roughness of the interfaces between sub-layers, transitions between 
sub-layers are not sharp. These results show that in : 
- Type 1 ILs (Si content : from 2 to 5 wt%) : close to the U-Mo side, UAl3 + U6Mo4Al43 phases 
are present, in accordance with the lack of Si and previous results on U-Mo/Al diffusion 
couples [11-12]. Close to the Al side, where some Si is detected by EDS, U(Al,Si)3 + 
UMo2Al20 phases are evidenced, instead of UAl4 +  UMo2Al20 phases, in couples with no Si 
[10-11]. The Si content of the U(Al,Si)3 phase is estimated to 17 at% on the basis of its mean 
cell parameter and Dwight relation [13]. 
-Type 2 ILs (Si content ≥ 5 wt%) : close to the U-Mo side, which was characterized by EDS  
by its high Si enrichment, an U3(Si,Al)5 phase (cell parameters : slightly higher than those of 
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U3Si5 pure phase, probably due to some Al substitution) is found in coexistence with an 
highly Si enriched U(Al,Si)3 phase (according to its cell parameter [13]). The thin intermediate 
layer shown by SEM+EDS examinations is not clearly evidenced by µ-XRD measurements, 
perhaps because it just corresponds to a transition zone, with no specific "signature" in terms 
of phases. Close to the Al side, as in type 1 ILs, U(Al,Si)3 + UMo2Al20 phases are present, the 
Si enrichment of the U(Al,Si)3 phase being greater than that found in type 1 ILs. Some α-U is 
also evidenced in U-Mo : its presence was not systematically noticed and could be linked to 
a local destabilisation of γU-Mo. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 : µ-XRD analysis of an U-Mo7/Al-Si2 diffusion couple. 
(a) Major phases distribution throughout the IL, (b) simplified summary of the results 

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

Figure 6 : µ-XRD analysis of an U-Mo7/Al-Si7 diffusion couple. 
(a) Major phases distribution throughout the IL, (b) simplified summary of the results 

 
In U-Mo7/Al-Si5 couples, type 2 areas, with thinner U(Al,Si)3 + U3(Si,Al)5 sub-layers, were 
also characterized by µ-XRD. No destabilisation of γU-Mo was evidenced beneath these 
areas, contrary to that observed in U-Mo, by Komar et al, beneath locally thicker IL areas, in 
U-Mo7/Al 6061 diffusion couples [14]. 
By comparing the results obtained on diffusion couples annealed at 450°C with those 
concerning couples which underwent a complementary long annealing at 350°C, we have 
checked that no significant evolution occurred in both types of ILs, apart  an increase of the 
grain size of the phases, despite of a massive destabilisation of the underlying γU-Mo7 alloy 
(as expected, by reference to TTT curves [15]). 
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4. Discussion 
The main contribution of this study, in our point of view, is the underlining of two main types 
of ILs in the U-Mo/Al-Si interaction system, depending on the Si content in the Al and 
annealing conditions. Assuming that the reaction product growth occurs at the U-Mo/reaction 
layer interface, as proposed by Mazaudier et al [11], the oldest part (that formed fistly) of the 
ILs is that located close to the Al side of the couple. In both types of ILs, it is constituted by 
U(Al,Si)3 + UMo2Al20  (with a more or less important Si enrichment of the U(Al,Si)3 phase. This 
tends to show that, at the beginning of the interaction, in all the studied cases, enough Si is 
present close to the reactional interface for leading to the U(Al,Si)3 + UMo2Al20  phases 
formation, instead of UAl4 + UMo2Al20 when no Si is present [11-12]. This result confirms that 
Si acts as an inhibitor of the UAl4 formation, as shown first by Thurber et al [16] and 
confirmed later by many other authors. At this stage of the interaction process, Al and Si 
have to diffuse through this U(Al,Si)3 + UMo2Al20 layer in order to react with U-Mo.  According 
to Savchenko et al [17], Si diffuses through U(Al,Si)3 phase much faster than Al. Then, two 
cases have to be considered in our point of view : 
- case 1 : Si depletion in Al, in front of the IL, becomes too important for maintaining a 
sufficient diffusion flux of this specie, through the IL, and the interaction system becomes 
dominated by Al diffusion (i.e. identical to that observed in U-Mo/Al diffusion couples), 
- case 2 : despite of a progressive Si depletion in Al, a sufficient Si diffusion flux through 
the IL can be kept (at least during a certain time), leading to the formation of a silicide phase 
(U3Si5) close to the U-Mo side. 
On this basis, the case 1 should logically lead  to a type 1 IL and the case 2, to a type 2 IL. 
Complementary experiments including the characterization of couples obtained after different 
annealing durations could give interesting clues about these hypotheses. 
Remembering that, in U-Mo7/Al-Si5 couples ("threshold couples" in this study, according to 
SEM+EDS results), variations of the IL thickness seem to be linked to the Al grain size, it 
seems reasonable to assume that the local distribution of Si plays probably also a major role 
in these phenomena. Studying couples obtained with Al-Si alloys which are characterized by 
significantly different Si precipitates distributions (if its possible to maintain significant 
differences at the annealing temperature) could also give additional information about the 
mechanisms to be considered. 
Other very important parameters to be taken into account are obviously temperature and 
time because they influence directly the activation of diffusion processes and especially the 
diffusion kinetics of Al and Si in Al and in the IL (more especially in the UX3 phase). To our 
knowledge, data concerning these kinetics are lacking. It would be very interesting to obtain 
such data and to use them for modelling the thermally activated U-Mo/Al-Si interaction 
process. 
To summarize, the occurrence of two types of ILs in U-Mo/Al-Si diffusion couples seem to be 
directly linked to (i) the Si precipitates distribution in the Al alloy, (ii) the diffusion conditions 
(temperature and time). That's the reason why the formation of one type of IL or the other 
cannot be simply associated to a Si threshold value. Discrepancies between the results 
obtained in this study and those of other authors (see for example [2-3, 18-19]) could be 
explained on this basis. 
 
5. Conclusions 
A set of U-Mo7/Al-Si diffusion couples, with  silicon content going from 2 wt% to 10 wt% 
were obtained by thermal annealing. These couples were systematically characterized by 
SEM+EDS and by µ-XRD. Thanks to these characterizations, we have shown that two main 
types of interaction layers (ILs) are evidenced, depending on the silicon content in the 
aluminium alloy, with a threshold value of about 5 wt% (in the conditions tested in this 
study). 
Below the threshold value, the ILs are three-layered, with : a first sub-layer, close to U-Mo, 
containing the UAl3 + U6Mo4Al43 phases, an intermediate one with the U(Al,Si)3 phase and a 
third one, close to Al-Si, with the U(Al,Si)3 + UMo2Al20 phases. Above this threshold, the ILs 



are mainly bi-layered, with an U(Al,Si)3 + U3Si5 sub-layer, close to U-Mo, and an U(Al,Si)3 + 
UMo2Al20 sub-layer, close to Al-Si.  
The occurrence of two types of ILs in U-Mo/Al-Si diffusion couples seem to be directly linked 
to (i) the Si precipitates distribution in the Al alloy, (ii) the diffusion conditions (temperature 
and time). That's the reason why the formation of one type of IL or the other cannot be simply 
associated to a Si threshold value.  
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ABSTRACT 
 

Based on the analysis of possible ways of the U-Mo/Al fuel composition radiation resistance 
increasing, we suggested to create the coatings on U-Mo fuel particles for decreasing the 
radiation damage of Al matrix. 
Post-reactor tests of U-Mo/Al and U-Mo/Al-12%Si fuel compositions with the Nb, Zr-1%Nb and 
UO2 barrier layer around the fuel particles irradiated to 60% 235U burn-up at 19,7% fuel 
enrichment showed their high radiation resistance. 
Based on these data and results of the calculations, the construction of the fuel element of 
impregnated type with the Zr-1% Nb alloy cladding with the increased uranium charge was 
suggested for Russian research reactors. As the fuel particles the U-9% Mo particulates 
covered with the Nb barrier layer is used, as the matrix material - Al-12% Si alloy. Results of 
first investigations of given fuel compositions are presented. 

 
 

1. Introduction 
 
Our investigations showed that using the barrier coatings on U-Mo fuel particles and using as 
the matrix Al-12%Si alloy instead of Al give possibility to increase radiation resistance of U-
Mo/Al fuel composition considerably. 
For high flux research reactors it is necessary to increase the uranium charge at the same 
time preserving the required level of 235U enrichment. The maximum volume part of fuel 
particulates charge in extrusive type fuel elements is ~30%, because there is mechanical 
interaction between the fuel particles during extrusion. In case of using the fuel particles with 
coatings the mechanical interaction is inadmissible, because it may lead to destruction of the 
barrier layer. 
This report presents the results of experimental study of methods of the uranium charge 
increasing in fuel elements of Russian research reactors. 
 
2. Experimental base of methods of the uranium charge increasing in fuel elements 
 
As a result of analysis of possible ways of radiation resistance of U-Mo/Al fuel composition 
increasing we suggested to create the coatings on U-Mo fuel particles for decreasing the 
radiation damage of Al matrix [1]. 
The next variants of fuel compositions were chosen for irradiation (bold type is used for 
coating materials) [2]: 

• U-9%Mo/Al (basic composition); 
• U-9%Mo/Nb/Al; 
• U-9%Mo/Zr-1% Nb/Al; 
• U-9%Mo/UO2/Al 
• U-9%Mo/Al-12%Si; 
• U-9%Mo/UO2/Al-12%Si. 

Thus, in given experiment we tested the influence of both coatings and Si on the decrease of 
radiation damage of U-Mo/Al fuel composition. 
Al-0.3%Si powder and Al-12%Si alloy were used as the matrix. The fuel particles were being 
coated by Nb and Zr-1% Nb alloy using the plasma method [1]. The barrier layer thickness 



was ~ 1-2.5 and 1-2 μm correspondingly. UO2 layer was being produced on fuel particles by 
oxidizing them at air, the layer thickness was ~ 0.3 μm. 
Foregoing fuel compositions were being used for fabricating the mini-elements of diameter ~ 
10.88-11.0 and height ~ 5.07-5.28 mm. 
Mini-elements were being irradiated in the interior of the fuel assembly of IVV-2M reactor 
during 118 days at mean heat flux of 60 W/cm2. The mean fission rate was equal to 4.0×1014 
fis./(cm3·c). The mean fission density of 4.1 ×1021 fis./cm3 and the equivalent 235U burn up of 
60% have been achieved to the irradiation end. The fuel composition temperature during 
irradiation process did not exceed 90ºC. 
Post-irradiation tests confirmed our suggestions [2,3]: 

• There were not visible failures on the mini-elements, the bulges on the claddings 
were not observed. Cracking of the composition was not observed in all cases. 

• Coating U-Mo particles by Nb and Zr-1% Nb alloy reduces the swelling of mini-
elements (of the basic U-Mo/Al composition) with technically clean Al-0.3%Si matrix 
by 20-27%, and oxidizing – by ~45%. 

• Using the Al-12%Si alloy as the matrix and the particles without the coating leads to 
the swelling reducing by comparison with the basic composition by 20%, and using 
the UO2 coatings – more than two times. 

• Coating the fuel particles by barrier metallic layers hinders to penetration of U and Mo 
atoms and also fission fragments from fuel to matrix. 

• Gas-filled pores were observed in the basic fuel composition both in the fuel particles 
and in the interaction layer which width was equal to ~5 μm. 

• The width of the interaction layer in U-9%Mo/UO2/Al fuel composition is less by ~10% 
only by comparison with the basic one, but pores are absent in this layer. 

• The interaction layer in U-9%Mo/Nb/Al fuel composition consists of two parts: the 
Internal one (remnants of Nb coating) with width of 1 μm and external one (Nb3Al, 
Nb2Al, NbAl3 combinations) which width is equal to 3 μm. There are no pores in these 
layers. 

• The width of the interaction layer in U-9%Mo/Zr-1%Nb/Al fuel composition is ~1 μm. 
There are no pores in this layer also. 

• The mean  width of the layer observed around the fuel particles in U-9%Mo/Al-12%Si 
fuel composition is equal to ~ 4.3 μm. This value is less by ~15% by comparison with 
the basic fuel composition. Gas-filled pores were not observed. 

• The mean  width of the layer around the fuel particles in U-9%Mo/ UO2/Al-12%Si fuel 
composition is equal to ~3.3 μm. This value is less by ~30% by comparison with the 
basic fuel composition. Gas-filled pores are absent also. 

Thus, all barrier coatings which we used decrease the rate of (U,Mo)Alx layer growth. It 
should note that according to data of the post-reactor tests the thickness of oxidic layer of 0.3 
μm is insufficient for protection against the interaction between the Al matrix and components 
of the fuel particles. 
Based on these data and results of the calculations [4], we suggest the fuel elements of 
impregnated type for using as fuel elements for Russian research reactors instead of 
elements fabricated by the extrusion technique: 

• the impregnated fuel element of monolithic type with the Zr-1% Nb alloy cladding; 
• the fuel composition – the U-9% Mo particulates coated by the Nb protective layer; 
• the Al-12% Si alloy is used as the matrix material impregnated into the fuel element.  

The increased charge of fuel particulates (up to 65% of volume) is the main advantage of 
impregnated type fuel elements, this value is more than two times larger than analogous 
characteristic (29%) in extrusive type fuel elements. Moreover, the impregnated type fuel 
elements possess some other advantages as compared with extrusive type fuel elements 
with the Al cladding: 

• under the impregnating the mechanical interaction between the fuel particles, which is 
inevitable during the extrusion, is absent; moreover, the integrity of the protective 
metallic barrier on the particulates is preserved;  



• strength properties of Zr-1% Nb alloy exceed considerably (~4 times) the 
corresponding parameters of Al, that, under other equal conditions, possibly will 
enable to avoid the bulging of the cladding observed in the fuel elements of extrusive 
type with the Al cladding at large burn up. 

The photographs of cross-section of such fuel element with the fuel particulates coated by 
Nb are shown in Fig. 1, 2. The mean diameter of the fuel particles is 140 μm. According to 
metallographic data it is observed: 

• good coupling of matrix with both the cladding and the fuel particles; 
• the fuel particulates distribution is sufficiently uniform; 
• defects of impregnation are practically absent; 
• interaction between the cladding and the matrix is absent; 
• the thickness of the Nb protective layer measured at large magnifications is 2-5 μm; 
• the single partially destroyed fuel particles have been observed, these particles were 

surrounded by zones with increased microhardness and susceptibility to etching 
which is different from corresponding value for matrix; 

• the thickness of the layer of interaction between Nb and Al-12% Si alloy is 
insignificant. 
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Figure 1 – Microstructure of the part of tubular fuel element cross-section  

 

Part of fission fragments leaving the fuel particle is defined as 
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b16
1

b4
3

⎥⎦
⎤

⎢⎣
⎡λ−

λ
=Ψλ , where 

λ – mean fission fragment range, b - mean particle radius. The estimations carried out for 
particle sizes and protective barrier thicknesses which we have chosen show that ~ 95% of 
fission fragments flying out the fuel particle stop in the Nb layer which thickness is 3.5 μm; 
otherwise speaking, only ~ 25% of the whole number formed fission fragments get to the Al-
12% Si matrix. 
Thus, the protective metallic layer around the fuel particles not only prevent the diffusion 
interaction at the fuel-matrix boundary, but also delay the main part of fission fragments flying 
out the fuel particles and decrease the degree of matrix radiation damage. 
 
 



 

 
 

          ×172 
Figure 2 – Microstructure of U-9% Mo / Nb / Al-12% Si fuel core 

 
 
3. Conclusions 
 
1. Based on the analysis of possible ways of the U-9%Mo/Al fuel composition radiation 
resistance increasing, results of post-irradiation tests and calculations, the fuel elements of 
impregnated type are suggested for using as fuel elements for Russian research reactors 
instead of the elements fabricated by the extrusion technique: 

• the impregnated fuel element of monolithic type with the Zr-1% Nb alloy cladding; 
• the fuel composition – the U-9% Mo particulates coated by the Nb protective layer; 
• the matrix material impregnated into the fuel element is the Al-12% Si alloy.  

The main advantage of impregnated type fuel elements is the increased charge of fuel 
particulates (up to 65% of volume), this value is more than two times larger than analogous 
characteristic (~30%) in extrusive type fuel elements. Moreover, the impregnated type fuel 
elements possess some other advantages as compared with extrusive type fuel elements 
with the Al cladding: 

• under the impregnating the mechanical interaction between the fuel particles which is 
inevitable during the extrusion is absent; moreover, the integrity of the protective 
metallic barrier on the particulates is preserved;  

• strength properties of Zr-1% Nb alloy exceed considerably (~4 times) the 
corresponding parameters of Al, that, under other equal conditions, possibly will 
enable to avoid the bulging of the cladding observed in the fuel elements of extrusive 
type with the Al cladding at large burn up. 

2. The estimations carried out for particle sizes and protective barrier thicknesses which we 
have chosen show that ~95% of fission fragments flying out the fuel particle stop in the Nb 
layer which mean thickness is 3.5 μm; otherwise speaking, only ~25% of the whole number 
formed fission fragments get to the Al-12% Si matrix. 
Thus, the protective metallic layer around the fuel particles not only prevent the diffusion 
interaction at the fuel-matrix boundary, but also delay the main part of fission fragments flying 
out the fuel particles and decrease the degree of matrix radiation damage. 
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ABSTRACT 
 
Detailed analysis of metallographic sections taken from miniplates that were 
irradiated as the RERTR-6, -7 and -9 tests in the ATR has shown that the apparent 
fuel swelling contains a significant fuel creep component. Equations for both fission 
induced swelling and creep for U-Mo alloy fuel are presented. 

 
 
1. Introduction 
 
It is a common observation in the analyses of the postirradiation metallography of dispersion 
miniplates, as well as full-size plates, that the meat swelling close to the side rails of the 
plates is significantly diminished. This effect is particularly pronounced in our RERTR 
miniplate tests where one side of the plates faces the ATR core, resulting in a rather large 
transverse flux, or fission-rate, gradient in the plates with values peaking at the very edge of 
the fuel meat that faces the ATR core.   
 
Although the effect is obvious, it has been difficult to quantify in dispersion fuel because of its 
complex microstructure that includes variations in fuel volume fraction and the presence of 
variable fractions fuel-Al matrix interdiffusion. Monolithic miniplates do not have these 
drawbacks, and this paper presents the analysis of the edge effect using the metallography 
on mini plates from tests RERTR-6, 7 and 9.  
 
2. Analysis 
 
Figure 1 shows the location of the transverse metallographic section taken from each plate 
and Fig. 2 the micrograph of one of these sections. The taper in the fuel foil at the edges 
close to the side rails is very clearly evident. A transverse fission density profile, derived from 
γ-ray scanning and physics calculations, is shown in Fig. 3. Using these profiles and our fuel 
swelling correlation, the calculated swelling is plotted in Fig. 4 together with the profile 
measured on the micrographs from a miniplate from each of the three tests. As expected, the 
swelling at the tapered end of the fuel foil is substantially less than predicted.  
 
In fact, it is much lower than swelling due to solid fission products. This and the evidence that 
the fission gas porosity does not vary appreciably along several millimeters from the foil edge 
(see Fig. 5) rule out, at least to the first order, an effect on the fuel swelling per se.  
 

* Work supported by US Department of Energy, Office of Global Threat Reduction, National Nuclear Security Administration 
(NNSA), under Contract DE-AC-02-06CH11357. The submitted manuscript has been authored by a contractor of the U. S. 
Government under contract NO.DE-AC-02-06CH11357.  Accordingly, the U. S. government retains a nonexclusive royalty-free 
license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes.



ATR core Section for metallography
at plate axial mid-plane

Dispersion fuel Monolithic fuel

 
Fig. 1  Schematic of RERTR plate section for metallography. 

 
 

 
Fig. 2  Micrograph of metallographic section (shown in Fig. 1) of monolithic miniplate 

L1P04A, RERTR-9, position C6. 
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Fig. 3  (a) Fission density profile at metallographic section of L1P04A calculated from 

gamma scan data, (b) comparison of fuel swelling between measured data 
and predictions for L1P04A (C6-RERTR9)  
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Fig. 4 Comparison of fuel swelling between measured and predicted. 
(a) L1F040 (B7, RERTR-6, average FD=2.6x1021 f/cm3), (b) L1F140 (B7, RERTR-7, 
average FD=5.2x1021 f/ cm3), (c) L1P05A (B3, RERTR-9, average FD=6.6x1021 f/ cm3). 



The fuel volume reductions (A in Fig. 4) and the volume enhancement (B in Fig. 4), with 
respect to the calculated volume, are of the same magnitude.  The conclusion is clear that a 
mass transfer has occurred from A to B.  This can only be explained by lateral fission 
enhanced creep in the fuel as a response to an applied stress.  

 

 
Fig. 5  Gas bubble morphology of L1P09T-B5. 

 
 
To estimate this stress, we may picture the cladding as a cantilevered beam anchored in the 
side rail and loaded by the swelling fuel foil as show in Fig. 6. The appropriate length of the 
beam is determined for each plate. As shown in Fig. 6, the bending moment M and stress in 
the cladding increase parabolically to a maximum at the edge of the fuel foil. 
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Fig. 6  Schematic of swelling induced stress at fuel foil edges. 
 
 

The difficulty in this analysis lies in the determination of the maximum stress σx. For this initial 
evaluation, we have chosen the yield stress of the cladding. The as-fabricated value for Al 
6061 is 140 MPa, but irradiation hardening should increase this to ~280 MPa based on our 
micro-hardness data. The average fission enhanced creep rate fε&  can be determined 



because of its Newtonian character; ( ) fAs 1
f

&& σ=ε − , where f&  is the average fission rate in 
the fuel. Using the creep strain, 1/3 of the volume change, from Fig. 7, the average stress, 
and the average fission rate over the affected section of the plates, the average creep rate 
constant, A, works out to be ~2.5x10-25 fission-cm3/MPa for U-10Mo. 
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Fig. 7 Relocated fuel volume (=volumetric strain) versus average fission density in the 

affected region. 
 
 
3. Discussion and conclusions 
 
Fission enhanced creep at low homologous temperatures is common in all nuclear fuels and 
was first identified in α-U in the 1950s by Russian and British workers [1,2], and 
subsequently in ceramic fuels by various researchers. In all cases the creep rate was found 
to be athermal, and have a linear dependence on applied stress and fission rate. It is 
interesting to compare the creep rates of the various uranium fuels. As shown in Table 1, 
they appear to fall into three groups. Pure uranium stands out with a much higher rate owing 
to its anisotropic crystal structure which results in high internal stress, during fissioning. Of 
the remaining four cubic fuels, UC, UN, and U-10Mo have very similar creep rates whereas 
the rate for UO2 is about a factor of 10 higher. The former three fuels are relatively high-
conductivity electron conductors in contrast to UO2. 
 
 

Table 1  Fission enhanced low temperature creep rate constants in various 
uranium fuels. ( ) fAs 1

f
&& σ=ε −  where A is in fission-cm3/MPa. 

 
Fuel A (10-25) ~T/Tm Reference 
α-U 
UO2 
UC 
UN 

U-10wt%Mo 

700 
6-10 
1-2 
2-3 
2-3 

0.3 
0.25 
0.3 
0.3 
0.3 

3, 4 
5, 6, 7 

7 
8, 9 

Present work 
 



It has been proposed that the efficiency of the “thermal rods” along the fission fragment 
tracks is greatly reduced in high conductivity fuels [8]. The thermal-mechanical effect of the 
“thermal rods” on the defect structure that controls creep is therefore more pronounced in 
UO2.  
 
The most important conclusion of the present study is that the fission enhanced creep rate of 
U-10Mo provides for a crucial stress relaxation mechanism. Without this, the isotropic 
swelling of the fuel would result in large lateral stresses in the thin fuel plates, and could lead 
to buckling of the plates when restrained in a fuel element. 
 
Another outcome of the present analysis is a revision of the U-Mo swelling correlation. Many 
of the high fission density data were obtained from fuel plate thickness measurements taken 
in areas of the plates where fuel relocation by creep had occurred. A new correlation shown 
in Fig. 8 was developed by selecting swelling data from areas in the plates that were not 
affected by lateral creep. 
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Fig. 8 Comparison of fuel swelling correlations with measured data. 
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ABSTRACT 
 

The largest shipment yet of Russian-origin spent nuclear fuel (about 130 kgs HEU and 
100 kgs LEU) arrived to the Mayak facility on October 22, 2008. All 16 available Skoda 
VPVR/M type casks were used, in 8 20 feet ISO containers. The containers were 
transported on trucks, on rail and on sea. The nuclear fuel was used in the Budapest 
Research Reactor between 1959 and 2005. The preparations of the shipment started in 
2004. Technical works progressed well all the time, the administrative part caused much 
more difficulties. The paper gives an overview of the activities and tries to find the points 
where more attention could be necessary. Future shipments can be prepared and 
performed easiear based on the lessons learned. The paper is illustrated by pictures, the 
authors have taken during the events. 

 
 

Background 
 

The Budapest Research Reactor, the first nuclear facility of Hungary was put into 
operation in March 1959, consequently it celebrates its fifty years anniversary these 
days. The power of the reactor was originally 2 MW, 10% enriched fuel (EK-10) was 
used in this period. The reactor was firts upgraded in 1966. As part of the upgrading the 
fuel was changed to the 36% enriched VVR-SM type. Spent fuel was stored in the site of 
the reactor using two facilities an AR and an AFR pool. Due to the excellent water 
chemistry no traces of corrosion could be seen on the surface of the spent fuel, however 
in the late nineties the semi-dry storage method was introduced (1) as reported on a 
previous RRFM meeting in 2002. The semi-dry storage was performed in Aluminum 
capsules in the same AFR facility were the simultaneous wet storge continued. The 
capsules did not fit into the selected transport container, so they had to be opened 
before the shipment.  
 
 

Technical preparations onsite 
 

After the selection of the transport cask (VPVR/M Skoda) it was obvious, that a transfer 
hall with a bridge crane of at least 14 ton lifting capacity is necesssary. The design and 
construction of this hall was the greatest part of the technical preparations. Two special 
problems had to be solved. The first problem was to manipulate the heavy transport 
casks without dangering the spent fuel in the pool. The second problem was to open the 
Aluminum capsules underwater to load the SNF assemblies into the transport casks. 
Both problems were solved by constructing special equipment. 



 
 

Fig.1. The transfer hall (left in construction, right ready) 
 
To avoid the lifting of heavy load above the storage pool a trolley was constracted. The 
trolley can safely move on rail above the pool. The bridge crane was used only to load 
and reload the trucks and to handle the transport casks. In the procedure of loading the 
transport casks, the casks were put by the crane to the trolley in a position near to the 
pool, then the trolley moved the cask to the loading position above the pool (see Fig.2).  
 

 
 

Fig.2.  View of the transfer hall from the crane 
 

To open the Aluminum capsules of the semi-dry storage a cutting device was 
constructed, which can be moved by the bridge crane. Construction works stared in 
June 2007, the building and the equipment was ready by September 2007. The 
shipment started in September 2008. 
 

Intergovernmental agreements, licences and permits 
 

The first step was to establish intergovernmental agreements between the countries 
concerned. In the first approximation three intergovernmental agreements were 
necessary, one between the United States and Hungary, one between the Russian 
Federation and Hungary, both on the transport and one on the transit between three 
countries, Russian Federation, Ukraine and Hungary. The first two agreements are 
obviously necessary, however the third one depends on the route of transport. The 



shortest and simplest way between the site of the BRR and the Mayak facility in central 
Russia is crossing Ukraine, so it was a natural approach to plan the transport on this 
route. Making intergovernmental agreements is always a long process. The reason for 
the long time is mainly, that even the authorized persons can only sign such 
agreements, if they consult with all organizations of the country, which might be involved 
in the subject of the agreement. The procedure of agreeing in all three above cases took 
much longer time than expected. The schedule of the shipment was made based on the 
progress of the necessary technical preparations. As the global threat reduction program 
concerns a number of countries, the delay of a shipment could cause major difficulties in 
the entire program. It became clear early 2008, that the greatest difficulty is the delay in 
signing the intergovernmental agreements. The two transport agreements could be 
signed in the last minute, but the trilateral agreement should have taken longer time. To 
solve this problem the project management decided to choose a longer and more 
complicated way, involving Slovenia and the sea. As between Slovenia and Hungary no 
intergovernmental agreement is necessary this solved the problem and the shipment 
could be completed in time. 

 
The second step was to get the necessary permits for the transportation of dangerous 
goods in Hungary, Slovenia and in the Russian Federation. This step took also rather 
long time, but we were prepared for that. The VPVR/M transport cask was already 
licensed for the Czech Republic and for the Russian Federation, so it seemed to be an 
easy task. It wasn't. The first difficulty was to get the proper documentation, the second 
was caused by the complicated nature of the Hungarian licensing. There was no 
Hungarian truck company licensed for this type of dangerous goods, so the vehicles and 
the drivers had to get their permits in the framework of our shipment. This took long time 
and caused some extra costs as well. The Czech company involved in the shipment 
needed a special permission to do this work in Hungary according to EU rules, but they 
needed some extra permit even to enter Budapest, due to the new rules of the capital. 
The necessary permits for the rail-transport were provided by the railway company. The 
licensing for Slovenia was only problematic because the decision, that the shipment will 
go through Slovenia was made rather late. Anyhow the three necessary permits (transit, 
environmental and health) were provided in time. The set of permits and licenses for the 
Russian Federation were provided via Russian companies. The professionalism of the  
companies (Sosny and FCNRS) helped to avoid the difficulties. 

 
The shipment 

 

 
 

Fig.3. ISO containers on trucks 



The shipment included all the SNF from the Budapest Research Reactor, used before 
September 2005. The data characterizing the shipment are given in Table 1. Fig.3. 
shows the ISO containers on trucks leaving the site of the Budapest Research Reactor. 
 

 LEU HEU Total 
Number of assemblies 82 716 798 
U mass[kg] 102.27 130.26 232.53 
Pu mass [kg] 0.25 1.29 1.54 
235U mass [kg] 7.86 26.50 34.36 
Heat [W] 28.28 657.91 686.19 
Activity [TBq] 266 6390 6656 
Total mass [kg] 288.44 1407.19 1695.63 

 
Table 1. SNF data 

 
The selection of the transport route was a complex problem as well. As the site of the 
Budapest Research Reactor is not connected to the railway network, the first part of the 
route was on road to a railway terminal. To make this part of the transport in one run was 
a big advantage from the point of view of the physical protection, however in this way 
eight vehicles were needed. The only Hungarian company licensed for such transports 
had only four vehicles, so we had to involve a Czech company, having the other four 
trucks. The second part of the route was on rail, this part did not cause any special 
difficulty.  
 

 
 

Fig.4. Loading the ship with the ISO containers 
 
The third part of the route was on sea. It was not an easy job to find the appropriate ship 
and company. Unfortunately one of the biggest storms of the last few decades coincided 
with the shipment, but without any consequences due to the properly selected ship and 
personnel. The fourth and last part of the route was again on rail and again without 
difficulties.  

 
The entire shipment lasted for about 25 days, the preparations took more than four 
years, the number of companies and government offices involved is 24, the number of 
persons involved is more than 100 even if the persons of the physical protection are not 



counted. The project was a complicated and huge one, so the above measures can be 
accepted. 

 
Lessons learned 

 
If one analyzes what activities took four years, the picture is less attractive. The technical 
preparations were done rather quickly, the main part of these preparations was the 
construction of the transport hall, that took less than half a year. The longest part of the 
project was the administrative part. The preparations of the intergovernmental 
agreements were very time consuming as mentioned above. Some licenses and permits 
were given in a very long procedure, due to complicated regulation. The best example 
for this is the transport cask licensing in Hungary. The license is given by the regulator, 
i.e. the Hungarian Atomic Energy Authority, but before the application the client has to 
get the opinion of the Cask Committee. The Cask Committee is not a government office, 
and so no binding deadline is applied. Hungarian Law prescribes acceptable deadlines 
for government offices. The lesson learned from this is, that one has to plan enough time 
for the administrative works 
 
Another lesson learned can be, that one has to be prepared for necessary changes in 
the project, therefore at least one back-up plan is necessary. (Ukraine replaced by 
Slovenia). 
 
The last lesson learned could be that one has to be prepared for unsuspected events. 
E.g. a permit can be withdrawn in any moment. 
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ABSTRACT 
 

The IRT-2000 research reactor, operated by the Bulgarian Institute for Nuclear 
Research and Nuclear Energy (INRNE), safely shipped all of their Russian-origin 
nuclear fuel from the Republic of Bulgaria to the Russian Federation beginning in 
2003 and completing in 2008. These fresh and spent fuel shipments removed all 
highly enriched uranium (HEU) from Bulgaria. The fresh fuel was shipped by air in 
December 2003 using trucks and a commercial cargo aircraft. One combined spent 
fuel shipment of HEU and low enriched uranium (LEU) was completed in July 2008 
using high capacity VPVR/M casks transported by truck, barge, and rail.  The HEU 
shipments were assisted by the Russian Research Reactor Fuel Return Program 
(RRRFR) and the LEU spent fuel shipment was funded by Bulgaria. This report 
describes the work, approvals, organizations, equipment, and agreements required 
to complete these shipments and concludes with several major lessons learned. 

 
1. Introduction 
 
1.1 Reactor Description 
 
The IRT–2000 research reactor is situated in the 
Nuclear Scientific Experimental and Education 
Centre (NSEEC), which is part of the Institute for 
Nuclear Research and Nuclear Energy’s (INRNE), 
Bulgarian Academy of Sciences, located on the 
east side of Sofia, Republic of Bulgaria.  IRT-2000 
was constructed in 1959 by the Kurchatov Institute 
of Moscow, Russia and is operated by INRNE.  
The reactor went critical in 1961 with a nominal 
power of 1.0 MW, increased power to 1.5 MW in 
1965, and increased again in 1970 to 2.0 MW.  
The reactor was temporarily shut down in 1989 
and is now being reconstructed into a 200 kW 
reactor to meet increased safety requirements. 
 
IRT-2000 is a pool type, light water cooled and moderated reactor that operated with 
Russian-origin type EK-10 (10% enrichment) and type C-36 (36% enrichment) fuel 
assemblies, all of which were shipped to the Russian Federation (RF) in July 2008 as spent 
nuclear fuel (SNF).  Twenty eight (28) type IRT-2M fuel assemblies (36% enrichment) were 
returned to Russia in December 2003 as fresh (unirradiated) fuel.  The spent fuel storage 
pool, which connects to both the reactor pool and the hot cell laboratories, contained 
seventy three (73) SNF assemblies until shipped in 2008. 

                                                      
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. 

Figure 1: Cask Loading 
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1.2 Fuel Shipment Background 
 
In September 2000, Mr. Mohamed ElBaradei, Director General of the International Atomic 
Energy Agency (IAEA), invited the governments of 16 countries to participate in a new 
program to transfer Russian/Soviet-origin highly enriched uranium (HEU) research reactor 
fuel to the Russian Federation to reduce potential proliferation risks associated with HEU in 
research reactors.  The United States (US) Department of Energy (DOE) agreed to fund this 
program and Russia agreed to accept and process HEU nuclear fuel from these countries 
into low enriched uranium (LEU).  Bulgaria agreed to participate in this program and, as the 
result of one fresh fuel shipment and one spent fuel shipment, all HEU has been removed 
from Bulgaria.  The Russian Research Reactor Fuel Return Program (RRRFR) was created 
by the DOE National Nuclear Security Administration (NNSA) to assist participating countries 
with this transfer of HEU.  RRRFR is one of multiple nuclear nonproliferation programs 
administered by the NNSA Global Threat Reduction Initiative (GTRI) and works in close 
cooperation with the IAEA and the RF Rosatom State Corporation. 
 
1.3 Fuel Quantities Shipped 
 
INRNE successfully and safely shipped the following nuclear fuel to Russia: 

 
Fresh Fuel – December 23, 2003 

• HEU: 16.91 kg,  28 type IRT-2M fuel assemblies (36% enrichment) 
Spent Fuel – July 5-17, 2008 

• HEU: 6.44 kg,  16 type C-36 fuel assemblies (36% enrichment) 
• LEU: 72.48 kg,  58 type EK-10 fuel assemblies (10% enrichment) 

Total HEU: 23.35 kg 
 
2. Fresh Fuel Shipment 
 
Per contract between INRNE and IAEA, and with cooperation of the 
US and Russia, Bulgaria shipped 16.91 kg of HEU fresh fuel by air to 
Russia on 23 December 2003.  Twenty eight (28) unirradiated 
IRT-2M fuel assemblies were loaded into Russian transportation 
casks, sealed by IAEA inspectors, transported by truck to the Gorna 
Oryahovitsa airport, then air shipped in a Russian commercial 
aircraft to Dimitrovgrad, Russia, where the HEU was down-blended 
into LEU.  This shipment took about 4 months to plan and execute. 
 
3. Spent Fuel Removal 
 
Spent fuel shipment planning began in October 2004 and the 
shipment was completed in July 2008, requiring about 45 months of activities.  This length of 
time was required by local and international requirements to conduct the shipment safely and 
securely and by the availability of the casks selected for the spent fuel shipment.  The 
activities can be summarized into the headings categories that are discussed below. 
 
3.1 Shipment Planning and Management 
 
When shipment planning began, the Bulgaria project lifecycle was defined to include all 
activities expected to complete the shipment.  However, at that time no RRRFR shipments of 
spent fuel had been completed and Russia was developing new procedures to import spent 
fuel, so some activities were defined as work progressed.  As other RRRFR spent fuel 
shipments were planned or completed, the Bulgarian tasks were refined to use lessons 
learned from those shipments.  The final project ended up with 17 major tasks and 37 
subtasks.  The tasks fit into general categories of planning and management, facility 

Figure 2: Loading 
IRT-2M HEU into 

Casks 
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modifications, spent fuel inspections, shipping licenses, cask loading, and transportation.  
Each task and subtask required deliverable documents to prove completion of the required 
activities.  Table 1 shows the times required for each task activity, including task approval, 
performance, and acceptance of the final deliverables. 
 

General Task Activity 2004 2005 2006 2007 2008 
Planning & Management      
Facility Modifications      
Spent Fuel Inspections      
Shipping Licenses      
Cask Loading      
Transportation      

Table 1: General Task Activity Schedule 
 
INRNE provided a Project Manager to plan and manage all activities.  A large number INRNE 
operators, technicians, and administrative personnel were required to support the multitude 
of complex arrangements and activities.  Both Bulgarian and international contracts were 
required to complete some tasks. 
 
3.2 Cask Selection and Loading  
 
Several potential shipping casks were considered and the Škoda VPVR/M high capacity cask 
was selected for Bulgaria.  This top and bottom loading cask allowed fuel assemblies to be 

loaded into the cask basket at the bottom of the reactor pool, 
minimizing radiation exposure during loading, and allowed 
the baskets to be remotely unloaded from the top when 
received at the Production Association Mayak facility using 
their standard equipment.  Three (3) VPVR/M casks were 
used:  one (1) cask contained 15 HEU assemblies and two 
(2) casks contained a total of 58 LEU assemblies.  Six (6) 
LEU fuel pins were loaded into an approved by Mayak 
canister, welded closed, and inserted into the basket as 
though it were a normal fuel assembly. 
 
Prior to cask loading, the Nuclear Research Institute (NRI), 
Rez, Czech Republic, and representatives of Škoda 
provided cask handling training to INRNE and cask loading 

began one week after this training was completed.  All cask loading was witnessed by IAEA 
and Euratom safeguards inspectors who applied tamper indicating seals on each cask.  The 
loaded and sealed casks were stored inside the secure reactor hall until all final 
transportation approvals were obtained.  

 
3.3 Facility Modifications 
 
Facility modifications were performed to allow use of the VPVR/M casks in the IRT-2000 
reactor hall.  Structural analyses of the reactor shielding and reactor hall floor were 
performed and core samples of the reactor access pavement were analyzed to assure the 
loaded casks and transport trucks would not cause structural problems.  The facility 
modifications included:  
 

• Replacement of the reactor hall crane with a new 12.5-ton capacity bridge crane; 
• Fabrication of a VPVR/M support platform above the reactor pool; 
• Fabrication of weight distribution frames to support the cask and truck weights in the 

reactor hall and avoid structural modifications to the building: 
• Replacement of the reactor building access pavement; 

Figure 3: Loading Cask 
into ISO Container 
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• Installation of an underwater camera and lights; 
• Upgrade of the reactor hall electrical power supply; and 
• Modification of the ventilation air-ducts above the reactor pool. 

 
3.4 Spent Fuel Assembly Inspections 
 
Accurate spent fuel assembly data was required to obtain shipping licenses from Bulgaria, 
Russia, and the transit countries of Romania and Ukraine.  The fresh fuel supply data, 
irradiation data, and physical conditions were determined and recorded on a passport for 
each assembly.  To assure compliance with Russian requirements, the spent fuel inspection 
and irradiation calculation procedures were reviewed and accepted by Mayak.  No failed fuel 
was found.  The final spent fuel data was reviewed by Mayak and accepted for delivery prior 
to shipment. 
 
3.5 Cask and Shipping Licenses 
 
Approved cask and shipping licenses were required from 
Russia, Ukraine, Romania, and Bulgaria, in sequential 
order from destination to origination.  The VPVR/M cask 
had been previously licensed in Russia for the Czech 
Republic RRRFR spent fuel shipment and the license was 
still valid for the Bulgaria shipment.  The Competent 
Authority in each country reviewed the Russian cask 
certificate, accepted it in accordance with their rules, and 
issued a cask license for Bulgaria.  Russia issued a 
combined cask and shipping license. 
 
The Russian shipping license required the completion of 
technical activities, an environmental assessment, public 
education, and expert reviews, collectively called the Unified Project task, and required a 
long time to complete.  The Romania and Ukraine license approvals were assisted by the 
Kozloduy Nuclear Power Plant (NPP), which periodically ships its commercial spent fuel 
through these countries to Russia.  The Kozloduy NPP prior experience expedited 
procedural, transportation, and security arrangements for license approvals from Bulgaria, 
Romania, and Ukraine. 
 
3.6 Legal Framework 
 
The legal basis for the RRRFR program is a government-to-government agreement between 
Russia and the United States, signed in May 2004, allowing the US to assist third countries 
with the repatriation of Russian-origin HEU research reactor fuel.  Bulgaria signed 
agreements with the US to assist with the transport and with Russia to import the spent fuel.  
No new agreement was required to transit Romania.  Ukraine transit complied with an 
existing agreement between Bulgaria, Ukraine, and the Russian Federation used for 
Kozloduy NPP shipments but a transport conditions document specific for the IRT-2000 
research reactor spent fuel was provided and approved. 
 
3.7 Shipment Logistics 
 
The Bulgarian SNF was transported by truck, barge, and rail.  After all shipment 
authorizations were obtained, the VPVR/M casks were loaded into ISO containers and 
placed on nuclear shipment licensed trucks.  On 5 July 2008, the truck convoy left IRT-2000 
and travelled by public roads to the Kozloduy NPP, located on the Danube River, where the 
casks were transferred into a licensed barge owned by the Kozloduy NPP.  After clearing a 
Romanian final check and Bulgarian Customs, the barge departed down the Danube River.  

Figure 4: Casks on Barge 
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The shipment cleared Romanian Customs a few days later at Calarasi and finished the river 
transport at Izmail, Ukraine.  After clearing Ukrainian Customs, the ISO containers were 
transferred from the barge onto Russian railcars and transported to the Ukraine-Russian 
border.  At the border, title to the SNF was transferred from INRNE to Mayak. The shipment 
continued by rail to Mayak where it was received and accepted on 17 July 2008.  Armed 
security personnel accompanied the shipment from the time it left IRT-2000 until it was 
accepted at Mayak and no security or other incidents were encountered.  To meet a 
constrained schedule for the Hungarian RRRFR SNF shipment, the emptied casks were 
shipped by air in a commercial Russian cargo aircraft from Chelyabinsk, Russia, to 
Budapest, Hungary. 
 
4. Conclusion and Lessons Learned 
 
With RRRFR assistance, Bulgaria planned and safely shipped fresh and spent HEU and LEU 
fuel from the IRT-2000 research reactor to Russia in 2003 and 2008.  These fresh and spent 
fuel shipments removed all HEU from the Republic of Bulgaria, a significant global nuclear 
non-proliferation accomplishment. Key lessons learned are: 

 
• Use a carrier with experience shipping nuclear 

materials to Russia to expedite the process and avoid 
problems; 

• Sign carrier and security contracts in advance to 
minimize last-minute delays; 

• Draft and review shipping papers in advance with the 
help of experienced carriers (Kozloduy NPP) and 
Mayak to avoid last-minute delays; 

• Have all permits and licenses in place as far in 
advance as possible; 

• Procure nuclear liability, cargo, and personnel 
insurance in advance of the shipment; 

• Provide a senior technical person to accompany the 
shipment with the authority to resolve issues enroute; 

• Pre-arrange a method for 24-hour monitoring and reporting during shipment to 
provide “Need-to-Know” information to obtain immediate technical support, if needed; 

• Develop a coded location tracking system in advance to send shipment monitoring 
reports to DOE without compromising security; 

• Provide the senior technical person accompanying the shipment with communications 
equipment, a laptop computer and a printer; 

• Establish good cooperation with the nuclear regulator and safety authorities early in 
the project to help with planning and implementation; 

• Establish good cooperation with other important partners, such as the carrier, security 
forces, and emergency response organizations, to help plan and provide support 
during the shipment; and 

• Assure that main points of contact personnel in all involved organizations have a 
sufficient security level for the shipment details. 

Figure 5: Transferring 
SNF Title at Russian 

Border 
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ABSTRACT 
 

The paper goal is a comparative study on the effects of TRIGA LEU and HEU fuel 
for the shielding analysis during spent fuel transport. All geometrical and material 
data for the shipping cask were considered according to NAC-LWT Cask approved 
model. The shielding analysis estimates the radiation doses to the shipping cask 
wall, and in air at 1 m and 2 m, respectively, from the cask, by means of 3D Monte 
Carlo MORSE-SGC code. Before loading into the shipping cask, TRIGA spent fuel 
source terms and spent fuel parameters have been obtained by means of 
ORIGEN-S code. Both codes are included in ORNL’s SCALE 5 programs package. 
60Co radioactivity is important for HEU spent fuel; actinides contribution to total fuel 
radioactivity is low. For LEU spent fuel 60Co radioactivity is insignificant; actinides 
contribution to total fuel radioactivity is high. Comparison of TRIGA fuels gamma 
source terms shows that the LEU source terms are higher then the HEU ones. 
LEU spent fuel photon dose rates are greater than the HEU ones. Dose rates for 
both HEU and LEU fuel contents are below regulatory limits. 

 
 
1. Introduction 
 
The TRIGA dual–core research reactor located in Pitesti, Romania, was provided by General 
Atomic Company and is operated by the Institute for Nuclear Research (INR).  The dual-core 
concept involves the operation of a 14 MW TRIGA Steady State research and materials 
testing reactor at one end of a large pool, and the independent operation of an annular-core 
pulsing reactor (TRIGA-ACPR) at the other end of the pool [1]. 
The TRIGA-SSR is equipped with two beam tubes, one radial and one tangential, and an 
underwater thermal column used for research purposes. Radioisotopes are also produced 
both for medical and industrial applications. TRIGA reactor operation was mostly oriented 
towards long-term irradiation and testing of fuel components followed by post-irradiation. 
The 14 MW TRIGA steady state reactor (SSR) located in Pitesti, Romania, first went critical 
in 1979. Until 1992 the core configuration for full power operation used HEU fuel (93 wt% 
235U), with 29 fuel clusters. Back in 1978 US and, later on, IAEA recommended an 
international program related to the decrease of uranium enrichment in research reactors by 
converting the nuclear fuel containing highly enriched uranium (HEU) into fuel with low 
uranium enrichment (LEU). Between 1992 and 2006, the core configuration contained both 
HEU and LEU (20 wt% 235U) fuel, up to a core configuration with 35 fuel clusters. In May 
2006, a new core configuration, fully converted, containing only LEU fuel, 29 fuel clusters, 
was established. The HEU fuel repatriation effectively started in 1999, the final stage being 
achieved in summer of 2008. The 14 MW TRIGA SSR is now available for research and 
irradiation products and services activities. 
For spent fuel transport was used a shipping cask approved model. The NAC-LWT spent fuel 
shipping cask has been developed by NAC International Inc. as a safe means of transporting 
pressurized water reactor fuel, boiling water reactor fuel, material test reactor fuel elements, 
and metallic fuel [2]. The cask assembly is composed of a package providing a containment 
barrier, to prevent radioactive material release. The shield materials are selected and 
arranged to minimize cask weight while maintaining overall shield effectiveness. Lead and 



steel are chosen as effective gamma radiation shields, and a water tank on outside of the 
cask is provided to efficiently moderate and absorb neutron radiation. 
 
 
2. Theoretical model set-up 
 
The TRIGA fuel clusters consists of 25 fuel rods each, with 1.29 cm active diameter and 
55.88 cm active height, arranged in a square 5 x 5 array (see Fig 1). The cylindrical Uranium-
Zirconium hydride-Erbium fuel/moderator pellets are tightly enclosed within Incoloy 800 tubes 
having a 0.041 cm wall thickness. The control rods are square annular assemblies containing 
sintered B4C compacts and an aluminum follower rod. Unclad Beryllium reflector blocks, 
some containing a central irradiation hole (experimental), make up the radial reflector [1]. 
 

 
Fig 1. TRIGA fuel cluster and rod [1] 

 
The source of radiation: TRIGA HEU and LEU spent fuel cluster, discharged from the reactor 
core after 5 years of burnup (970 kW specific power) and cooled down up to 2 years before 
loading into the shipping cask, was considered for source term calculations and spent fuel 
characterization. The two SSR TRIGA fuels pin loadings, before alloy formation and 
subsequent hydration, are presented in Tab 1. 
 

Element/Isotope HEU cluster  [wt%] LEU cluster [wt%] 
U total 10.0 45.0 

234 U 1.00 0.15 
235 U 93.09 19.79 
236 U 0.43 0.25 
238 U 5.48 79.81 

Er total 2.8 1.1 
162 Er 0.14 0.14 
164 Er 1.58 1.58 
166 Er 33.33 33.33 
167 Er 22.90 22.90 
168 Er 26.91 26.91 
170 Er 15.14 15.14 

Zr  87.2 53.9 

Tab 1: SSR TRIGA fuel pin loadings [1] 
 
A period of 1825 days residence time inside the reactor core was considered. After the 
discharge from the reactor, before loading into the shipping cask, the spent fuel have been 
stored up to 2 years in aluminium racks inside the reactor pool. For the shielding analysis, a 
shipping cask loading of 6 TRIGA spent fuel clusters (150 fuel rods) was considered. 



The shipping cask: The NAC-LWT cask is evaluated for transport of up to 140 TRIGA fuel 
elements or up to 560 TRIGA fuel cluster rods arranged in 5 SS304 basket modules in 
vertical superposed position (one base and one top module, 3 intermediate interchangeable 
modules) with 2 possible configurations (poisoned and non-poisoned, where the poisoned 
basket configuration utilizes borated steel plates for additional criticality control) [2]. The 
NAC-LWT cask utilizes a concentric cylindrical arrangement of steel, lead, steel and water to 
provide gamma shielding for the design basis fuel. The cask body is fabricated from stainless 
steel, SS 304 and SS XM-19 types, with about 500 cm overall length and 112 cm maximum 
outside diameter. The water-glycol solution in the neutron shield tank, surrounding the SS 
outer shell, also provides neutron shielding and is designed to axially blanket the active fuel 
length of the more common LWR fuels. The water contains 1 wt% Boron, which absorbs 
neutrons without producing significant secondary gamma radiation. The inner shell, end 
forgings, and the closure lid establish a cask cavity of about 450 cm long and 35 cm in 
diameter [2]. Fig 2 presents the radial model geometry used for the shipping cask and spent 
fuel shipping cask assembly. 

 
Fig 2. 2D geometrical model for: a) shipping cask; b) spent fuel – shipping cask assembly 

  
The shielding calculations: Source term assessment and spent fuel characteristic parameters 
estimation were done by means of ORIGEN-S code. ORIGEN-S code solves a set of 
coupled differential equations which describe the generation and transformation of all 
radioisotopes and provide the spent fuel final isotopic characterization.  
The photon dose rates calculations have been performed by means of Monte Carlo MORSE-
SGC code. The code treats the particle transport by means of Boltzmann transport equation 
from which a complete set of forward and adjoint integral transport equations in energy-group 
notation were derived and related to used Monte Carlo procedures. Both codes are included 
in ORNL’s SCALE 5 programs package [3]. The (27n-18g) coupled nuclear data library (27 
neutron and 18 gamma energy groups) was used. As regarding the Monte Carlo simulation, 
1000 bunches of 2000 particles each, have been generated. 
 
 
3. Shielding analysis results 
 
Radionuclide inventory and irradiated fuel characteristics have been obtained by taking into 
account for all relevant isotopes generation and depletion during both the irradiation and 
cooling phases of the fuel history. Fig 3 presents some long lived nuclides radioactivity 
evolution during the wet storage cooling period, characterizing HEU and LEU fuels. 



 
Fig 3. Long lived nuclides radioactivity evolution during the cooling period 

 
Spent fuel was characterized by radioactivity, thermal power and gamma energy values in 
cladding, actinides and fission products. In Fig 4 a), b) and c), the above mentioned 
parameters evolution during the cooling period, both for HEU and LEU fuels, is presented. 
 

 
Fig 4. Spent fuel parameters evolution during the cooling period 

 
By using the Monte Carlo MORSE-SGC code, the radiation dose rates for spent fuel clusters 
have been estimated. Only the fuel cluster rods shipment was analyzed here; no other 
activated components of the TRIGA cluster assembly are considered for shipment in this 
analysis. Dose points for normal operation conditions are placed at the fuel midplane on the 
neutron shield jacket surface and at 1 m and 2 m, respectively, from the cask surface, 
according to spent fuel transport regulations [4-6]. Fig 5 shows photon dose rates evolution 
in the considered measuring points for spent TRIGA HEU and LEU loadings with different 
cooling times (180 days, 360 days and 730 days, respectively). 



 
Fig 5. Photon Dose Rates [Sv/h] evolution in the considered measuring points 

 
 
4. Conclusions 
 
For a defined residence period inside the TRIGA SSR reactor core, at a 970 KW specific 
power, LEU fuel (20% wt 235U) produces a larger and more radioactive amount of spent fuel 
than the HEU fuel (93 wt% 235U). LEU-HEU comparison leads to the following relative 
differences in spent fuel characteristic parameters: 43% in actinides and 33% in fission 
products mass, 70% in radioactivity, 82% in thermal power and 86% in gamma energy.  
60Co radioactivity is important in HEU spent fuel; actinides contribution to the total fuel 
radioactivity is low (from 2% at discharge moment to 0.04% after 2 years of cooling), fission 
products contribution keeping a slowly increasing trend, from about 97% at discharge 
moment to 99.8% after considered cooling.  
For LEU spent fuel 60Co radioactivity is insignificant; actinides contribution to the total fuel 
radioactivity is high (25% at discharge moment, decrease to 4% after 180 days of cooling 
and reaches 7% after 2 years of cooling, following a slowly increasing trend), fission products 
contribution being about 75% at discharge moment, increase to 96% after 180 days of 
cooling and reaches 93% after 2 years of cooling, on a slowly decreasing trend. 
The photon dose rates for both HEU and LEU spent fuel contents are below regulatory limits 
[4-6]. LEU spent fuel dose rates are greater than the HEU fuel ones, the relative differences 
being, as follow: 62% after 180 days of cooling, 67% after 1 year of cooling and 71% after 2 
years of cooling, respectively. 
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High resolution gamma-ray spectroscopy based non-destructive methods is employed to measure spent fuel 
parameters. By this method, the axial distribution of Cesium-137 has been measured which results in an axial 
burn up profiles.  Knowing the exact irradiation history of the fuel, four spent TRIGA fuel elements have been 
selected for on-site gamma scanning using a special shielded scanning device developed at the Atominstitute. 
Each selected fuel element was transferred into the fuel inspection unit using the standard fuel transfer cask. 
Each fuel element was scanned in one centimetre steps of its active fuel length and the Cesium-137 activity was 
determined as a proved burn up indicator. The absolute activity of each centimetre was measured and compared 
with the reactor physics code ORIGEN2.2 results. This code was used to calculate average burn up and isotopic 
composition of fuel element. The comparison between measured and calculated results shows good agreement.  

1 Introduction 
The Atominstitute of the Austrian Universities (ATI) operates a TRIGA Mark II research 
reactor since March 1962 with thermal power of 250 kW. The current TRIGA core is a mixed 
core of three types of U-ZrH TRGA fuel i.e. 102 type with aluminium clad, 104 type with 
stainless steel clad and 110 type or FLIP fuel elements (FEs) [1]. The current core consists 
of 82 FEs. Out of 82, 52 elements are 102 type, 21 are 104 types while remaining 9 are 110 
type or FLIP FE. Only 102-type (Al-clad) FEs were taken in this paper which is composed of 
20% enriched U-ZrH1.0 fuel, with 8.5 wt. % U content. The average material and dimensional 
specifications (grams and cm) of 102-type typical FE are given in Table 1.  
 

Tab 1:  Material and dimensional specifications of 102-fuel elements  
 
The burn up (BU) indicates the useful lifetime of fuel in the reactor core and is a measure of 
the total amount of thermal energy generated per unit quantity of heavy element (U) charged 
to the core. Usually burn-up is expressed in MW d / (kg U) [2]. As the Cs-137 intensity is 
proportional to burn up [2], therefore the main efforts of this work were focused on  

1. An average burn-up and isotopic composition calculation for four selected irradiated 
FEs employing ORIGEN2.2 reactor physics code 

2. Confirmation of calculations by the method of high-resolution gamma spectroscopy 
3. Axial redistribution of the burn-up applying gamma spectrometric measurements. 

This series of measurements was carried out for four 102-type type FEs i.e. FE: 2124, FE: 
2196, FE: 2156 and FE: 2077. The only difference between these FEs was their individual 
irradiation histories and the resulting burn up. Typical Aluminium clad FE is shown in figure 1.  

Keeping all factors of accuracy in view, the FE 2196 was identified with the simplest 
irradiation history [1]. Using Full Power Days (FPD) from the log books [6], the Full Operating 
Length (FOL) in days and power at FOL in MW was calculated for each selected FE to input 
the ORIGEN2.2 for BU and isotopic composition calculation. These calculations for the 
representative FE 2196 are shown in table 2. The average power at FOL was calculated as 
0.34773 kW. 

Length of fuel meat (cm) 35.60 U-235 (g) 36.13 

Diameter of fuel meat (cm)  3.59  U-238 (g) 146.03 

Graphite reflector length (cm) 10.21 U-234, U-236 (g)  0.36 

Cladding thickness (cm)  0.076  Al-clad (g) 163.00 

Burnable poison (cm) 2- SmO3-disks Zr-H (g) 2066.06 
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Fig 1: Typical aluminium clad fuel element 

 

From To FE 
Position 

Burn up 
(MWD) 

FPD 
(Days) 

FOL 
(days) 

MW  
at FPD 

MW  
at FOL 

07.03.1962 27.07.1964 B04 4.132 41.322 872 1.451x10-3 6,879 x10-5

28.07.1964 07.08.1970 B04 69.504 278.016 2202 3.629 x10-3 4.582 x10-4

08.08.1970 06.11.2008 Out 0 0 0 0 0 

Tab 2: Irradiation history calculations from log book for typical FE: 2196 
 
The irradiation history of the FE 2196 in terms of FOL (days) and average power (MWTh) at 
Full Length, is shown in the figure 2. The current Cs-137 radioactivity (Bq) of each FE was 
calculated under the given irradiation history. This fuel element was also measured by 
gamma spectroscopy. These measurements were performed for each centimetre of the 
selected FE. The measurement results were found close enough to calculations, confirming 
the ORIGEN2.2 model for burn up and isotopic composition computation. Applying the 
measured axial distribution of the Cs-137, the relative axial burn up of each centimetre for 
the selected fuel elements has been included in this work.  
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Fig 2: Irradiation history of each fuel element at full operating length (FOL) 

2 Methodology 

2.1 Gamma Spectroscopy 
The measurements were performed in the reactor hall of ATI outside the reactor shield with 
an adequate shielding by the lead fuel transfer cask and the lead shield of the fuel inspection 
unit. The experimental setup consists of fuel transfer cask, inspection unit, beam collimator 
and coaxial high purity germanium p-type detector (HPGe) has been shown in the figure 3.  

UZrH1.0-Fuel (8 Al Bottom end Fixture Al Top end Fixture 

Upper Gr-reflector Al-clad 
Lower Gr-reflector 
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The relative efficiency as performance parameter of the HPGe was 15%. The fuel 
element to be measured was mounted to fuel inspection unit through fuel transfer cask 
where it can be moved vertically with an adjustable speed. The axial position of the FE to be 
measured is indicated by a digital monitor fixed on the elevator system. Although this unique 
fuel elevator system has the ability to scan each millimetre of the fuel element accurately but 
conveniently one centimetre was selected for each measurement. The collimator of 1 cm 
diameter was used and the distance between detector and fuel rod was kept about 10 cm. 
The counting errors were controlled up to 1.0% (in one standard deviation). The counting 
dead times were in generally controlled to be ≤20% corrected automatically during the 
counting period.  

Using suitable fast electronics, the 300 seconds recorded gamma ray spectrum for 
each centimetre of FE was acquired and saved on a removable hard disk of the PC for 
further detailed analysis. Figure 4 shows a typical gamma ray spectrum with Cs-137 peak. 
The spectrum analysis resulted in the counts per second of Cs-137 (net peak area) 
which gives experimental activity using following relation [5]. 

f    exp ⋅⋅
=

γε
CA  

Where “C” is Photo peak area (cps), “ε” is Absolute efficiency (%), “γ ” is Gamma ray 
branching ratio and “f” is fuel self attenuation factor (%). 

          
Fig 3: Fuel inspection unit         Fig 4: The typical gamma spectrum 102-FE  

2.1.1 Self shielding factor calculation 
The correction (self-shielding factor “f”) for the fraction of those gamma-rays being absorbed 
by the fuel has been calculated employing MCNP5 [3]. In this case this factor was found as 
15% of total Cs-137.    

2.2 Reactor Physics Calculations 
ORIGEN2.2 is an ORNL isotope generation and decay code and selected for activity and 
TRIGA spent fuel isotopic composition calculations [4]. These calculations require: the initial 
compositions (table1), One-group microscopic cross-sections for each isotope [4], material 
feed and removal rates, the length of the irradiation periods (from log books) and the flux or 
power of the irradiation. 

The ORIGEN2.2 fission cross section and fission product yield libraries for TRIGA fuel 
either has not been developed or it is not known if any one existed. Therefore in this work, 
102-type TRIGA fuel elements were modelled using available cross-section and fission 
product yield libraries. Theses calculations used the standard burn up PWR libraries for 
TRIGA reactor. 
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All described fuel elements were calculated separately because of their different irradiation 
history. The irradiation power of each FE at some specific location was calculated by relation 
given below [7]: 

firr P
FEofNumber
PowerThermalTotalP   x 
  
  

=  

 
Where total thermal power of TRIGA Vienna is 250 kW and Pf is power factor .The values of 
Pf are 1.0, 0.9, 0.8, 0.7, 0.6, 0.5 and 0.5 for A, B, C, D, E, F and G ring of the core 
respectively. 

3 Results and Discussions 
The comparison of calculated and measured results has been given in table3 & figure 5. The 
reasons these deviations between have been discussed in this section one by one. 
 

FE number 
Burn up 
(MWh) 

Cal. Activity (Bq) 
Cs-37/cm 

Meas. Activity (Bq)
Cs-137/cm 

Percent difference 
(%)) 

2196 25,68 1.351E+09 1.362E+09 0.8200
2077 30,912 1.715E+09 1.597E+09 6.8790
2156 58,08 3.519E+09 3.600E+09 2.2979
2124 69,24 4.588E+09 4.440E+09 3.2127

Tab 3: Comparison between Calculated and measured results 

 
Fig 5: Comparison of ORIGEN2 calculations and gamma spectroscopic measurement 
 
First, the reactor has been operating since 1974 with mixed core, using three different types 
of fuel elements. Due to the mixed core composition, the accuracy of calculated burn-up 
varies significantly from element to element [1]. Second, the basis of the calculation (i.e. 
MWD) was taken from log books and because of long history of the fuel elements since 
1962; some operational uncertainties in the log books may cause these variations in the 
accuracy. Third, the PWR libraries of ORIGEN2.2 have been used for this TRIGA fuel 
element model which have its own contribution in these deviations for example, it can also be 
seen in figure 5 that with increasing the burn up, difference between calculations and 
measurements increases showing that PWR library for TRIGA reactors is well valid in lower 
burn up regions. 

The spectrometric analysis provides the Cs-137 axial distribution for given fuel 
elements. As mentioned that Cs-137 production is proportional to BU therefore applying this 
axial distribution of Cs-137, the axial burn-up distribution of each measured TRIGA fuel 
element can be predicted with reasonable accuracy.  



 5

To estimate the axial relative bun up for each centimetre of the FE, the constant 
conversion factor has been calculated. In our case, this factor was different for each 
measured fuel elements. This conversion factor provides the relation between activity and 
BU for TRIGA fuel element. Both measured Cs-137 and implied (predicted) burn up axial 
distribution for FE: 2196 have been shown in the figure 6. Two slight peaks at the top and 
bottom end of each fuel meat indicate two axial graphite reflectors i.e. upper and lower 
reflector as shown in figure 1. 

 
Fig 6:  The measured Cs-137 and implied axial burn up distribution of FE 2196 

Conclusions 
ORIGEN2.2 software has been applied to TRIGA reactors for average fuel burn up using 
PWR library. Employing the Cs-137 axial distribution, the axial burn up of same fuel element 
has been predicted for each scanned segment of fuel element. The high resolution gamma 
spectroscopy technology that has been developed is versatile measuring method. It provides 
rapid information about several processes taking place in the fuel meat with the possibility of 
feedback to operators. 
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ABSTRACT 
As the technical support of the French Safety Authority, IRSN has examined the 
new criteria proposed by the operator of the CABRI reactor to insure the clad 
integrity of the driver core fuel rods during fast reactivity insertion transients. The 
main issues of the extensive analysis of the clad failure phenomena and of the 
additional justifications on the choice of the strain limit are presented and 
discussed. The evaluation of the methodology to compute the thermo-mechanical 
behaviour of the fuel rods (based on the use of the SCANAIR code) is 
comprehensively described. The main results of a complementary study aimed at 
comparing the energy deposit required to match the criteria proposed for CABRI 
with those leading to failures in SPERT-CDC (USA) and NSRR (Japan) 
experiments are also presented. As the operator has included in the safety 
demonstration all the additional requirements identified by IRSN, it can be 
concluded that the present safety demonstration is sufficiently robust and 
guarantees the absence of rod failure during fast transients. 

1. Introduction  
The CABRI reactor is located on the French Commissariat à l’Energie Atomique (CEA) site 
at Cadarache. This reactor is used to simulate a reactivity initiated accident on an 
experimental fuel rod. The reactor includes: 
 
- a driver core with a nominal power of 25 MW, cooled with water in forced convection. 

This driver core includes slightly enriched fuel rods (6% in U235) and a stainless cladding 
material,  

- an experimental loop, with its own cooling system. A part of this loop is located at the 
centre of the driver core and contains the instrumented test device with the experimental 
fuel rod. 

 
Since 1978, the CABRI reactor has been mainly devoted to the study of fast breeder reactors 
(FBR) fuel behaviour. So, the coolant contained in the experimental loop was sodium. At the 
beginning of the years 2000, it was decided to replace the experimental sodium-cooled loop 
by a pressurised water loop able to recreate the thermal-hydraulic conditions of a 
pressurized water reactor (PWR) i.e. a 15.5 MPa pressure and a temperature between 
280°C and 320°C. 
 
For the previous tests simulating a fast reactivity insertion, the clad integrity of the driver core 
fuel rods was insured by the following safety criteria: the clad-to-coolant heat flux must not 
exceed 750 W.cm-2, deemed a conservative value of the critical heat flux. CEA has 
recalculated some previous tests and have found that the value of 750 W.cm-2 was exceeded 
in several cases. The calculations for the forecasted tests with the new experimental loop 
gave the same results. So CEA proposed a new approach in order to insure driver core fuel 
rods clad integrity during the forecasted reactivity transients. 
 
IRSN acts as a technical support (TSO) of the French Nuclear Safety Authority (ASN). In the 
scope of the CABRI reactor restart, IRSN has examined the new criteria proposed by CEA.  
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2. CABRI driver core new safety criteria   
The new safety approach of CEA is based on the study of the driver core fuel rods behaviour 
during fast reactivity insertion transients. The objective of this study is to check the 
mechanical strength of these rods taking into account the clad temperature transient and 
including a possible transient dry out around some fuel claddings. 
 
This safety approach is based on the three following criteria: 
 
- the maximum clad temperature must be lower than 1300°C to prevent clad from melting 

(the melting temperature of the stainless steel cladding material is in the range of 
1450°C), 

- the clad strain must be lower than 3.65% to prevent from ductile rupture; this value is 
50% of the rupture elongation measured on samples representatives of the clad,  

- fuel pellets melting must be avoided. 
 
During the technical discussions between IRSN and CEA, different methodologies able to 
simulate fast reactivity insertion transients were examined and it appeared to IRSN that the 
SCANAIR code was well adequate for this purpose (see § 4). The calculations include a set 
of conservative hypotheses established for each criterion and the calculations results are 
compared to the above criteria. 

3. Assessment of the new criteria  
3.1 Phenomenology of clad degradation  

CEA considered only two clad failure mechanisms: clad melting (associated to the first 
criterion) and the ductile rupture (associated to the second criterion). IRSN reviewed other 
phenomena able to degrade the clad and focused its attention to the following three items. 
Thermal creep 
During fast reactivity transients, there is a first phase during which the fast increase of the 
fuel temperature leads to pellet-clad mechanical interaction (PCMI) with a risk of ductile 
rupture. When the power has decreased, the pellet-to-clad gap re-opens due to the fuel 
pellets contraction. Then, the internal gas pressure is about 0.6 MPa and the clad 
temperature can reach 1270°C during a few seconds. IRSN raised the issue of the thermal 
creep failure risk and the CEA’s answer consisted in presenting the following results coming 
from tests specially performed for CABRI rods in the EDGAR experimental loop:  
- a clad sample was pressurized by gas at a pressure of 0.95 MPa with a temperature of 

1200°C during 1100s before the tube broke, 
- another clad sample was maintained during 10s at 1290°C without any deformation or 

rupture. 

Oxidation 
IRSN considered that there is an increase of the failure risk due to oxidation when the clad 
temperature reaches 1200°C. For this topic, CEA showed that the first EDGAR test was 
performed in steam atmosphere and the clad sample did not present any significant mark of 
oxidation. Nevertheless, CEA proposed to fulfil its analysis on the basis of other experimental 
results. 
 
Risk of clad fracture at quenching 
When the critical flux is reached during the transients, there is a large clad temperature 
increase. Afterwards, there is a phase of clad re-wetting. This quenching phase could induce 
a fracture of the clad. CEA said that the cladding material is restored at high temperatures 
and resists to such quenches. Indeed, quenches beginning at 1100°C are often used in 
manufacturing processes and does not lead to significant deformation. 
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3.2 Strain limit 
The value of 3.65% retained by CEA for the strain limit is issued from several dynamic tensile 
tests performed on clad rings at several temperatures (20°C to 1100°C) and having provided 
values for the total elongation. These tests gave also yield strength and tensile strength 
values. The strain rate was about 100%.s-1 (i.e 1% for 10 ms) and was representative of the 
phenomena kinetics occurring during fast reactivity insertion transients. The strain limit of 
3.65% is one half of the minimum value of the rupture elongation measured during all the 
tests. IRSN raised the following questions in concern with the choice of the strain limit: 
 
Choice of the strain limit as a function of the rupture elongation 
IRSN said that the choice of a rupture criterion based on the total elongation is valid for 
secondary loads. During the transient, the strain is imposed during the PCMI phase but not 
after the pellet-to-clad gap re-opening. For this latter case, CEA answered that the load is an 
imposed pressure. However, because of the clad strain, the pressure decreases with time. It 
was further showed that this loading situation is less severe than an imposed strain. IRSN 
agreed and considered that loads resulting from the ‘imposed strain’ type are the enveloping 
situation for the clad loads during the transient thus justifying the use of the total strain as a 
limit. 
 
Bi-axiality of the stresses 
IRSN examined the representativeness of the tests made on the clad rings with regard to the 
bi-axiality of the stresses as this point can modify the value of the rupture elongation. During 
the PCMI phase, the ratio between the two components of the clad deformation (εz  and εθ) is 
positive while this ratio is negative for the tests made on the clad rings. This effect is 
important for rods with a high burn-up for which clad and fuel pellets are “ stuck “ or when the 
cladding material is a zirconium alloy which anisotropy may lead to a large reduction of the 
rupture elongation [1]. As the CABRI core rods have a very low burn-up (about 100 MWd/t) 
and are made of stainless steel having an isotropic behaviour, IRSN considers that the 
factor 2 used to assess the clad strain limit is sufficient to account for the effects of bi-axiality. 
 
Risks of damage related to cyclic loadings 
IRSN considered that the damage related to cyclic loadings was not considered. Afterwards 
CEA provided a study coupling the primary loads (in relation with internal rod pressure) and 
the secondary loads (in relation with the thermal gradient in the clad thickness) for several 
cycles (for CABRI, one cycle corresponds to one fast transient). These load combinations 
were studied by Bree [2] who provided a diagram defining a zone where the couple primary 
loads-secondary loads does not lead to excessive strains. For CABRI, when the number of 
cycles increases, the couple primary-loads secondary-loads tends towards an asymptotic 
value that lies within the non failure zone of the Bree diagram. 

4. Examination of the methodology proposed to compute the fuel rods thermo-
mechanical behaviour  

The SCANAIR computer code [3] is devoted to the modelling of the complex physical 
phenomena occurring during fast power transients. Three modules are closely linked: 
- The thermal module calculates the radial conduction in the fuel and the clad, as well as 

clad-to-coolant heat transfer in sodium or water conditions. The coolant flow is computed 
thanks to a one-dimension single-phase fluid model. 

- The fission gas behaviour module calculates the swelling of fission gas bubbles, the grain 
boundary failure within the fuel and the gas flow into free volumes. 

- The mechanical module calculates the strain contributions to the fuel and clad 
deformation (thermal expansion, elastic, plastic, strain simulating the fuel expansion 
induced by the presence of cracks and fuel swelling due to gaseous fission product). 

The fuel and clad thermo-mechanical models were qualified using separate effects tests and 
integral tests performed in CABRI-REP-Na programme. A specific validation of the clad-to-
water heat transfer has been done for conditions representative of the CABRI core fuel rods 
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(flow rate, pressure and temperature). This validation is based on the comparison to 
experimental results of tests performed in NSRR reactor and PATRICIA CEA facility for fast 
transient transfers. The validation is also demonstrated for late phase film boiling by 
comparison to WINFRITH test results.  
 
In the SCANAIR code, the clad-to-coolant heat transfer is described by a classical heat 
transfer coefficient approach which is estimated by correlations. The water boiling 
phenomena (that increase the heat transfer in nucleate boiling and degrade it in transition 
boiling) and film boiling are modelled. Heat transfer correlations are often semi or completely 
empirical and are validated in steady state conditions. During fast transient conditions, the 
radial temperature profile in the coolant can be much steeper than in steady state conditions 
and the shape of the boiling curve is different (see Figure 1). 
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Fig 1: Clad-to-water heat transfer modelling in SCANAIR 

 
The maximal temperature reached during fast transient is mainly linked to the boiling crisis 
occurrence and the film boiling coefficient. Thus a specific critical heat flux correlation has 
been developed for transient conditions, leading to higher critical heat flux compared to 
steady condition. A specific film boiling coefficient based on the Sakurai model [4] and 
derived from the Bromley correlation has also been implemented. In NSRR tests, in the early 
stage of the film boiling regime (i.e. when the clad temperature reaches its maximum value), 
the experimental heat fluxes recorded are 3 to 5 times higher than the predicted values [5]. 
Therefore a correcting coefficient has been applied on the Sakurai correlation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig2 : Comparison of computed and measured maximal outer cladding temperature reached during 
NSRR and PATRICIA 112_041 tests 
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The comparison between clad temperature measurements and calculations in NSRR and 
PATRICIA tests shows that the calculation generally overestimates the measured 
temperatures (see Figure 2). Finally two kinds of calculations have been performed: one with 
the best-estimated SCANAIR parameters and one with conservative parameters to get 
conservative results for safety analysis. 

5. Comparison of the new criteria to integral experiments 
CEA analysis focused on the clad failure modes (steel melting and ductile rupture).  However 
integral experiments realized in SPERT reactor and NSRR reactor used to define failure 
criteria based on energy deposited in rod during the transient. The rods used during these 
tests had mechanical characteristics close to those of the rods of the CABRI reactor (UO2 
fuel and stainless steel clad). The energy deposition leading to rod failure is in the range of 
240 cal/g. 
 
IRSN thus completed his assessment to check the coherence between the results of the 
SPERT-CDC tests [6, 7, 8] and NSRR tests [9] and the criteria proposed by the CEA. In 
practice, IRSN calculated by means of the SCANAIR code the maximal energy which would 
be deposited in a rod, during a power insertion test, leading to reach of the criteria proposed 
by CEA. For the most severe transients, IRSN’s study showed that the allowable clad 
temperature (1300°C) is reached for 236 cal/g and the strain limit for 287 cal/g. These results 
show that the limiting parameter is the clad temperature as seen during the tests. Also, the 
demonstration made by CEA is consistent with the energy deposition limit. 

6. Conclusion  
CEA has completed its safety demonstration including the additional items identified by 
IRSN, who concludes that the new criteria and the associated safety demonstration give now 
an acceptable guarantee against rod failure during fast transients. Nevertheless, IRSN 
claims and maintains that it is necessary to inspect several driver core fuel rods after some 
fast transients in order to check the absence of damage of the clad.  
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ABSTRACT 
 

The aim in this paper is to validate the PLTEMP/ANL V3.6 code for thermal 
hydraulics analysis of the BR2 reactor at steady-state operation under forced flow 
cooling conditions. Hot channel factors and operation limiting conditions based on 
selected safety system settings (SSS) with uncertainties were reviewed and 
included into PLTEMP. Safety margins to ONB (Onset-of-Nucleate-Boiling) and to 
FI (Flow Instability) are calculated for the BR2 HEU fuelled core and compared 
with the existing safety limits for the heat fluxes in SAR-BR2. A preliminary 
thermal-hydraulics analysis is performed for the LEU (UMo) fuel preserving the 
geometrical parameters of the standard BR2 fuel assembly. Power peaking factors 
evaluated by MCNP for both HEU and LEU fuel assemblies are included in 
PLTEMP. Thermal-hydraulics studies are extended to include conditions of natural 
circulation cooling. The margins to ONB and to FI are estimated for both HEU and 
LEU cores. 
 

 
1. Introduction 
 
This paper presents a thermal hydraulics analysis at steady state operational conditions, 
which is a mandatory part of the safety studies needed for the conversion of the reactor BR2 
from HEU to LEU. The safety margins at the BR2 reactor have been determined in 70’s 
using the code of S. Fabrega [1]. The purpose in this paper is to review and to repeat the 
major part of the studies in order to validate PLTEMP/ANL code [2] for the thermal hydraulics 
calculations of the BR2 reactor. The geometrical BR2 standard, six-tube fuel assembly model 
has been developed at Argonne National Laboratory. As a first step, hot channel factors and 
operating limiting conditions (power, inlet mass flow, inlet pressure and temperature) based 
on selected safety system settings with uncertainties were reviewed and included into 
PLTEMP. The safety margins to ONB (Onset-of-Nucleate-Boiling) and to FI (Flow Instability) 
are calculated for the BR2 HEU fuelled core under forced flow conditions. A preliminary 
feasibility study with U-Mo dispersion fuels has shown that the current fuel assembly design 
would not change in the conversion of the BR2 reactor from HEU to LEU fuel. Therefore, a 
preliminary thermal-hydraulics analysis has been performed by PLTEMP for the LEU fuel 
preserving the geometrical parameters of the standard BR2 fuel assembly. Power peaking 
factors evaluated by MCNP for both HEU and LEU fuel assemblies are included in PLTEMP. 
Thermal-hydraulics studies are extended to include conditions of natural circulation cooling.  
 
2. Review of thermal-hydraulics studies for the BR2 reactor [3-4] 
2.1 Determination of maximum heat flux at nominal operating conditions 
 
The maximum heat flux at nominal operating conditions is calculated from the power 
generated in the hottest fuel channel with the implementation of Hot Spot Factors (HSF) 
according with the following formulae: 
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Where: Pi [W] is the power generated in the fuel cell ‘i’; S [cm2] is the total heated surface of 
the fuel element; K=1.055 is coefficient taking into account the fraction of the total power that 
is generated in the coolant channels; Kth=1 to 0.945 is correction diffusion coefficient taking 
into account the non-uniform heat distribution over the plate thickness; Ri=1.52 to 1.38 is 
axial peaking factor; fi=1.48 to 1.3 is azimuth peaking factor. 
 
2.2 Determination of fabrication tolerances and thermal-hydraulic 

uncertainties 
 
The errors affecting the maximum value of the heat flux include: (i) the errors of the neutronic 
measurements in determination of the fuel power per channel and the errors in axial and 
azimuth power peaking factors; (ii) the manufacturing tolerances in the fuel density and in the 
quantity of burnable absorber in the fuel elements. The following uncertainties have been 
determined: error in determination of the specific power of a fresh fuel element: 18.7%ε1 = ; 
error in determination of the axial peaking factor, %72 =ε ; error in determination of the 
azimuth peaking factor, %73 =ε ; uncertainties of the surface of the fuel meat, %44 =ε ; 
error in the correction coefficient K, %15 =ε ; uncertainties in determination of the fuel 
concentration in the fuel plates, %206 =ε . 

To establish an operational limit, in addition to the errors and tolerances, a correction 
factor is considered for the effective power deposited in the coolant flow and for the thermal 
diffusion of heat through the fuel cladding. Assuming a statistical distribution of all errors, 
influencing the calculated heat flux, the following ‘security factors’ have been determined: (i) 
'security factor' for the maximum probable heat flux at the hot spot: this flux has to be 
compared to the heat flux giving an allowed wall temperature of fuel cladding, which 
corresponds to the nominal hydraulic conditions: 
 

                              1.22ε1s
5

1i

2
i

spothot 
max q =∑+=

=
                                                                   (3) 

 
(ii) 'security factor' for the maximum probable mean heat flux along the hot streamline: from 
the point of view of flow instability, taking into account the total void fraction in the water gap, 
this flux has to be compared with the heat flux giving a possible flow instability at the nominal 
hydraulic conditions, where all factors and tolerances are taken with the most unfavourable 
value: 
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2.3 Determination of maximum admissible heat flux 
 
The Onset of Nucleate Boiling (ONB) (Bergles & Rohsenow) with sub-cooling occurs when 
the fuel temperature exceeds the saturation temperature of the coolant by ΔTonb. The model 
of Hsu, calculated by Bergles and Rohsenow for maximum heat flux 600 W/cm2 at nominal 
hydraulics conditions, gave C9.5ΔT 0

onb =  using the following expression: 
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The Fully Developed Nucleate Boiling (FNB) is given by the formula of Forster & Greif. For 
the temperature, corresponding to maximum heat flux 600 W/cm2 at nominal hydraulics 
conditions, was obtained: C24ΔT 0

FNB = , calculated by the following formula:   
 
                              [ ] 0.2320.35

FNB ]p[W/cm4.57qC ΔT −=°    for 1 < p < 12 bar                  (6) 
 
The occurrence of vapour is determined by an equation for the equilibrium of the effective 
forces on the surface of the growing bubble, which is adjacent to the wall channel. At 
conditions of strongly sub-cooling and low pressure in the middle of the bubble, the 
occurrence of local boiling is marked by loss of pressure due to friction. The code of 
S.Fabrega [1] uses a critical factor for calculating the friction coefficient under sub-cooled 
boiling, ξ, which comes from experimental results of R.Ricque & S.Siboul and M.Courtaud & 
K.Schleisiek for two-phase flow studies in rectangular sections: 
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=                                                            (7) 

 
By using the code of S.Fabrega at the BR2 reactor, this factor becomes ξ ~ 0.50 when the 
pressure drop on a fuel plate is minimum, near the flow instability. 

The maximum admissible heat flux is determined by combining the most 
unfavourable uncertainties: minimum water gap (-10%), D=0.27 cm; loss of pressure at the 
inlet, equal to 0.06 MPa for pressure drop on the fuel plates 0.21 MPa; loss of pressure due 
to friction, by ~ 10%; admissible reduction of superheat, ΔTFNB, ~ 15%; heat transfer 
coefficient, reduction by 15%; taking into account the uncertainties of the thermal-hydraulics 
correlations, the loss of pressure by friction and acceleration at boiling will be overestimated 
by 25%; the error in the determination of the water speed in the coolant channel is about 
10% (between 10.4 and 9.5 m/s). The maximum probable temperature at the hot spot is 
determined by the following formula: 

                              
min

probablemax coolant
probablemax probablemax 

h

q
TT +=                                           (8) 

 
2.4 List of constants used by the code of S.Fabrega [1] 
 
The formula of Forster and Greif is used for the superheat temperature at ONB:  
 

                        ][bar]p[W/cm4.57qC] [ΔT -0.2320.35
ONB =°                                         (9) 

 
The formula of Sieder-Tate is used for the Nusselt number to simple phase:                             

                        
0.14
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The formula of Darcy is used for the loss of pressure due to friction: 
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Where: Λ - Darcy’s number; μ - dynamic viscosity; v – coolant velocity; ρ - specific mass; D – 
hydraulic diameter; Pr – Prandtl number; Re – Reynolds number. For turbulent flow and a 
coarse wall, b

0 a.Re~Λ −  ( 0,2b 0,184;a 49800,Re 0.25;b 0.316;a 49800,Re ==>==< ). 

For hot wall: 
18000Re
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The following ‘security coefficients’ (i.e., hot spot factors) are used by the code of S. 

Fabrega: for superheat at boiling, local FNB: 15%; for heat transfer coefficient: 15%; for loss 
of initial pressure: 0.06 ata; for loss of pressure due to friction: 10%; for loss of pressure at 
local boiling: 25%; the tolerance of the water gap is 10%; for the possible heat flux: 30%. 
 
 
2.5 Results of the code of S.Fabrega 
 
The calculation results for the maximum heat flux and flow limits in the BR2 reactor are 
summarized in Table I. The calculations are performed for the configuration 7B-MFBS, 
channel B0, loaded with fresh fuel element of type 6nG at the following reference initial 
conditions: PRCA 4 -1302 = 1.20 MPa (inlet pressure); DPRCA 4 -1301 = 0.30 MPa (vcoolant = 
10.4 m/s cold; ΔPfuel plates=0.21 MPa); TRCA  4-1301 = 400  C (inlet temperature).  

 
Table I. Maximum heat flux and flow limits for HEU fuelled BR2 core, calculated by the TH 
code of S.Fabrega [3-4]. 

 
V 

[m/s] 
ΔP 

[MPa] 
Qmax [W/cm2] 
(normal FI) 

Qmax [W/cm2] 
(FNB-probable)

Qmax [W/cm2] 
(ONB-probable) 

11 
10.4 
10 
9 
8 
7 
6 
5 
4 
3 
2 

2.323 
2.100 
1.957 
1.619 
1.310 
1.030 
0.780 
0.564 
0.382 
0.231 
0.114 

1396.1 
1336.5 
1296.1 
1190.1 
1078.9 
963.3 
841.0 
718.1 
594.0 
459.5 
311.3 

705.2 
675.6 
655.7 
605.0 
548.5 
490.4 
430.8 
369.1 
305.2 
238.9 
169.3 

626.7 
603.2 
585.2 
538.4 
490.5 
441.3 
389.8 
334.4 
278.2 
219.3 
157.1 

 
 
3. Review of Hot Channel Factors (HCF) 
 
In this Chapter we review the uncertainties of the neutronic measurements at the BR2 
reactor and manufacturing tolerances of the fuel elements in order to determine the Hot 
Channel Factors, which have been introduced into the PLTEMP code. The Hot Channel 
Factors for HEU (93% U5) fuelled core, which are used in the calculations presented in this 
paper, are given in Table II. The same HCF are used to determine the power and flow limits 
in the LEU-fuelled core (U-8Mo, 7.5 g/cc, cadmium wires, D=0.5 mm). 
 
 
 
 



Table II. Hot Channel Factors for BR2 standard HEU fuel (93% U5), which are used in the 
calculations by PLTEMP. 
 

 
 Hot Channel factors 

Uncertainty  Type of 
tolerance 

Effect 
on bulk 
ΔT, 
fraction 

value 
Toleran
ce, 
fraction 

Heat 
flux, Fq 

Channel 
flow  
rate,  
Fw 

Heat 
transf. 
coeff., 
Fh 

Chan. 
Temp. 
rise, 
Fbulk 

Film 
temp. 
rise, 
Ffilm 

Al cladding, 
[mm]  0.381 to 

0.304 
0.25 1.25    1.25 

U5 homog.  
 

 0.20 1.20    1.20 

U5 loading 
per plate 

  0.00 1.00   1.00 1.00 

Power 
density 

random 

0.5  0.20 1.20   1.10 1.20 

Water gap, 
[mm] 

1.00 3.00 to 2.7 0.11  1.20 1.04 1.20 1.04 

Flow distr. 
(water 
speed, m/s) 

 
random 1.00 10.4 to 9.5 0.10  1.10 1.07 1.10 1.07 

Random 
errors 
combined 

   
 1.38 1.22 1.08 1.25 1.39 

Power 
measur.   0.06 1.06   1.06 1.06 

Flow 
measurem.   0.02  1.02 1.00 1.02 1.00 

Heat 
transfer 
coef. 

 
 
systematic 

  
0.15   1.15  1.15 

Systematic 
errors 
combined 

    
1.06 1.02 1.15 1.08 1.22 

Product of 
random 
and 
systematic 
errors 

    

1.46 1.24 1.24 1.35 1.70 

 
 
4. Implementation of PLTEMP/ANL V3.6 [2] for the thermal-hydraulics 

calculations of BR2  
 
PLTEMP/ANL V3.6 is a FORTRAN program that obtains a steady-state flow and temperature 
solution for a nuclear reactor core, or for a single fuel assembly. It is based on an 
evolutionary sequence of “PLTEMP” codes in use at ANL for the past 20 years. Fuelled and 
non-fuelled regions are modeled. Each fuel assembly consists of one or more plates or tubes 
separated by coolant channels. The temperature solution is effectively 2-dimensional. It 
begins with a one-dimensional solution across the fuel plates/tubes within a given fuel 
assembly, at the entrance to the assembly. The temperature solution is repeated for each 
axial node along the length of the coolant channel. The geometry may be either slab or 
radial, corresponding to fuel assemblies made from a series of flat (or slightly curved) plates, 
or from nested tubes. A variety of thermal-hydraulic correlations are available with which to 
determine safety margins such as Onset-of- Nucleate boiling (ONB), departure from nucleate 
boiling (DNB), and onset of flow instability (FI). Coolant properties for either light or heavy 
water are obtained from FORTRAN functions rather than from tables. The code is intended 
for thermal-hydraulic analysis of research reactor performance in the sub-cooled boiling 
regime. Both turbulent and laminar flow regimes can be modeled. Options to calculate both 
forced flow and natural circulation are available.    



A PLTEMP solution is accomplished in three steps. The first step is a nominal or best-
estimate calculations with all HCF equal to 1.0. A best-estimate calculation employs only 
nominal values in the evaluation of the fuel plate surface temperature, while the limiting 
calculation, executed during the second and the third step of PLTEMP run, includes the 
effects of manufacturing tolerances and operational and modelling uncertainties. The second 
step is a repeat of the nominal calculation with the reactor power increased and the reactor 
flow and heat transfer coefficient reduced in order to take into account the uncertainties in 
power and flow measurements, and the uncertainty of the Nusselt number correlations. The 
third step applies the HCF to all the bulk coolant and film temperature rises and the clad 
surface heat fluxes obtained in the second step.  
 

5. Calculation results 
 
The aim of this study is to determine using PLTEMP code [2] the power, heat flux and flow 
limits in the BR2 core loaded with HEU standard BR2 fuel (93% U5) and to compare with the 
safety limits, which have been established in 70’s by the code of S. Fabrega [1], [3]. For this 
purpose, the same initial conditions as in the calculations of 70’s (see beginning of Sect. 2.5) 
have been introduced into PLTEMP.  

The power and flow limits presented in this chapter are compared for different choices 
of the single phase heat correlation, including those of Sieder-Tate, Dittus-Boelter, Colburn, 
Petukhov & Popov and another Russian correlation. For the detection of the Onset of 
Nucleate Boiling, used for ONB thermal margin, the calculations are performed and 
compared for the correlations of Bergles & Rohsenow and Forster & Greif. For the treatment 
of the Hot Channel Factors (HCF) the correlation of Labuntsov has been chosen, although 
the comparison with the other HCF - options (e.g., the correlations of Mirshak-Durant-Towell, 
Mishima, Weatherhead, Groeneveld 1995 lookup table) has given equivalent result for the 
power and flow limits at a given single phase heat transfer correlation selector. The onset of 
excursive – flow instability is based on the correlation of Whittle & Forgan.  
 

5.1. Power and flow limits in BR2, HEU-fuelled core 
 
In this section we present calculations for the power, heat flux and flow limits for the HEU – 
core. The power peaking factors for the UAlx fuel, 93% enriched U5 with 1.3 g/cc uranium 
density and burnable absorbers B4C and Sm2O3, homogeneously mixed with the fuel in the 
fuel meat have been calculated by MCNP (see Fig. 1). The initial average fuel power of the 
fuel assembly is equal to 2.58 MW, assuming that the total reactor power is equal to 55 MW, 
distributed over 32 fuel assemblies loaded in the core channels. For the thermal conductivity 
of the aluminium cladding we use 150 W/m-K° and 80 W/m-K° for the fuel meat [4]. The 
power and flow diagrams, determining the regimes at nominal operation are given in Fig. 2 
and Fig. 3. Comparison between the limiting values obtained by PLTEMP with those of 
FABREGA (see Table I) is shown at Fig. 3. As can be seen from Fig. 3, at nominal initial 
operation conditions the results of FABREGA are close to the results obtained by PLTEMP 
for the single phase heat transfer correlation of Sieder-Tate [3-4]. This is in accordance with 
the information given in the documentation about SAR-BR2, which has been discussed in 
Sect. 2.4 of this paper. The dependence of the maximum outer fuel-to-clad surface 
temperature, Tonb vs. the maximum heat flux is demonstrated in Fig. 4.  
 

5.2. Power and flow limits in BR2, UMO-fuelled core 
 

In this section we present calculations for the power, heat flux and flow limits in the LEU – 
core. The power peaking factors for the U-8Mo fuel, 20% U5 enrichment fuel, 7.5 g/cc 
uranium density and with cadmium wires of diameter D=0.5 mm are given in Fig. 1. The 
initial average fuel power of the fuel assembly is equal to 2.75 MW, at the same total reactor 
power of 55 MW as in the HEU core, distributed over 32 fuel assemblies loaded in the core 
channels. For the thermal conductivity of the cladding we use 180 W/m-K° and 14 W/m-K° 



for the U-8Mo fuel meat [5]. The power and flow diagrams, determining the regimes at 
nominal operation in the LEU – core are given in Fig. 5 and Fig. 6. In Fig. 7 we compare the 
power, heat flux and flow limits for the both HEU and LEU cores.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                               Fig. 1.                                                                 Fig. 2. 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               Fig. 3.                                                                 Fig. 4. 
 

 
Figure 1. Power peaking factors in the fuel plates of a standard BR2 fuel element calculated 
with MCNP. 
Figure 2. Power and flow limits in HEU – fuelled core, calculated by PLTEMP. 
Figure 3. Heat flux and flow limits in HEU – fuelled core, calculated by PLTEMP. 
Figure 4. Fuel-to-clad interface outer temperature vs. maximum heat flux in HEU – fuelled 
core, calculated by PLTEMP. 
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                               Fig. 5.                                                                 Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. 
 
Figure 5. Power and flow limits in UMo – fuelled core, calculated by PLTEMP. 
Figure 6. Heat flux and flow limits in UMo – fuelled core, calculated by PLTEMP. 
Figure 7. Comparison of heat flux and flow limits for HEU and UMo – cores at forced flow 
operation conditions. 

 
 

6. Conclusions 
 
Detailed thermal-hydraulics analyses have been performed by PLTEMP/ANL V3.6 code for 
the BR2, HEU and LEU fuelled cores at steady-state operation under the conditions of forced 
flow cooling. The following results were obtained at nominal initial operation conditions, with 
included HCF and actual coolant flow of 10.4 m/s. 

For HEU core:  
- the maximum output power to ONB (Bergles & Rohsenow) is equal to 4.0 MW and to 

4.5 MW (Forster & Greif) for the single phase heat transfer correlation of Sieder-Tate 
and to 3.2 MW (B. & R.) and to 3.6 MW (F. & G.) for the single phase heat transfer 
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correlation of Dittus-Boelter; the power level at which FI (Whittle & Forgan) could 
occur is equal to 11.4 MW for the single phase heat transfer correlation of Sieder-
Tate and to 11.3 MW for the single phase heat transfer correlation of Dittus-Boelter; 

- the maximum heat flux to ONB (Bergles & Rohsenow) is equal to 667 W/cm2 and to 
753 W/cm2 (Forster & Greif) for the single phase heat transfer correlation of Sieder-
Tate and to 528 W/cm2 (B. & R.) and to 585 W/cm2 (F. & G.) for the single phase heat 
transfer correlation of Dittus-Boelter; the maximum heat flux at which FI (Whittle & 
Forgan) could occur is equal to 1353 W/cm2 for the single phase heat transfer 
correlation of Sieder-Tate and to 1302 W/cm2 for the single phase heat transfer 
correlation of Dittus-Boelter; 

- the results for the heat flux limits obtained by the code FABREGA are as follows: the 
maximum heat flux to ONB (Bergles & Rohsenow) is equal to 603 W/cm2; 676 W/cm2 
(Forster & Greif) and 1336 W/cm2 at FI (all values are obtained for the single phase 
heat transfer correlation of Sieder-Tate).  

For LEU core:  
- the maximum output power to ONB (Bergles & Rohsenow) is equal to 3.8 MW and to 

4.3 MW (Forster & Greif) for the single phase heat transfer correlation of Sieder-Tate 
and to 3.1 MW (B. & R.) and to 3.4 MW (F. & G.) for the single phase heat transfer 
correlation of Dittus-Boelter; the power level at which FI (Whittle & Forgan) could 
occur is equal to 10.9 MW for the single phase heat transfer correlation of Sieder-
Tate and 10.8 MW for the single phase heat transfer correlation of Dittus-Boelter; 

- the maximum heat flux to ONB (Bergles & Rohsenow) is equal to 657 W/cm2 and to 
744 W/cm2 (Forster & Greif) for the single phase heat transfer correlation of Sieder-
Tate and to 528 W/cm2 (B. & R.) and to 585 W/cm2 (Forster & Greif) for the single 
phase heat transfer correlation of Dittus-Boelter; the maximum heat flux at which FI 
(Whittle & Forgan) could occur is equal to 1350 W/cm2 for the single phase heat 
transfer correlation of Sieder-Tate and to 1317 W/cm2 for the single phase heat 
transfer correlation of Dittus-Boelter; 

 
The comparison of the obtained by PLTEMP power and flow limits for the HEU fuelled core 
with those of FABREGA, has shown that the results of FABREGA are close (lower by ~ 8 %) 
to a PLTEMP solution for single phase heat transfer correlation of Sieder-Tate. For the 
temperature limit of the cladding, Tonb, was obtained that it exceeds the saturation 
temperature of the coolant (Tsat=183° C) by ΔTonb ~ 9.5° C (for Bergles & Rohsenow 
correlation) and by ΔTonb ~ 25° C (for Forster & Greif correlation). These values confirm the 
obtained in the 70's temperature limits for the cladding of HEU with the code of S.Fabrega. 
The main results for the power and flow limits at nominal operation conditions (Pin=1.20 MPa, 
ΔPfuel plates=0.21 MPa; Tin=40° C; V=10.4 m/s) with included HCF are summarized in Tables III 
and IV. The results of the thermal-hydraulics analyses by PLTEMP/ANL V3.6 have shown 
that the power and flow limits in the LEU-UMo fuelled core would increase by about 8% in 
comparison to the HEU core for the same total BR2 reactor power, PBR2=55 MW. 
 
The margins to ONB and to FI have been also determined at conditions of natural circulation 
flow. The following results were obtained: 
For HEU core without-with included HCF: the maximum output power to ONB (Bergles & 
Rohsenow) is equal to 83 kW-48 kW and to 86 kW-50 kW (Forster & Greif); the power level 
at which FI (Whittle & Forgan) could occur is equal to 422 kW-383 kW. 
For LEU core without-with included HCF: the maximum output power to ONB (Bergles & 
Rohsenow) is equal to 84 kW-49 kW and to 87 kW-51 kW (Forster & Greif); the power level 
at which FI (Whittle & Forgan) could occur is equal to 423 kW-386 kW. 
 
 
 
 



Table III. Maximum heat flux [W/cm2] / maximum output power [MW] in BR2 core at nominal 
operation conditions. In brackets is given ΔTonb=Tclad-Tsat (where: Tclad is the maximum outer 
clad surface temperature; Tsat=183°C). 
 

HEU UMo Single phase 
heat correlation 

option 

Correlations for 
margins to ONB 

and to FI FABREGA PLTEMP PLTEMP 

Bergles & 
Rohsenow 

603  
(9.4°C)

666.7 / 4.00 
(10.2°C)

657.1 / 3.78 
(10.0°C)

Forster & Greif 675.6  
(24 °C)

752.6 / 4.52 
(26.8°C)

744.2 / 4.29 
(25.6°C)Sieder-Tate 

Whittle & Forgan 1336.5 1353.4 / 11.42 1349.9 / 10.86 

Bergles & 
Rohsenow − 528.1 / 3.20 

(9.1°C)
527.7 / 3.06 

(9.2°C)

Forster & Greif − 585.3 / 3.56 
(24.5°C)

585.2 / 3.40 
(24.6°C)Dittus-Boelter 

Whittle & Forgan − 1302.3 / 11.26 1316.6 / 10.76 

 
Table IV. Maximum heat flux [W/cm2]/maximum Tclad [°C]/minimum flow rate [m/s]/ minimum 
ONB ratio at nominal operating conditions for PBR2=55 MW. Qmax(HEU)=470 W/cm2 (SAR-
BR2, experimental tests). 
 

HEU  
(PFE=2.58 MW)

UMo 
 (PFE=2.75W)Single phase heat 

correlation option Correlations to ONB 
PLTEMP PLTEMP 

Bergles & Rohsenow 440.0/147.2/7.0/1.42 478.9/155.4/7.6/1.30 
Sieder-Tate 

Forster & Greif 440.0/147.2/7.0/1.57 478.9/155.4/7.6/1.44 

Bergles & Rohsenow 435.4/166.8/9.1/1.20 475.4/177.8/9.9/1.10 
Dittus-Boelter 

Forster & Greif 435.4/166.8/9.1/1.32 475.4/177.8/9.9/1.21 

 
 
7. References 
[1]  S. Fabrega, “Le calcule thermique des réacteurs de recherché refroidis a l’eau” – CEA-R-
4114 (1971). 
[2]  A. P. Olson and M. Kalimullah, "Users Guide to the PLTEMP/ANL V3.6 code", November 
3, 2008, RERTR Program, Argonne National Laboratory. 
[3] A. Beeckmans, H. Lenders, F. Leonard, “Definition du flux de chaleur maximum 
admissible dans les conditionnes normales de refroidissement d’une charge du réacteur 
BR2”, CEN-Euroatom, Dépit. BR2, 72.0616 (1977). 
[4]   E. Koonen, F. Joppen, A. Beeckmans et al. SAR001-BR2, Volume 2: BR2 operation and 
operational safety. March 2002.  
[5]  U -Mo Fuels Handbook. Version 1.0. Compiled by J. Rest, Y. S. Kim, G. L. Hofman ANL 
and M.K. Meyer and S. L. Hayes, INL. RERTR-ANL, June 2006. 



ROLE OF RELAP/SCDAPSIM IN RESEARCH REACTOR SAFETY -  RRFM 2009 
 

1 
 

ROLE OF  
RELAP/SCDAPSIM IN RESEARCH REACTOR SAFETY  

 

C. M. ALLISON, J. K. HOHORST,  
Innovative Systems Software, LLC 

Idaho Falls, Idaho 83404 USA 
iss@relap.com 
A. J. D’ARCY 

South African Nuclear Energy Corporation (NECSA) 
Pretoria, South Africa  
alan@necsa.co.za 

 
 
 
 
 

ABSTRACT 
 

The RELAP/SCDAPSIM code, designed to predict the behaviour of reactor systems during 
normal and accident conditions, is being developed as part of the international SCDAP 
Development and Training Program (SDTP).  SDTP consists of more than 60 organizations 
in 28 countries supporting the development of technology, software, and training materials 
for the nuclear industry.  The program members and licensed software users include 
universities, research organizations, regulatory organizations, vendors, and utilities located in 
Europe, Asia, Latin America, Africa, and the United States.  Innovative Systems Software 
(ISS) is the administrator for the program.  RELAP/SCDAPSIM is used by program members 
and licensed users to support a variety of activities.  The paper provides a brief review of the 
applications of the code to the simulation and analysis of research reactors in the United 
States, Europe, Asia, and Africa.  An example showing the application of the code to the 
SAFARI-1 research reactor in South Africa for licensing analysis and for use in an operator 
training simulator (SAFSIM) is included in the paper. 
 
1.0  Introduction  
 
The RELAP/SCDAPSIM code, designed to predict the behaviour of reactor systems during 
normal and accident conditions, is being developed as part of the international SCDAP 
Development and Training Program (SDTP) [1,2].  SDTP consists of nearly 60 organizations 
in 28 countries supporting the development of technology, software, and training materials 
for the nuclear industry.  The program members and licensed software users include 
universities, research organizations, regulatory organizations, vendors, and utilities located in 
Europe, Asia, Latin America, Africa, and the United States.  Innovative Systems Software 
(ISS) is the administrator for the program. 
   
Three main versions of RELAP/SCDAPSIM, as described in Section 2, are currently used by 
program members and licensed users to support a variety of activities.  
RELAP/SCDAPSIM/MOD3.2 and MOD3.4 are production versions of the code and are used 
by licensed and program members for critical applications such as research reactor and 
nuclear power plant applications.  The most advanced production version, MOD3.4, is also 
used for general user training and for the design and analysis of severe accident related 
experiments such as those performed in the Phebus and Quench facilities.  In turn, these 
experiments are used to improve the detailed fuel behaviour and other severe accident-
related models in MOD3.4 and MOD4.0.  MOD4.0 is currently available only to program 
members and is used primarily to develop advanced modelling options and to support 
graduate research programs and training. Section 3 highlights various research reactor 
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applications.  An example showing the application of the code to the SAFARI-1 research 
reactor in South Africa for licensing analysis and for use in an operator training simulator 
(SAFSIM) is included. 
 
2.0 RELAP/SCDAPSIM 
 
RELAP/SCDAPSIM uses the publicly available RELAP/MOD3.3[3] and 
SCDAP/RELAP5/MOD3.2[4] 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 members of the SDTP. These 
enhancements allow the code to run faster and more reliably than the original US NRC 
codes.  MOD3.4 and MOD4.0 can also run a much wider variety of transients including low 
pressure transients with the presence of non-condensable gases such as those occurring 
during mid-loop operations in LWRs, in pool type reactors, or in spent fuel storage facilities.    
The most advanced version of the code, RELAP/SCDAPSIM/MOD4.0[5], is the first version 
of RELAP or SCDAP/RELAP5 completely rewritten to FORTRAN 90/95/2000 standards.  
This is a significant benefit for the program members that are using the code for the 
development of advanced models and user options such as the coupling of the code to other 
analysis packages. Coupled 3D reactor kinetics and coupled RELAP/SCDAPSIM-SAMPSON 
[6] calculations are examples where MOD4.0 is used because of a significant reduction in the 
code development effort and expense to link the packages.  MOD4.0 also includes advanced 
numerical options such as improved time advancement algorithms, improved water property 
tables, and improved model coding.  As a result the code can reliably run complex multi-
dimensional problems faster than real time on inexpensive personal computers.  Plant 
simulation and integrated uncertainty analysis are among the most important applications 
benefiting from the improved speed and reliability of MOD4.0.  MOD4.0 includes many 
enhanced user options to improve the accuracy of the code or to offer new options for the 
users.  For example, the addition of an alternative material property library designed for Zr-
Nb cladding materials is important for VVER and CANDU reactor designs, particularly for 
severe accident related transients. The addition of an advanced water property formulation is 
important for many transients, in particular those involving super critical water applications. 
 

3.0   RESEARCH REACTOR APPLICATIONS  

 
A combination of RELAP/SCDAPSIM/MOD3.2 and MOD3.4 is being used to analyze 
research reactors.  A brief summary of the early work by several countries was given in 
Reference [6].  The research reactors noted in this paper include (a) the LVR-15 reactor 
located at the Nuclear Research Institute in Rez, Czech Republic, (b) the CARR reactor 
being built in Beijing, China by the China Institute of Atomic Energy, and (c) TRIGA reactors 
located at the Atomic Energy Research Establishment in Dhaka, Bangladesh and National 
Nuclear Energy Agency in Bandung Indonesia. LVR-15 is a light-water moderated and 
cooled pool type reactor with a nominal thermal power of 15 MW. The pool operates at 
atmospheric pressure with an average coolant temperature in the core of 320 K.  The reactor 
also has closed high pressure/temperature loops suitable for testing of materials under PWR 
and BWR conditions. The reactor core is composed of several fuel assemblies of Al-U alloy 
arranged in square concentric tubes.  CARR is a tank-in-pool design, cooled and moderated 
by light water and reflected by heavy water. The rated power is 60 MW. The core consists of 
plate-type fuel assemblies of Al-U alloy. The Indonesian and Bangladesh TRIGA reactors are 
pool type reactors with 2 MW and 3 MW thermal power respectively.  The reactor cores are 
composed of solid U-ZrH fuel rods arranged in a hexagonal array and are cooled by water in 
either forced or natural circulation, depending upon the conditions. 
 
More recently, the analysis of two additional reactor types have been reported in References 
7-9.  The first is for the SAFARI-1 research reactor located in South Africa [7,8].  The second 
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is the University of Missouri Research Reactor located in the United States [9].  The SAFARI-
1 research reactor is a tank-in-pool type reactor operated at a nominal core power of 20MW.  
The core is cooled and moderated by forced circulation of light water.  The reactor core can 
be operated in a variety of configurations from 24 to 32 fuel assemblies. Figure 1 shows an 
example of one such configuration.  The fuel is U-Si-Al plate-type fuel elements.  MURR is a 
10 MW pool type reactor design with a pressurized primary coolant loop to cool the fuel 
region. The pressurized primary system is located in a pool allowing direct heat transfer 
during normal operation and transition to natural convection under accident conditions. The 
reflector region, control blade region, and center test hole are cooled by pool water (natural 
convection). 
 

 
Figure 1: SAFARI-1 Reactor Core Configuration. 

 
 
Because of the unique reactor designs, the RELAP/SCDAPSIM input models were 
developed separately by each organization and include a range of different nodalizations as 
presented in the reference papers.  However in general terms, the RELAP/SCDAPSIM input 
models include all of the major components of each reactor system including the reactor 
tank, the reactor core and associated structures, and the reactor cooling system including 
pumps, valves, and heat exchangers. The secondary sides of the heat exchanger(s) are also 
modelled where appropriate.  These input models were qualified through comparison with 
reactor steady state data, with original vendor safety analysis calculations where available, 
and with experiments in a limited number of cases.   

 
 
Figure 2 shows the nodalization used for the SAFARI-1 research reactor.  The figure  shows 
the overall system hydrodynamic nodalization with the upper right corner of the figure 
showing the core nodalization.  Note from the insert of the core nodalization diagram that the 
bypass or unheated channels were modelled separately from the heated fuel assembly 
channels.  The core nodalization also included two separate hot plate channels located on 
each side of the hottest plate. 
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Figure 2: RELAP/SCDAPSIM Nodalization of the SAFARI-1 Cooling System. 
 
A wide variety of transients have been analyzed using the code.  Examples are included in 
the references and include reactivity initiated power excursions and loss of flow or coolant 
transients.    
 
RELAP/SCDAPSIM/MOD3.4 is used as the simulation engine for the SAFSIM PC based 
training simulator for SAFARI-1.  The simulator is used as a training tool for reactor 
operators. The main purposes of the simulator is to 1) build operator experience, 2) provide 
operator training at all levels, 3) be a pre-examination for licensed operators, 4) train 
personnel in the setup of operating modes, 5) develop operating and emergency procedures, 
6) analyze operating incidents and occurrences and 7) give the operator a general 
understanding of reactor behaviour under all sorts of fault and accident conditions. Figure 3 
shows the simulator running on a typical PC with dual monitors.  Figures 4a and 4b show 
more detailed pictures of portions of the control panel mimic.  As shown by comparison to 
photographs of the SAFARI-2 control room panel, figures 5a and 5b, the SAFSIM represents 
the main features of the control room control panel and provides a visually realistic image for 
training purposes.  
 
At startup SAFSIM displays the reactor control room with the reactor completely shut down 
and the power supply to the protection mimic switched off. Therefore it is necessary for the 
trainee to go through the startup of all systems before the reactor can be started.  The 
simulator was designed to give a realistic representation of the reactor and includes a very 
detailed representation of the reactor’s control system using a combination of standard 
RELAP5 control systems and reactor-specific coded algorithms which are linked to RELAP5 
for the simulator.  As a result, new operator training or operator retraining, which originally 
required the actual startup and operation of the reactor, can now be done on the simulator. 
The simulator also has an instructor’s panel from which the instructor can give the operator in 
training operational problems and challenges during a simulator session.   Figure 6 shows 
the instructor’s panel display. 
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Figure 3: SAFSIM running on typical PC with dual monitors. 
 

 
 

Figure 4a: Control panel mimic. 
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Figure 4b: Control panel mimic. 
 

 
 

Figure 5a: Actual control room panels. 
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Figure 5b: Actual control room panels. 
 

 
 
 

Figure 6: SAFSIM’s Instructor’s panel display.  
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ABSTRACT 

 
In the frame of safety assessment of research reactor, IRSN studies the 
consequences of reactivity transient so-called BORAX, more precisely it has 
appeared necessary to transpose experiments results to new concept of research 
reactor. For that purpose, the code SIMMER-III, devoted to severe accident 
simulation, has been adapted and validation work on SPERT experiment has been 
done in collaboration with FZK/IKET. The results show that SIMMER is accurate to 
simulate BORAX in a thermal reactor and will be a very convenient tool to transpose 
experimental results to reactor case. Especially the effects of neutronics feedbacks 
will be precisely focused on. Furthermore, specific simulations of the steam 
explosion are computed by a dedicated code developed by IRSN, MC3D. First 
example of MC3D application to BORAX transient is shown. These two main tools 
will allow IRSN to deeply analyse the safety demonstration of JHR reactor as far as 
severe reactivity injection accident is concerned.  

 
1 Introduction  
 
Core disruptive tests carried in the United States in BORAX-I facility in 1954 and in SPERT 
facility in 1962, as well as the accident which occurred on the 3rd of January 1961 have shown 
that a control rod withdrawal in a water moderated pool-type reactor with aluminium plates fuel 
could lead to explosive phenomena. These experiments allowed to understand the 
phenomenology of the transient ([1], [2]). If the reactivity injection is sufficient, the aluminium of 
fuel plates starts to melt, whereas the water of the core remains rather cold, then the fuel 
coolant interaction (FCI) generates the formation of a water steam bubble which expands in 
the primary circuit with pressure waves. That is why the transient can induce:  

• the destruction of a part of the core including experimental devices, which can contain 
non condensable gas, 

• the damage of reactor pool walls, 
• the weakening containment lower part, 
• a water spray and direct release of fission product in the hall of the reactor, 
• a production of hydrogen by the oxidation of aluminium, 
• damage of the upper part of containment, due to the increase of pressure in the hall of 

reactor and eventually an hydrogen deflagration or explosion. 
 
In France, design of research reactor takes into account so-called BORAX transient. For the 
utility, the purpose is to demonstrate that a BORAX transient can not lead to important 
radioactive releases in the environment. Until now this demonstration is based on three main 
assumptions: 

• 135 MJ of thermal energy is released in the fuel, 
• 100% of the fuel melt, 
• 9% of thermal energy is converted in mechanical energy by FCI phenomena; 

These values are mainly extracted from the interpretation of BORAX destructive test. 



 
In 2003, IRSN analysed the safety options of a new project of research reactor to be built in 
South of France: Jules Horowitz Reactor (JHR). At that time it was decided that, because JHR 
design is quite different from BORAX or SPERT design, it could be useful to develop numerical 
tool to transpose experimental results to JHR, in order to status on the hypothesis to be taken 
into account for JHR design [3]. Then IRSN launched a research program with two main goals: 
the first one consists in analysis of the availability of BORAX result for JHR by means of 
numerical simulation of the whole transient, and the second deals with the evaluation of 
consequences of steam explosion on the pool and the hall of the reactor. This research 
program will allow IRSN to deeply analyse the safety demonstration of JHR reactor which will 
be supply by the utility.  
 
2 Overview of IRSN research program on BORAX transient 
 
2.1 SIMMER extensions for research reactor modelling 
 
The SIMMER-III multi-physics code system [4] was initially developed for mechanistic safety 
analyses of liquid metal cooled fast reactors while employing coupled spatial neutron kinetics 
and thermal hydraulics models. The code is interesting for our study because it couples three 
physical fields important for BORAX phenomenology, that is to say neutronics, 
thermohydraulics and structure degradation. In order to analyse the transposition of 
experimental values from BORAX and SPERT experiments to JHR, efforts are under way at 
FZK to extend SIMMER application for specific severe accident phenomena in thermal 
reactors. With this aim the SIMMER neutronics and thermal-hydraulics were extended. 
The original set of SIMMER cross-section processing options and the related data libraries 
was updated [5]. In view of the application to the thermal reactor analyses, 40-group 
cross-sections libraries (10 groups below 1 eV) were generated by means of the C4P code and 
data system [6]. The system includes several fine-group (560 neutron energy groups below 20 
MeV) “master” libraries (including f-factors) stored in the Committee of Computer Code 
Coordination (CCCC) format, which was extended for taking into account properly thermal 
scattering effects. The fine-group data are based on recent evaluated nuclear data files such 
as JEF 2.2, JEFF 3.0, JEFF 3.1, JENDL 3.3, ENDF/B-7. 
A new technique has been developed and implemented into a test version of the SIMMER 
code in order to take into account heterogeneity effects in e.g. water cooled systems with 
pin-type or plate-type fuel, where this effect plays a particularly important role [5], [7]. This 
technique, potentially applied to fast systems too, is based on employing pre-calculated 
parameters. These parameters - effective mean chord lengths (for taking into account properly 
the resonance self-shielding effects) and flux ratios (for taking into account accurately the 
intra-cell neutron flux distribution in space) - are evaluated by means of a reference cell code 
[7]. The aim is building tables of parameters representing one or more relevant reactor states 
to be employed in the neutronics/thermal hydraulics coupled calculations. Further extensions 
of this technique for transients in which fuel relocation occurs are under development. The 
extended SIMMER code system was benchmarked against MCNP and ECCO reference 
codes in a MTR and PWR fuel assembly with respect to criticality and the main reactivity 
effects (Doppler, moderator temperature and void). Results [5], [7] showed a reasonable 
agreement among the codes.  
Besides modifications and improvements in the neutronics part of the SIMMER-III code, a 
plate-type fuel pin model [8] has been implemented to the code for well simulating the 
temperature profile in the plate-type fuels. In order to validate the applicability of the updated 
SIMMER-III code on the disruptive transient analysis of light water cooled plate-type fuel pin 
thermal reactors, SPERT I D-12/25 core disruptive tests [2] have been chosen as the 
benchmark problem. In the SPERT, large reactivity ramp rates were introduced to the reactor 
core to induce short period of power excursions, among which, three tests conducted with 
periods of 5.0 msec, 4.6 msec and 3.2 msec resulted in both thermal distortion of the plate and 
fuel plate melting. All tests performed in the SPERT I D-12/25 facility indicated that the thermal 



expansion and steam formation were the effective shutdown mechanisms. In the referred three 
tests, the inserted reactivity was 2.63$, 2.72$ and 3.55$ respectively.  
SIMMER-III simulations on the three disruptive tests have been performed. In order to well 
model the heat transfer between pin surface and water, coolant channels have been 
sub-divided into several meshes in the radial direction [8], [9]. The initial near zero-power state 
was firstly well simulated in order to build up a proper model for the further simulations of the 
transient tests. As can be seen from Figure 1, comparison between the simulated results and 
the experimental data indicated that neutron flux profiles in the core have been well 
represented. 
 

 
Figure 1: Normalized axial neutron flux profiles at the initial state 

 
The three power excursion tests with different periods showed similar transient developing 
mode. In the tests, reactivity was inserted into the core through the ejection of the transient 
rods which located in the core center. In SIMMER-III simulations, inserted reactivity was 
defined directly with a certain ramp rate instead of the modelling of the transient rods’ 
movement. As will be presented in more detail in reference [8], SIMMER-III has well simulated 
transients of the power, released energy as well as temperatures in all the three cases. Figure 
2 shows that SIMMER-III simulated reactor power and released energy agree well with the 
experimental results in the most disruptive case with a period of 3.2 ms, in which 3.55$ 
reactivity was inserted. Uncertainties in the modelling are still related to the feedback effects 
from local boiling and plate expansion.  
 

  

 
Figure 2: Reactor power and released energy in the case with period of 3.2 ms 

 
2.2 Modelling of steam explosion with MC3D code 
 
A part from SIMMER III work, the MC3D code is used to evaluate the loads induced by a steam 
explosion that might follow a BORAX transient. The MC3D code is a modular numerical tool 
devoted to multidimensional multiphase flow calculations with two main options (named 



"applications") for calculating the coarse mixing between the molten fuel and the coolant 
(premixing) and the consequent explosive interaction [10]. An example of what can be 
computed with MC3D for analysis of BORAX consequences is described hereafter. 
 
In the present case, the premixing phase has not been computed. It is hypothesized that, as in 
the SPERT experiment, the transient is so fast that the core is molten without having a 
noticeable change of geometry. We make then the conservative assumption that the molten 
plates are equivalent to droplets with a diameter equal to fuel plate width. Due to the high 
subcooling and rapidity of the transient, the amount of vapour is supposed to be very small (1 
%), considering only the existence of a small vapour film along the plate. During the explosion 
these droplets are transformed into fragments. The size of fragments is taken equal to default 
value (deduced from experimental data) that is to say 100 microns.  The figure 3 shows the 
propagation of pressure waves in the pool for a case where we do not consider the presence of 
metallic closed vessel inside the pool. The injected energy is 200 MJ. In the core, and on the 
floor, the pressure reaches more than 20 MPa. The loads on the wall are limited to about 6 
MPa during 7 ms thus leading to an impulse of about 0.05 MPa.s. The fine fragmentation of the 
core is found to be complete and last for about 3 ms. The duration of the pressure load is 
related to the height of water above the core and corresponds roughly to the time necessary for 
the pressure wave to reach the water level and a depressurization wave to propagate 
downwards. We also find that a large bubble is created, but, due to the constraint given by the 
important water level, its evolution is limited and its maximum diameter is about 1 m. No real 
important ejection of water out of the pool is computed. 
 

      
Figure 3 : Evolution of the pressure field during the explosion (Δt = 1 ms, colour scale in MPa). 

Thick lines are relative to the level of water fraction (30 %(light blue), 50 %, 70 % (dark blue). 

 
This computation does not take into account aluminum oxidation. Though, beyond some 
threshold temperature, the oxidation in underwater explosions proceeds as fast as the 
fragmentation itself [11] and strongly affects the energetic of the interaction. Epstein and 
Fauske [12] explained this phenomenon with the assumption of non-equilibrium in the 
solidification process of the oxidized phase. Oxidation was observed only with a limited amount 
in the SPERT experiment. However, the threshold temperature for aluminium is around 1500 
K, i.e. for temperatures close to those reached in transients. Currently, MC3D can handle this 
phenomenon only qualitatively due to the uncertainty regarding the amplitude and kinetics of 
the oxidation process. Calculations of the ZrEX experiments [13], led us to the conclusion that 
for the case of zirconium, the characteristic time of oxidation was of the order of some 
milliseconds, but Epstein and Fauske's modelling leads to consider time scales of the order of 
100 µs. Due to the specific geometry involved here, the oxidation can hardly act on the duration 
of the pressure wave, as explained before. Then oxidation mostly acts on the level of the 
pressure. As an example, the case with a grade of oxidation of 10 % during the time of 
interaction (say, first 5 ms), leads to double the pressure load and impulse on the wall. 
Oxidation during a steam explosion is an important topic of research and an improvement of 
modelling for a more mechanistic description is planned for next years. 



 
3 Conclusion 
 
Since a few years, IRSN has started an important work around the modelling of severe 
reactivity injection accident in research reactor. The purpose is to improve the understanding 
of important parameters and phenomenon to be taken into account for the safety 
demonstration. This objective leads to adapt, validate and run feasibility studies with the code 
SIMMER-III. Extensions for SIMMER-III neutronics and thermohydraulics models and 
validation for SPERT were done in cooperation with FZK. The obtained results show that the 
code simulates correctly phenomena during the BORAX transient and is now 
ready to facilitate transposition of experimental results to a reactor case. Next step is then the 
study of the efficiency of feedbacks in new design of research reactor with low enriched 
uranium plates. Moreover the work is completed by MC3D computations for estimations of 
pressure loading on the pool structures. Thanks to these results and in order to evaluate the 
consequences of BORAX transient, further work is foreseen to study the mechanic behaviour 
of pool structure during the accident.  
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Abstract: 
The Nigeria MNSR (NIRR-1) is one of the commercial MNSR facilities installed outside 
China. NIRR-1 was critical in 2004 and has been standardized for routine elemental 
analysis via the relative NAA method and the k0-INAA technique. In order to eliminate 
exposure to radiation dose from movable shields and perform activation within a 
permanently fixed Cd shield, a conceptual permanent Cd lined inside a large outer 
irradiation of NIRR-1 was simulated using Monte Carlo transport code, MCNP5 version 
1.40. Results of neutronics analysis show that the effect of installation of the Cd- liner in 
the outer irradiation channels on core excess reactivity is less than 0.5 mk and the 
uniformity of neutron flux in the co-axially arranged irradiation channels is preserved. 
Data of simulated neutron energy spectrum in the channel with and without the Cd liner 
are presented.  
Furthermore, results of calculated data of Cd-ratios together with advantage factors for 
the determination of I, Br, C and K in one of the outer irradiation channels of NIRR-1 in 
geological samples are presented. 
 
 
Introduction 
Miniature Neutron Source Reactors (MNSRs) are compact low-power nuclear research 
reactors designed and manufactured by the China Institute of Atomic Energy (CIAE), 
Beijing, China. The seven commercial MNSR and the prototype currently operational in 
the world are fueled with highly enriched uranium (HEU). Unlike the commercial 
versions, the prototype MNSR is equipped with a permanent Cd-lined irradiation channel 
(Hou et al., 1996). The Nigeria MNSR is code-named Nigeria Research Reactor-1 
(NIRR-1). NIRR-1 has a tank-in-pool structural configuration and a nominal thermal 
power rating of 31 kW. With a built-in clean cold core excess reactivity of 3.77 mk 
measured during the on-site zero-power and criticality experiments, the reactor can 
operate for a maximum of 4.5 hours at full power (i.e. equivalent to a thermal neutron 
flux of 1x1012 n.cm-2.s-1 in the inner irradiation channels). NIRR-1 has been standardized 
for routine NAA via relative and the k0-standardiation methods (Jonah et al. 2005; 2006; 
2009) Like all MNSR facilities, NIRR-1 is specifically designed for use in neutron 
activation analysis (NAA) but does not have provision for epithermal neutron activation 



 

 
 

analysis procedure (ENAA) except via the use of movable thermal neutron shields. In this 
work, in order to eliminate exposure to radiation dose from movable shields and perform 
activation within a permanently fixed Cd shield, a conceptual permanent Cd lined inside 
a large outer irradiation of NIRR-1 was simulated using Monte Carlo transport code, 
MCNP5 version 1.40. Furthermore, results of calculated data of Cd-ratios together with 
advantage factors for the determination of I, Br, Cl and K in one of the outer irradiation 
channels of NIRR-1 in geological samples are presented. 
 
Materials and methods 
The Monte Carlo N-Particle (MCNP) code and a set of neutron cross-section data were 
used to develop an accurate three-dimensional computational model of current NIRR-1 
core fueled with HEU (Jonah et al., 2007). The geometry of the reactor core was modeled 
as closely as possible including the details of all the fuel elements, reactivity regulators, 
the control rod, all irradiation channels, and Be reflectors. The MCNP code is a general-
purpose code for the transport of neutrons, photons and electrons (Breimester, 2000). The 
neutron energy regime is from 10-11 MeV to 20 MeV for all isotopes and up to 150 MeV 
for some isotopes, the photon energy regime is from 1 keV to 100 GeV, and the electron 
energy regime is from 1 keV to 1 GeV. The simulation of radiation transport in matter 
involves the tracking of particles according to established probabilistic laws, commonly 
known as cross sections. An important feature of the MNCP is capability to calculate kef f 
eigen values for fissile systems. Like input wase executed as KCODE source problem for 
criticality calculations using the MCNP5 code version 1.40, which runs on a Linux 
Cluster in the Computational Reactor Physics laboratory at the Centre for Energy 
Research and Training, Ahmadu Bello University, Zaria. The Linux Cluster consists of 
four personal computers, each with 512 MHz processor speed and 1024 M-Byte RAM. It 
was executed on multiple processors using MPI parallel computing capabilities with 
MCNP5 executables. All jobs were executed with the “TASK n” option made with 
100,000 particles in 400 cycles. One of the basic tally card f4:N, the track length estimate 
in the cell with different energy bins was constructed for the calculation of axial neutron 
flux distributions in the irradiation channels according to the 640 group energy structure. 
An MCNP diagram of NIRR-1 showing a Cd-liner in one of the large outer irradiation 
channels is depicted in Fig. 1. 
According to the Hogdahl convention the Cd-ratio of nuclides of interest can be 
calculated from the expression given in equation 1. 
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Where, 
f is the ratio of thermal-to-epithermal flux ratio determined experimentally, 
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Qo(α) is ratio of the resonance integral (I) to the cross section at 2200 m/s corrected for 
non-ideality of epithermal neutron flux (α) 
Details of the conversion of Qo to Qo(α) can be found in De Corte and Simonits (2003). 
ENAA procedure is employed to reduce the influence of interfering elements with high 
thermal neutron capture cross section in the analysis of elements of interest with high 
resonance integrals. The enhancement of radionuclide of interest is normally expressed as 
the advantage factor (AF), which is calculated as the Cd-ratio [RCD (1)] of interfering 
element divided by the Cd-ratio [RCD (2)] of element of interest. 
  
    (2) 
 
 
Results and Discussion 
Two input decks were constructed for the current HEU core of NIRR-1 with and without 
Cd-liner in one of the large outer irradiation channels. The keff multiplication factors were 
found to be 1.0042±0.0003 and 1.0047±0.0003 respectively. From these data, it can be 
shown that the loss of core excess reactivity due to the presence of the Cd-liner in one of 
the large outer irradiation channel is 0.5 mk.  As such, the effect of installation of a Cd-
liner in one of the large outer channel on reactor excess reactivity is negligible thus 
preserving uniformity of the neutron flux in ten irradiation channels of commercial 
MNSR facilities. Furthermore, data of neutron spectral distribution in 640 group energy 
structure in the large outer irradiation channel with and without Cd-liner are displayed in 
Fig. 2. As can be seen in the figure, the neutron spectral distribution in the channel with a 
Cd-liner is without the thermal neutron energy component with a cut-off energy of 
approximately 0.5 eV. 
In order to further assess the suitability of NIRR-1 for the ENAA procedure,  Cd-ratios 
and the advantage factors were calculated for some elements of interest on the basis of 
the spectrum parameters of an outer irradiation channel of NIRR-1 and the relevant 
nuclear data of nuclides of interest taken from De Corte and Simonits, 2003. Results are 
presented in Table 1 for I, Br, C and K with Na considered as the interfering element. The 
advantage factors obtained were calculated to be greater than unity for the elements of 
interest using the outer irradiation channel of NIRR-1 with the following neutron 
spectrum parameters, f = 48 3±3.3 and α =-0.029±0.003 (Jonah et al. 2005). These values 
are consistent with experimental data obtained by Stuart et al. 1981 using the 
SLOWPOKE-2 reactor at Dalhousie University, Halifax, Canada. Since the advatnge 
factor provides information on the degree to which an element of interest will be 
enhanced, the provision of Cd-lined irradiation channel will lead to improved utilization 
of commercial MNSR facilities.  
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Table 1 Nuclear data and calculated RCd and AF of elements of interest by ENAA using 
an outer irradiation channel of NIRR-1  
 
 
Element Nuclide E (keV) RCd AF 
I 128I 442.9 2.95 28.1 
Br 80Br 616.3 5.04 16.4 
Cl 38Cl 1642.7 72.03 1.2 
K 42K 1524.6 50.76 1.63 
Na 24Na 1368.6 82.86 - 
 



 

 
 

 

 
 
 
Fig. 1 A geometric diagram of NIRR-1 axial plane from MCNP depicting 0.1 cm Cd liner 
in a large outer irradiation channel  
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Fig. 2 MCNP simulated energy-dependent neutron flux distributions in outer channl of 
NIRR-1 with and without Cd-liner 
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ABSTRACT 

  

We present the time averaged temperature distribution of the fuel in the FRM II 

over a full operation cycle. Because of the single fuel element design the power 

distribution over the cycle changes clearly as the single control rod moves more 

and more away from the core centre. Any evaluation of the time averaged tem-

perature distribution must take this into account. Therefore the early developed 

module sequence Mf2dAb that led to the design of the fuel element of FRM II, 

was used to predict the power density distribution for different time steps of now 

fully 60 days of full power operation. For any of this time steps there was per-

formed a quasi static temperature evaluation over and through the full fuel plate of 

FRM II compact core that is cooled with a typical inlet temperature of the primary 

light water cooling circuit. As a result it can be given the location of the hot tem-

perature maximum, now at different burn up states (or cycle averaged) and not 

only for the moment of reactor start (BOC) that is the main point of regard for re-

actor safety evaluations. 

1 Introduction 

From the beginning TUM followed different ways of solutions [1][2] for the development of a high density 

UMo fuel for reduced enrichment of FRM II. One of our contributions to monolithic fuel was a principal 

design study for a FRM II core and ended up, besides all the fabrication questions, with the proposition of a 

thickness gradient of the monolithic UMo foils [3] to avoid too high temperatures. Among others any study 

for a new core for FRM II needs a careful evaluation of its spatial and timely temperature evolution in the 

course of the burn-up during operation. 

For the FRM II with the actual U3Si2 fuel the nominal values of maximum temperature at the cladding sur-

face are given with 98°C for BOL (‘begin of life’). Including exactness margins of the calculations a maxi-

mum temperature of 119°C at the cladding surface is mentioned in the safety assessment of the FRM II core. 

With a MEU core the maximum temperatures are expected to tend generally to slightly higher values. 

The particular question is now about the evolution of the maximum temperature points in the course of a full 

operation cycle. Since 2008 this is for FRM II the extended operations cycle of 60 full power days (FPDs). 

Precicely because it seems that the swelling behavior of the UMo fuel is much more temperature dependant 

than with the current U3Si2 fuel [4] particular attention has to be paid to the temperature evolution during 

burn-up of the single fuel element. 

2 Fuel cycle neutronic calculations for FRM II 

TUM developed a very detailed module sequence Mf2dAb, that led to the single fuel element core design of 

FRM II [8]. One of the major aspects during the conception phase was the start reactivity but of same interest 

and indivisible from each other were the topics reactivity loss and power distribution during core burn-up, 

covering the full reactor cycle. This burn-up procedure shall be depicted here rather shortly. 

2.1 Burn-up procedures and flux determination 

a) The core was therefore partitioned into 7*10 radial/axial burn-up zones 



  

b) There were included the following relevant fission products for build up and burning:   

U-234,PU-241,PU-242,ZR-95,NB-95,MO-95,MO-99,MO-100,TC-99,RU-101,RU-102,RU-103, 

RH-103,RH-105,PD-105,AG-109,J-131,J-135,XE-131,XE-133,CS-133,CS-134,CS-135,CE-141,CE-

143,PR-141,PR-143,ND-143,ND-145,ND-147,ND-148,PM-147,PM-148,PM-148m,PM-149,SM-

150,SM-151,SM-152,SM-153,EU-153,EU-154,EU-155,EU-156,EU-157,GD-157,ND-146.  

c) Other isotopes/actinides were added to the library particularly for the compact core calculation:   

KR-83,MO-97,CD-113,I-129,LA-139,ZR-93,NP-237,NP-238,NP-239,U-237,PU-238 

d) For the more relevant nuclides on the neutron balancing there was provided not only a change of the 

spectrum with time but also with each radial zone position:  

Al-27,Si-28,U-235,U-238 for the fresh fuel plates  and 

U-236,PU-239,PU-240,XE-235,SM-249 for the more or less direct products  

With respect to the general model of flux determination it shall be mentioned that: 

o With burn-up the control rod (CR) is drawn out of the core more and more, what changes the flux 

and power distribution in the core. A vertical 'control rod position search mode' was introduced into 

the 2D-flux module to find and respect the correct CR position for any time step.  

o Inclusion of all beam holes, irradiation positions, secondary sources etc (the user installations UIs) in 

the heavy water (HW) tank by use of an adapted UI model in the burn-up calculations. The amount 

of HW was reduced slightly and instead beam tube material introduced, smeared in cylindrical ge-

ometry but adapted to different amounts in different radial zones. The overall reactivity loss by the 

structure material and the HW displacement of the UIs were the two values to fit into this model; the 

case to adapt to were really 3d-calculations with very realistic inclusion of all relevant UIs.  

o Besides it were also introduced extra burn-up procedures for a boron ring on bottom of the core and 

another one for the inner Be block at the end of the CR 

As a result there are generated fission power distributions during the fuel cycle. In fact steady state power 

data are produced for the following time steps: 

o 0, 0.5, 3, 10, 20, 30, 40, 48, 52 FPDs and now extended to 60 days of full and enduring operation.  

The burn-up equations are solved for all the 70 core zones with the flux calculation data of the last 

time step.  

2.2 Control rod driveway in operation 

In Picture 1 is shown the CR position as measured during the first ‘no-stop’-cycle #6 in 2006 of FRM II 

compared to the calculated values for 14 time steps of the reactor at operating temperatures.   

  The agreement of the calculated CR operations driveway to the real operations data, that reach the 

end point of 52 days, is quite fine over the whole cycle. This means that not only the control rod (CR) 

position curve is reflected accurately by the DIFF2d flux calculations, but also the burn-up is predicted 

exactly with inclusion of all the details that are followed by the extensive module sequence MF2dAb. The 

calculation shows also a maximum cycle length of 60 days at full power with a CR that is then practically 

fully withdrawn
#
.  

Another result of these steady state critical calculations for FRM II are the power density distributions in the 

core for the different time steps. With the module sequence Mf2dAb running now over 60 days of operation, 

the power density data could be given till the very end of reactor operation. They were used then for the fol-

lowing thermohydraulic calculations. 

FRM II operates at totally 20 MW thermal power. Nearly 93% of the thermal power, that is 18.7 MW, are 

localized between the fuel plates. From the remaining 7% of thermal power a small part is localized again in 

                                                      

#
 Those extra days of operations reserve are meanwhile confirmed exactly with the first operation of full power duration 
over 60 days mid of 2008. 



  

the primary circuit in the central CR region, but most of it outside the primary cooling channel in the heavy 

water (HW) tank and its installations.  

 

 

Picture 1:  

CR driveway calculated and 

measured. The red crosses 

mark the positions given by 

the first ‘no-stop’-operation 

‘cycle 6’ in 2006 of FRM II. 

The blue dots mark the time 

steps of the burn-up 

calculation, that gives in 

parallel the power distribution 

data as input for the 

thermohydraulic temperature 

evaluation with the code NBK. 

 

 

 

 

 

 

 

 

 

 

3 Detailed temperature evaluation for fuel plates with NBK code 

TUM also developed a tailor-made thermohydraulic code NBK [5][6] for the description of all relevant pa-

rameters during steady state cooling of the fuel element. It has not been used for safety evaluations where 

standardized routines are mandatory. However the code NBK includes details that could not be modeled in 

any of the very few qualified codes that were available at that time. Some of the general features of NBK are: 

a) Full evaluation of the thermohydraulic parameters over the whole length of the cooling channels. 

That means local coolant speed in the channels for the water; local pressure values, pressure drops; 

local heat transfer values and resulting temperatures for the water and the wall surfaces. 

b) Evaluation of the thermohydraulics also with differentiation over the width of the cooling channels 

(the channel edges are also respected). Any 2d-power profile can be regarded.  

The very particular features are: 

c) The 2d-power profiles generated at the former neutronic burn-up calculations can be used and are 

adjusted directly to the 2d-profile of the plates ‘meat’ layer. 

d) Heat transfer over the width of the plates is evaluated. This is important for the plate sides where the 

‘meat’ layer inside ends abruptly and sees more heat transferring aluminum around; again this is of 

clear effect for the ‘meat’ area of FRM II fuel plates, where the uranium density changes abruptly 

from 3 g/cc to the half value. There are several areas of heat transfer, the two claddings, the ‘meat’ 

and the remaining aluminum at the plates sides as well as the edges of the cooling channels which 

are formed by the inner and outer core tubes. All of them are described by finite elements for the 

heat transfer. 

e) The involutes shape of the plates and channels is respected. That is, the heat transfer finite element 

areas in the plates follow the involute shape and are thus not exactly rectangular. Because of this the 

plate ‘meat layer’ sees also different channel areas left and right. 
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Picture 2:  

Original sketch out from [6] to 

illustrate the tailor-made model of 

NBK for thermohydraulic calculations 

between the envolute shaped plates. It 

is shown a cross section of one 

cooling channel between two plates at 

the area of uranium density stepping 

(3.0 and 1.5 g/cc, s. arrow). The 

cooling channels are divided horizon-

tally each into about 60 threads. Any 

thread sees a different heating from 

left and right side. What is not shown 

here are the finite elements in the 

cladding and the ‘meat’ layer which 

have the same edges as the threads and can transfer heat in both directions of the drawing.  

 

As long as the channel width is kept constant (as done here) there may not be regarded any mass exchange or 

friction between the channels. The threads are adjusted to the same pressure value at any height.  

For the actual work the code was now adapted for: 

f) Running different states of operation in series. The time steps to be used were now the same as those 

given by the former neutronic calculations, that simulated now 14 time steps from begin to end of the 

fully 60 FPDs operation of FRM II.  

The temperatures at the surfaces and in the coolant can now be written by the NBK code (together with the 

calculated channel dimensions) to a specific file and in series for all calculated time steps.   

 

4 Results 

Next a program for displaying the data has been adjusted to read the values written by the NBK code and to 

show the single temperature profiles for any of the time steps as well as an adapted integral, or better aver-

aged value profile. This is shown next. 

There where taken rather conservative values for the operation during the calculated cycle. The water inlet 

temperature was fixed to 38°C. The velocity of the coolant between the plates was taken to be 17.5 m/s in 

average and the heat transfer coefficient was taken by the formula from Colburn with a wall temperature 

correction. The formula showed best results in comparable cases [7].  

The main result of this work is a more moderate maximum value for the time averaged wall temperature: 

• The temperature maxima are fairly smoothened in contrast to the power density with sharp peaks, 

that are input data here for the thermohydraulic NBK code. 

• There exist two regions on the plates of practically the same maximum time averaged tempera-

ture. Both maximum show up to be rather broad and are located at a height between -5cm and –

20 cm relative to the core center plane. The first maximum is close to the inner side of the chan-

nel and the second one more to the channel center slightly inside the edge where the uranium 

density stepping occurs (about fluid element 45 in Picture 2).  

• The time averaged maximum temperatures for FRM II are calculated to be nominally 85°C when 

taking conservative water inlet temperatures of 38°C.  

 



  

Fig. 3:  

Surface temperature over the width  

of the typical fuel plate of FRM II  

averaged over a whole cycle of  

60 days of full power operation.   

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Next is shown the evolution with time of the temperature profile of the hot fluid element at a width in the 

channel of 5.0 cm (compare Fig. 3): 

• NBK calculated the absolute maximum values to lie at the bottom borders over an extent of the 

plates of only some mm (height =-35cm in Fig. 4). But this is not fairly true when respecting also 

the axial heat transfer in the plates, which cannot be neglected at the plate ends.   

  The description of NBK shows the typical effect of heat transfer in the plates at the meat 

edge, where a clear local maximum in the power distribution occurs over a few mm only. The 

peak is fairly drawn down and in the actual case it will be not higher than the broad maximum 

value inside at the plate surface. This can also be confirmed by plausibility considerations. 

• At reactor start the power in the inner core region is shoved down by the CR being present above 

-7 cm (relative to the core mid plane CMP). The hottest point at the plates is located down at 

about -20 cm and reaches slightly more than 90°C.   

• With operation time during a cycle the hottest point at plates surface moves up towards the CMP 

and becomes clearly cooler, about 80°C till the operation cycle end at 60 FPDs. The CR is then 

nearly totally removed and the power density is rather symmetrically around the CMP, although 

the temperatures remain higher at the bottom side, since the coolant water comes from the top. 



  

Fig. 4:   

Evolution of the   

temperature profile of the   

hot fluid element at a width  

in the channel of 5.0 cm  

(compare Fig. 3) at the  

surface of the typical fuel plate  

of FRM II over the extended   

cycle of 60 days (full power  

operation at 20 MW).   

At BOC the power in the inner   

core region is shoved down with  

the CR being present above  

-7 cm. At EOC the CR is 

nearly totally removed and the 

power density is rather 

symmetrically around the CMP, 

although the temperatures 

remain higher at the bottom 

side, since the coolant water 

comes from the top.  

 

 

 

 

 

 

  

  

  

  

  

  

 

SUMMARY / OUTLOOK 

This work establishes the evolution with time of the surface temperatures of FRM II fuel plates over a full 

operation cycle. One can derive a time averaged maximum temperature that is clearly lower than established 

for cycle start. The maximum value in time average is not higher than 85°C even when taking some conser-

vative values for the coolant conditions. For the conversion of FRM II those studies will be repeated for any 

option of future high density fuel element design.   

  The results presented here can be helpful in case the fuel of final selection exhibits an obvious tem-

perature dependence at irradiation tests. The latest UMo test irradiations of TUM [2] covered already the 

maximum wall temperature range up to about 100°C.  

 

REFERENCES 

[1] Proceedings of “International Meetings on Reduced Enrichment for Research and Test Reactors RERTR-

2006”, Cape Town, South Africa, several contributions therein.  

[2] “Reduced enrichment program for FRM II, status of 2006”, 11th International Topical Meeting on Research 

Reactor Fuel Management, RRFM 2007, Lyon, A. Röhrmoser, W. Petry 

[3] “Reduced enrichment program for FRM II, actual status & a principal study of monolithic fuel for FRM II”, 

10th International Topical Meeting on Research Reactor Fuel Management, A. Röhrmoser, W. Petry, RRFM 

2006, Sofia 



  

[4] “Test Irradiations of Full Sized U3Si2-Al Fuel Plates up to Very High Fission Densities”, K. Böning, W. Petry, 

2008, Journal of Nuclear Materials 

[5] “Investigations on the cooling of a compact core for a research reactor”, A. Röhrmoser, diploma thesis at TU 

Munich, 1984 

[6] “Investigations on the cooling of a compact core with involute fuel plates”, Chr. Döderlein, thesis at TU Mu-

nich, written in German, 1989 

[7] “Safety report for High flux reactor RHF”, Volume 4, Institute Laue-Langevin, ILL, Grenoble 1972 

[8] “Physics of the Munich Compact Core Design”, RERTR Conference 1988, San Diego, K. Böning, W. Gläser, 

A. Röhrmoser 

 



UPSCALING CABRI CORE KNOWLEDGE FOR A NEW SAFETY 
CASE 

 
 

J. ESTRADE, G. RITTER 
CEA/Direction de l’Énergie Nucléaire/DER/SRES. 

Bt 721. Cadarache, 13108 St Paul Lez Durance, FRANCE 
 

D. BESTION 
CEA/Direction de l’Énergie Nucléaire/DER/SSTH. 

Bt 501. 17, Av. des martyrs. 38054 Grenoble, FRANCE 
 

J-CH. BRACHET 
CEA/Direction de l’Énergie Nucléaire/DMN/SRMA. 

Bt 357. 91191 Gif sur Yvette, FRANCE 
 

Y. GUÉRIN 
CEA/Direction de l’Énergie Nucléaire/DEC/SESC. 

Bt 151. Cadarache 13108 St Paul Lez Durance, FRANCE 
 

O. GUÉTON 
CEA/Direction de l’Énergie Nucléaire/DER/SPRC. 

Bt 238. Cadarache 13108 St Paul Lez Durance, FRANCE 
 
 
 
 

ABSTRACT 
 

The CABRI experimental reactor is located at the Cadarache nuclear research 
center, southern France. It has been successfully operated by CEA during the last 
30 years, enlightening the knowledge of FBR and LWR fuel behaviour during RIA 
and LOCA transients. This operation was interrupted in 2003 to allow for a whole 
facility renewal programme. The main goal of this reconstruction project is to meet 
thermal hydraulics parameters identical to LWR standard and downgraded 
conditions. For this, the sodium cooled experimental loop is now being replaced by 
a pressurized water loop. 
In addition, several key safety issues of the facility have been revisited in order to 
defend a comprehensive safety case before the safety authority. First item in the 
case is of course the core. The aim of this paper is to present the path leading to a 
new core operations domain through expertise, mechanical tests and numerical 
computations. 
The project is funded by IRSN through the CABRI International Programme (CIP) 
framework. 

 
 
 
1. Introduction 
 
The CABRI facility is made of a pool type reactor in which a dedicated pressurized water 
loop allows to control phenomena relevant to the single experimental rod during the 
transient. The core is basically a neutron oven, generating fissions in the experimental rod 
located in its centre. A vertical channel symmetrical across the core allows the hodoscope, a 
unique neutron digital camera, to monitor the course of fissions in the experimental rod along 
the experiment. 
 



The core is made of 1488 stainless steel clad fuel rods with a 6% 235U enrichment. These 
rods are inserted in 5 types of sub-assemblies. The reactivity is controlled via 6 bundles of 23 
Hf rods. 
 

 
Fig 1.  Principle of operation of the CABRI facility 

 
Eventually, the key feature of the CABRI core is its reactivity injection system. 
This device allows 96 tubes filled with 3He (major neutron absorber) up to a pressure of 15 
bars and located among fuel rods to depressurize very fast in a discharge tank. The absorber 
ejection translates into an equivalent reactivity injection possibly reaching 4$ within a few 
10ms. The power consequently bursts from 100 kW up to ~20GW in a few ms and decreases 
just as fast due to the Doppler effect and other delayed reactivity feed-backs. The 
experimental simulation of RIA the CABRI core provides to the experimental rod is of course 
also withstood by the driver core fuel rods. 
This feed core fuel rods were designed in the early 1970’s to operate in these very 
demanding conditions. 
The facility renewal programme started in 2003 allowed for sharp examination of core fuel 
rods which revealed a local and partial fusion in one of the hot rods. A level 1 incident was 
declared to the safety authority. The up scaling of the CABRI core safety case had just 
started. 
 
 
2. A new domain for operation 
 
The allowed domain for operation was determined both by a maximum fuel temperature and 
a maximum heat flux to the coolant. These criteria were not coherent with actual core 
operating conditions and thus were replaced by a new set of limits. The features now 
describing the core fuel rod behaviour are the clad maximum temperature and strain as well 
as the fuel maximum temperature. The new domain for operation (cf. fig. 2) is now consistent 
with the confinement function allocated to the core fuel rod cladding. 
 



 
Fig 2.  New domain for operation 

 
 
3. Validation of core behaviour through expertise, dedicated experiments 

and numerical computations 
 

Understanding past CABRI experimental programmes 
 
After that the evidence of a local fusion was uncovered, a comprehensive analysis was 
started to analyse the cause of this event. The investigation included destructive rod 
examinations, a full characterization of fuel pellets and a very large programme of 
computational simulations of past experiments according to three key viewpoints. The study 
was based on cutting edge thermal hydraulics, reactor physics and mechanics. According to 
this enquiry the fusion event seems to have occurred during a ramp type of test. This type of 
test will not be performed anymore in the future. 
 

Safety assessment for future experimental programmes 
 
The ability to meet past experimental conditions by numerical simulation was a first step 
towards proving the control of future programmes. An additional mechanical tests campaign 
was conducted onto the clad of used and fresh rods. The goal of this operation was to 
determine maximum stress conditions for the clad. It thus allowed defining the maximum 
tolerable strain and temperature in the clad. The numerical simulation action launched to 
understand the past was also extended to demonstrate the capacity to meet experimental 
objectives while remaining within a safe perimeter. The thermal hydraulics models were 
validated in that perspective on a set of experiments typical of CABRI conditions. Eventually, 
the hot rod behaviour during future CABRI like tests was computed according to best 
estimate and conservative hypotheses. It showed future experiments would not take the rods 
beyond the safety domain. 
 



4. Commissioning the facility for the upcoming CIP series 
 
Re-starting CABRI after 6 years without experiments will come up through a dedicated 
procedure. All core physics features will be tested step by step, bottom up, until full 
confidence is acquired on the safety of the facility. The main characteristics will be validated 
during two key phases, i.e. neutron commissioning and power commissioning, described 
hereafter. 
 

Neutron commissioning 
 
During these tests the reactivity will be monitored in a static mode either by control rods level 
difference or by 3He pressure difference. The integral and differential rods and 3He reactivity 
worth will be measured. An attempt to monitor slow dynamics reactivity feedbacks like 
moderator or coolant effect should be initiated. But also during the power bursts an effort will 
be dedicated to retrieve an assessment of the Doppler effect. Eventually, the main 
parameters to be measured in CABRI are of course the weight of delayed neutrons and the 
neutron lifetime β and  l. 
 

Power commissioning 
 
The absolute power module will be measured at medium power by a usual heat balance. 
This will allow the calibration of experimentalists and facility operators ion chambers. During 
the power burst and as there can be no heat balance at such a power level, it will be 
necessary to rely also on an integration methodology corresponding to a dosimetry 
experiment. This power integration will be compared to the energy integrated by the ion 
chambers during the peak of power. The coupling between core and experimental rod should 
be determined through a set of dosimetry measurements. The nature and location of 
dosimeters should be optimized in order to assure the best measurement. 
The last phase of power commissioning will proceed through a progressive pattern in order 
to remain conservatively within the new safe operations domain. This so-called start-ups 
phase will consist in power bursts initiated by the reactivity insertion system. The key 
parameters of this device are the 3He pressure and the 3He valves aperture, respectively 
determining the maximum injected reactivity and the maximum injection rate. In that 
perspective, these crucial factors will be increased stepwise from  to  as in figure 3. 
 

PHe

XValve aperture

PHe

XValve aperture  
Fig 3.  Experimental start-ups commissioning pattern 

 
5. Conclusion 
 
This paper presents how the CABRI core safety case was upgraded. It introduces past and 
future operation domains. It also reminds how the understanding of the past presented the 
conditions leading to a partial and local fusion event. Eventually, the assessment of the core 
fuel rods behaviour during the future experimental programme through numerical simulations 
showed it would remain well within a safe perimeter. 
When the core is ready to start commissioning under standard conditions, all possible 
parameters will be progressively checked while in operation to make sure that pre-test safety 
assessments were correct. 
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ABSTRACT 
 

The University of Missouri Research Reactor (MURR), the highest-powered (10 MWth) 
University-operated research reactor in the U.S., is a pressurized, reflected, open-
pool-type, light-water moderated and cooled, heterogeneous system that provides a 
broad range of analytical, radiographic, and irradiation services to the research 
community and the commercial sector. 
 
The International Institute of Nano and Molecular Medicine (IINMM) at the University 
of Missouri (MU) has begun a new research effort to increase the catalogue of boron 
delivery agents for boron neutron capture therapy (BNCT).  In support of this effort the 
MURR and Idaho National Laboratory (INL) have designed and constructed a new 
thermal neutron beam facility for small animal BNCT.  The thermal neutron beam 
facility is designed around a 15.24 cm (6 in) diameter beam tube that extends radially 
from the beryllium reflector.  The design uses single-crystal silicon and bismuth 
sections to produce a thermal neutron beam while minimizing the dose from reactor 
gamma rays.  Initial parameter studies and design calculations were preformed using 
the computer codes MCNP5 and DORT.        
  
The calculated and measured thermal neutron flux produced at the irradiation location 
is 9.8 x 108 n/cm2-s, with a measured cadmium ratio (Au foils) of 136.8, indicating a 
well-thermalized neutron spectrum with sufficient thermal neutron flux for a variety of 
small animal BNCT studies.  The calculated combined epithermal and fast neutron 
kerma of the beam is approximately 1.0 x 10-11 cGy-cm2, and the calculated incident 
gamma kerma is approximately 4.0 x 10-11 cGy-cm2.   

 
I.  Introduction 
 
The International Institute for Nano and Molecular Medicine (IINMM) at the University of 
Missouri (MU), Idaho National Laboratory (INL), and the University of Missouri Research 
Reactor (MURR) are collaborating in a new research initiative to further the development of 
improved boron neutron capture therapy (BNCT) agents and treatment protocols for a 
broader array of tumor types.   
 
Modern (post-1994) BNCT clinical trials differ from earlier trials largely because of the 
availability of significantly improved, near-optimal, neutron sources and the implementation of 
much more accurate computational and experimental dosimetry, including the required 
analytical chemistry.  In contrast, there have been essentially no improvements in the boron 
containing targeting agents approved for human applications in the past 30 years.  The 
currently available, approved BNCT compounds, while offering some attractive features, are 
still not optimal for the treatment of tumors of interest [1].  A key first step in the development 
of new BNCT agents and treatment protocols has involved the design and construction of a 
thermal neutron beam irradiation facility for cell and small-animal radiobiological research at 
the MURR.  In this paper we present the beamline design and construction with the results of 
pertinent design calculations as well as initial neutronic performance measurements. 



II. General MURR Facility Description and Basic Reactor Design 
 
The MURR is a multi-disciplinary research and education facility providing a broad range of 
analytical and irradiation services.  Scientific programs include research in archaeometry, 
epidemiology, health physics, human and animal nutrition, nuclear medicine, radiation 
effects, radioisotope studies, radiotherapy, and nuclear engineering; and research 
techniques including neutron activation analysis, neutron scattering, and neutron 
interferometry.  
  

                            
 
 
The reactor (Fig. 1 and 2), which is licensed to operate at a maximum steady-state power 
level of 10 MWth, is a pressurized, light-water moderated and cooled, reflected, 
heterogeneous, open pool-type design, which first achieved criticality on October 13, 1966.  
The reactor core is located eccentrically within a cylindrically-shaped, aluminum-lined pool, 
approximately 3.0 m (10 ft) in diameter and 9.1 m (30 ft) deep.  The reactor core consists of 
three major regions: fuel, control blade, and reflector.  The fuel region has a fixed geometry 
consisting of 8 fuel assemblies positioned vertically around an annulus in between two 
cylindrical aluminum pressure vessels.  The control blade region consist of 5 control blades 
operating in an annular gap between the outer pressure vessel and the inner reflector 
annulus.  The reflector consists of two concentric right circular annuluses surrounding the 
control blade region – the inner reflector annulus is a 6.9 cm (2.71 in) thick solid sleeve of 
beryllium metal, whereas the outer reflector annulus consists of vertical elements of canned 
graphite having a total thickness of 22.6 cm (8.89 in).   
 
III. Computational Methods and Modeling of the BNCT Facility 
 
A small animal BNCT beam must provide a thermal neutron fluence of ~1012 n/cm2 at the 
tumor site in one hour.  The beam must also contain minimal reactor gamma ray, epithermal 
and fast neutron contamination to minimize non-specific radiation damage.  Key features of 
the new MURR BNCT facility which help meet these design criteria include the use of a 
single-crystal silicon neutron filter followed by a single-crystal bismuth filter in a manner 
similar to that reported by Kim et al. [2], but without cryogenic cooling of the crystals.  
Independent deterministic and stochastic models of the coupled reactor core and beamline 
were developed using the two-dimensional radiation transport code DORT [3] and the Monte 
Carlo transport code MCNP5 [4], respectively.  The BUGLE-80 47-neutron, 20-gamma group 
cross section library [5] was employed for the DORT computations, in keeping with previous 
practice at the INL for analysis of a number of other NCT facilities worldwide.  ENDF/B 
Version 6.8 cross section libraries were used with MCNP5, except for two specialized cross 
section sets for the single-crystal bismuth and silicon filters in the MCNP5 calculations that 

Fig 1. Biological shield and beamlines Fig 2. Reactor core assembly 



were provided to MU and INL for this study by the Korean Atomic Energy Research Institute 
(KAERI) [6].   
 
A comprehensive set of scoping calculations were conducted using DORT and, 
independently, with MCNP5, varying the thicknesses of the silicon and bismuth filter sections 
to find an optimum that maximized the thermal neutron flux while maintaining the fast neutron 
and gamma components of the beam within acceptable ranges.  Both the DORT and the 
MCNP beamline optimization computations led to the conclusion that the silicon filtering 
section should be 50-55 cm (19.7-21.7 in) in thickness along the beamline, while the bismuth 
section should be 8-10 cm (3.2-3.9 in) in thickness.      
 

Neutron spectra at the irradiation location, 
computed using the DORT model, are shown in 
Figure 3 for the unfiltered beamline (■), for the 
beamline with 50 cm (19.7 in) of silicon only (▲), 
and for the fully-filtered configuration of 50 cm 
(19.7 in) of silicon and 8 cm (3.2 cm) of bismuth 
(♦).  The spectral shapes computed by MCNP5 
were consistent with the DORT results shown, 
within the MCNP5 statistical uncertainties.  
Modification of the spectrum to reduce the 
above-thermal component relative to the thermal 
component from one case to the next is 
apparent   in   the   spectrum   plots.   The    total  

calculated  thermal neutron flux (0 – 0.414 eV) delivered to the irradiation location by the 
fully-filtered beam with reactor power at 10 MW was approximately 9.6 x 108 n/cm2-s with an 
estimated uncertainty of approximately 10%. The DORT calculations yielded a combined 
epithermal and fast-neutron kerma for the beam of approximately 1.2 x 10-11 cGy-cm2, and an 
incident gamma kerma of approximately 4.0 x 10-11 cGy-cm2.   
 
The anticipated neutron and gamma ray radiation fields in the irradiation position were 
initially estimated using the MCNP5 and DORT scoping calculations.  The gamma dose and 
fast neutron dose were calculated using an F4 tally coupled with the 1977 ANSI/ANS and 
ICRP-21 photon and neutron flux-to-dose conversion factors provided in the MCNP5 manual.  
The gamma and fast neutron doses were calculated to be 2.6 Gy/hr and 2.0 Gy/hr, 
respectively. 
 
IV. Design and Construction of the BNCT Facility 
 
The BNCT facility has been constructed to meet the following three design criteria: (1) the 
thermal neutron beam must support the needs of small animal BNCT experiments, (2) the 
facility must provide adequate shielding for safe and routine operation, and (3) there must be 
systems in place that prevent the facility from being operated in a manner that is inconsistent 
with as low as is reasonably achievable (ALARA) radiation protection practices. 
 
The BNCT facility consists of six main integrated components: the neutron and gamma ray 
filter system; the two beam shutters; the neutron and gamma ray detection system; the 
sample loading system; the gross shielding; and the control system.  The peripheral gross 
shielding, silicon neutron filter, and neutron detectors are static.  The beam shutters 
(vestibule and bismuth boxes), the sample loading system, and the shield lid are operated by 
the experimenter using a control panel stationed near the BNCT facility.  The control panel 
interfaces to a programmable logic control (PLC) board that, during routine operation of the 
facility, restricts the user to the following three configurations: “beam on,” “beam safe,” and 
“sample load.”  These six major components of the BNCT facility are described in the 
following paragraphs.   
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Fig 3. Computed neutron spectra 



 
 
 
(1) The neutron and gamma ray filter system:  This system consists of a 50 cm (19.7”) length 
of single-crystal silicon and an 8 cm (3.2”) length of single-crystal bismuth.  The silicon crystal 
is housed within the beamport collimator liner which is installed in the 20.32 cm (8”) cutout 
section of Beamport ‘E.’  The bismuth crystal is housed in a rotating drum within the bismuth 
box outside of the biological shield, adjacent to the vestibule box.  
 
(2) The beam shutters:  The beamline shutters are positioned within the vestibule box and 
the bismuth box.  The vestibule and bismuth boxes each consist of an automated rotating 
drum assembly that allows the researchers to turn the beam on and off.  The vestibule box 
drum consists of, starting on the reactor side, a 2.54 cm (1.0 in) steel plate, a 0.635 cm (0.25 
in) boral plate, a 11.43 cm (4.5 in) Pb plate, a 1.27 cm (0.5 in) steel sprocket, 7.62 cm (3.0 in) 
of polyethylene, a 2.54 cm (1.0 in) Pb plate and a 2.54 cm (1.0 in) steel plate.  The drum 
rotates into an open position for “beam on” and a closed position for “sample load” and 
“beam safe.”  Rotation of each drum is controlled by a fiber optic limit switch.   
 
(3) The neutron and gamma ray detection system:  The detection system consists of four 
rhodium self-powered neutron detectors (Rh-SPND), two fission chambers and in some 
experiments a set of FarWestTM paired ion chambers.  The Rh-SPND detectors are mounted 
on the reactor side of the vestibule box.  The fission chambers are located inside the detector 
housing between the vestibule box and the bismuth crystal.  The paired ion chambers, when 
used, are mounted in the irradiation chamber and are used to measure the neutron and 
photon dose at the sample position. 
  
(4) The sample loading system:  The sample loading system is designed to reproducibly 
place targets in the irradiation position and minimize the gamma and neutron radiation fields 
that researchers are exposed to in the “sample load” position.  The irradiation chamber is 0.9 
m (3 ft) wide and extends 0.9 m (3 ft) from the bismuth crystal housing.  The loading system 
is designed around a TL LS4-24 hydraulic lift table manufactured by Southworth.  The lift 
table is used to raise and lower a beam stop that incorporates approximately 910 kg (2000 
lbs) of heavy concrete into the beam path during the “beam safe” and “sample load” 
positions.  In the “beam on” position the lift table collapses to the floor, placing the sample 
position reproducibly into the beam.   
 
(5)  The gross shielding:  The gross shielding design was largely based on prior facility 
experience and MCNP5 scoping calculations of neutron and gamma ray radiation fields.  The 
large, periphery shield blocks are constructed of a steel frame, re-enforced with rebar and 
filled with a seven bag concrete mix provided by the MU campus.  Whenever structurally 
possible the shield blocks that face the irradiation chamber were constructed of bare 

Fig 3.  Detailed view of MURR BNCT facility, shown in the “sample load” configuration 



concrete covered with sheets of 1.27 cm (0.5 in) thick borated flex panel (9% boron by 
weight) or 0.3175 cm (0.125 in) thick flex boron shielding (25% boron by weight).  The 
borated flex panel and flex boron shield have thermal neutron attenuation factors of 400 and 
273, respectively.  The borated flex panel and flex shielding materials were used to reduce 
neutron scatter within the chamber, minimize neutron activation of the chamber walls, and 
reduce the production of high energy prompt gamma rays from hydrogen. 
 
(6)  The control system:  The control system is designed to operate the beam in a safe and 
reproducible manner using mechanical and software interlocks.  Under normal operation the 
BNCT facility has three available configurations which are outlined in Table 1.   
  

Facility Configuration Vestibule Shutter Bismuth Shutter Sample Lift Retractable Lid 

“Beam Safe” Closed Closed Up Closed 

“Beam On” Open Open Down Closed 

“Sample Load” Closed Closed Up Open 
 

Table 1. Configuration in the “beam safe,” “beam on,” and “sample load” positions 
 
V. Gamma and Neutron Dose and Flux Measurements 
 
Initial flux measurements were performed using foils, wires and dosimeters in the following 
four beamline configurations: (1) with an open, unfiltered, beam, (2) with only the bismuth 
filter, (3) with only the silicon filter, and (4) with both the silicon and bismuth filters.  This 
allowed an independent evaluation of the performance of each of the two filter components 
separately, and in combination.  The results are listed in the first four columns of Table 2.  
Final beamline measurements were just recently completed after final configuration of the 
BNCT facility.  Those valves are listed in the final column of Table 2.  The irradiation times 
varied from 5 minutes in the unfiltered beam configuration to a maximum of 10 minutes in the 
filtered beams.   
 
 Unfiltered 

Beam 8 cm Bi 50 cm Si 8 cm Bi +  
50 cm Si 

Final 
Beam 

Saturation Activity, Bare Au 
Foil (Bq/atom) 

1.31 x 10-12 

(5%) 
3.82 x 10-13 

(5%) 
2.38 x 10-13 

(5%) 
8.67 x 10-14 

(5%) 
8.63 x 10-14 

(5%) 
Saturation Activity, Cd covered 
Au Foil (decays/atom-s) 

4.11 x 10-13 

(5%) 
7.49 x 10-14 

(5%) 
3.64 x 10-15 

(5%) 
8.21 x 10-16 

(5%) 
6.31 x 10-16 

(5%) 
Diff. in Saturation Activity, 
Bare-Cd  (decays/atom-s) 

8.95 x 10-13 

(8%) 
3.07 x 10-13 

(5%) 
2.34 x 10-13 

(5%) 
8.59 x 10-14 

(5%) 
8.57 x 10-14 

(5%) 
Measured Thermal Flux 
(n/cm2-s) 

9.80 x 109 

(11%) 
3.36 x 109 

(8%) 
2.56 x 109 

(8%) 
9.40 x 108 

(8%) 
9.80 x 108 

(8%) 
Calculated Thermal Flux from  
DORT (n/cm2-s) 

9.38 x 109 

(10%) 
3.81 x 109 

(10%) 
2.22 x 109 

(10%) 
9.62 x 108 

(10%) 
9.62 x 108 

(10%) 

Cd Ratio (Bare/Cd) 3.18 

(7%) 
5.10 

(7%) 
65.3 

(7%) 
105.5 

(7%) 
136.8 
(7%) 

Wire saturation activity ratio 
(Au/Cu) 36.4 28.4 22.4 22.4 22.1 

 

Table 2. Performance results of the MURR BNCT facility 
 
Gold foils with and without cadmium covers as well as with flux wires composed of natural 
copper alloyed with 1.55% gold by weight were used.  The gold foils were nominally 0.0254 
mm (0.001 in) in thickness and 12.7 mm (0.5 in) in diameter, with masses of approximately 
60 mg.  The flux wires were 1 mm (0.039 in) in diameter and approximately 10 mm (0.39 in) 
in length, each with a mass of approximately 70 mg.   Some scoping measurements to 



estimate the gamma dose rate at the irradiation location were also performed using 
Landauer TLD-100 dosimeters.   
 
The incident gamma and neutron components were also measured using a set of FarWestTM 
paired ion chambers, in keeping with the recommendations of the International BNCT 
Dosimetry Exchange [7].  The gamma dose was measured at 2.26 cGy/min whereas the 
neutron dose was measured at 1.72 cGy/min.   
 
Final gamma and neutron dose rate measurements surrounding the facility were also 
performed while the BNCT facility was in various configurations at 10 MW operation.  In the 
“sample load” configuration, a field of 0.25 mSv/hr gamma and 0.25 mSv/hr neutron exists 
inside the irradiation chamber.  In “beam on,” there is a field of 0.45 mSv/hr neutron on the 
lid, a field of 0.50 mSv/hr gamma on the east shielding blocks, a field of 0.25 mSV/hr on the 
beam axis on the north shield block, and a field of 0.25 mSv/hr on the west side. 
 
VI. Conclusions and Future Work 
 
Parameter studies, design calculations and initial performance measurements have been 
completed for the new BNCT facility.  These results indicate that a more than adequate 
thermal neutron beamline facility has been designed and constructed for BNCT cell and 
small-animal radiobiology studies at the MURR.   Near future work will include small animal 
phantom dosimetery measurements using flux wires and the FarWestTM paired ion 
chambers.  Animal phantoms, containing flux wires, will be placed in the beam and the 
neutron dose will be calculated by taking the ratio of the flux wire activity measured on the 
paired ion chambers with the flux wire activity measured in the phantom.  Kerma factors will 
be applied to calculate the primary biological components of the non-specific neutron dose 
(hydrogen knock on damage n(H,H’)n’, n(14N,p)14C and hydrogen prompt gamma production) 
and the dose from the reaction with 10B.   
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ABSTRACT 
 

At FRM II, a pair of uranium plates can be driven in front of beam tube SR10 where 
they become the source of an unmoderated fission neutron beam. Without 
converter plates, the thermal flux can be used. For the application of fast neutrons, 
the accompanying gamma radiation is normally reduced by a set of lead filters. The 
related standard neutron beam has essentially a Watt spectrum with mean energy 
1.9 MeV. Clinical and biological applications use the high linear energy transfer of 
fission neutrons. Human tumours suitable for neutron treatment are situated near 
to the surface, e.g., head and neck tumours, lymph node or skin metastases from 
various cancer diseases, and chest wall metastases of breast cancer. Fast 
neutrons are also used for radiography and tomography of specimen consisting of 
metal and/or organic substances. Especially hydrogen generates a good contrast. 
Further applications deal with the radiation hardness of electronic components. 
 

 
1. Introduction 

 
Within the moderator tank of FRM II, a pair of highly enriched uranium plates (499 g 235U) 
can be moved in front of the beam tube SR10 (Fig. 1,2).  
 
 

 
Fig 1: Horizontal section of the irradiation facility: 
1 Compact reactor core; 2 D2O moderator tank;  
3 Vertically movable converter plates in a shaft;   
4 Light water zone; 5 He-filled beam tube SR10;           
6 Biological shield; 7 Four revolving shutters;       
8 Position for irradiations with thermal neutrons;  
9 Filter bench; 10 Multi leaf collimator 

 
 

Fig 2: Vertical section of the 
reactor pool with converter facility 

 



The high flux of thermal neutrons from the core induces fission processes and generates fast 
neutrons (conversion). These fission neutrons with mean energy 2 MeV can escape through 
the adjacent beam tube without moderation. At the exit of the beam tube, the beam quality is 
determined by three components: fission neutrons, gamma radiation, and thermalized 
neutrons. Their respective contributions to the beam can be varied. 
 
 
2.  Available beam qualities 
2.1 Thermal neutron beam 
 
When the converter plates are withdrawn from the moderator tank, the beam consists only of 
thermalized neutrons from the reactor core and the accompanying gamma radiation. The flux 
at point 8 in Fig. 2 is 3,9x109 s-1cm-2 with a beam area of 23x18 cm². The cadmium ratio for 
gold foils is greater than 400. 
 
2.2 Fast neutron beam 
 
In order to use fast neutrons, the converter plates are positioned in closest touch with the 
entrance of the beam tube (Fig. 2, point 3). With a converter power of 80 kW, the fast 
neutron flux at the reference point at 5.9 m distance from the source is 7.0x108 s-1cm-2. 
Thermal neutrons originating from the moderator tank are suppressed at the exit of the beam 
tube by a filter consisting of 1 cm B4C (50%) in epoxy. The operation of the uranium 
converter generates also an intense flux of high energy photons which is generally 
unwanted. Therefore, the beam is additionally filtered by 3.5 cm lead what reduces the 
gamma dose more effectively than the neutron dose. This filtering generates the standard 
beam used for medical applications with a fast flux of 3.2x108 s-1cm-2; further details about 
the facility are given in [1]. 
 
The standard neutron beam has a Watt spectrum with a minor addition of epithermal 
neutrons; the mean energy is 1.9 MeV [2, 3]. The fraction of gamma to neutron flux is 
conveniently expressed in terms of energy dose rates measured in a water phantom in 2 cm 
depth where equilibrium of secondary electrons is reached. With a collimator opening of 
9x9 cm², the neutron and gamma energy dose rates on the beam axis are 0.54 and 
0.20 Gy/min, respectively; and the 50% neutron isodose is at 5 cm depth. For non-medical 
applications, the fraction of photon flux to fast neutron flux can further be reduced. With, e.g., 
6 cm lead in the beam, the remaining fast neutron flux is 1.9x108 s-1cm-² at the reference 
point; for radiography and tomography (see section 3.3.2), 11 cm lead are inserted. 
 
 
3. Applications 
3.1 Trace element distribution (thermal beam) 
 
In connection with worldwide efforts to develop suitable compounds for boron neutron 
capture therapy, many boron compounds are investigated as to their specific enrichment and 
sufficient retention period in selected tumours [4]. For this sake, whole body cryosections of 
small animals are fixed on etch track films and irradiated. In this way, e.g., the distribution of 
10B in the tumour model of a mouse can be visualized and evaluated quantitatively. By 
etching of the film a picture as that of Fig. 3 is obtained. Due to the low contamination by fast 
neutrons, the background due to recoil protons is very low; a minimum detectable fraction of 
boron (element) of 0.1 ppm can be reached when counting single tracks. 
 



 
Fig. 3. Scan of an etch track film which was irradiated together with a whole-body section of 
a mouse. The darker the area the higher the concentration of boron. The tumour contains 
about 5 ppm 10B (courtesy of D. Gabel, University of Bremen). 
 
3.2 Medical and biological use (standard fast neutron beam) 
 
Biological and clinical applications are principally motivated by the high linear energy transfer 
(LET) up to 100 keV/µm of fission neutrons. The high LET leads to biological radiation effects 
different from photons of the same energy, e.g., a much weaker dependence of the cell 
deactivation on the oxygenation. The quick energy loss, however, goes hand in hand with a 
low penetration depth, therefore fission neutron therapy is primarily suited for tumours 
situated near to the body surface. 
 
There is already an expertise from 715 patients with tumours who were treated at the fission 
beam of the former research reactor FRM [5-7] until July 2000. The best suited tumours for 
neutron treatment are radiation resistant adenoid cystic carcinoma of the salivary glands, 
head and neck tumours, malign melanoma, lymph node metastases or skin metastases from 
various cancer diseases, and chest wall metastases of breast cancer. In the latter case, the 
steep depth dose curve is an advantage because the radiation dose to the lungs and the 
heart is generally not prohibitive even with vertical incidence. At FRM II since June 2007, 36 
patients have undergone 209 irradiations. 40 % of the patients have been treated with 
(locally) curative intent, the others for palliation.  
 
In parallel to the clinical applications, the dose-response relationship of dicentric 
chromosomes in human lymphocytes for fission neutrons has been investigated at different 
depths in a polyethylene phantom [8]. The dose-response curves for dicentrics suggest a 
significantly lower biological relative effectiveness RBE (compared to 60Co γ-rays) with 
increasing depth (Fig. 4). 

 
Fig 4: RBE of the MEDAPP beam vs. dose at depths of 2 and 6 cm, resp., in a PE-phantom. 



3.3  Materials Characterisation 
3.3.1  Radiation hardness of electronic components 

(fast neutron beam with additional filters) 
 
CMOS sensors, also being referred to as Monolithic Active Pixel Sensors (MAPS), 
demonstrated their ability to serve as sensors for minimum ionising particles (MIPs). They 
represent a novel technology for charged particle tracking in high-energy particle and nuclear 
physics. Small pixel sizes of down to 10x10 µm2 allow unprecedented spatial resolutions and 
a low material budget at the same time. The Technology Laboratory of the University 
Frankfurt, Institute of Nuclear Physics, participates in the R&D, design and construction of 
the vertex detector of the Compressed Baryonic Matter (CBM) experiment (FAIR at GSI 
Darmstadt, Germany). An essential performance criterion in such applications is the radiation 
tolerance of the pixel chip. The detectors are foreseen to operate in close vicinity to the 
primary interaction vertex and exposed to the maximum track density. Moreover, the 
experiments are optimized to measure rare probes such as open charm and, hence, cope 
with very high integral particle fluences. 
 
At FRM II, irradiations were performed with equivalent fluences up to 1013 cm² (1 MeV 
equivalent neutron fluence for silicon according to ASTM standard E 722-04). They proved 
that the latest MAPS generation (MIMOSA-18) may stand more than 1013 neq/cm² 
representing a progress of one order of magnitude with respect to previous designs [9]. 
 
3.3.2 Neutron computerised tomography and radiography (NECTAR) 
 
Radiography and tomography using collimated fission neutrons on objects from different 
fields of applications (e.g., technical objects like turbine blades, archaeological and art 
historical objects, wooden samples as Fig. 5 left) have become a standard application at the 
NECTAR facility located at the rear end of the SR10 beam [10]. 
 
Recently, preliminary measurements for investigation of real-time applications were 
performed successfully using a lead filtered beam with no additional collimator unit [11]. The 
abdication of the collimator results in a decreased spatial resolution (Fig. 5 right) by a factor 
of about two, but an increased fission neutron flux by a factor of about 8. 
 

               
 
Fig 5: Left: Cut through a 3D-CT of a timber using a collimated neutron beam. 

Right: Radiography of a test sample consisting of a plastic can containing a thighbone 
and a polyethylene rod, both covered by water in the lower part, using no collimator. 



Summary 
 
The unique fission neutron facilities MEDAPP and NECTAR, both located at the beam tube 
SR10 at FRM II, offer a wide range of applications in different fields. These are permanently 
extended by intensive use and continuous improvements of the facilities. 
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ABSTRACT 
 

The Radiopharmacy Center of IPEN/Brazil has an established radioisotope 
production program to supply radiopharmaceuticals for use in Nuclear Medicine. 
IPEN has a Research Reactor that nowadays operates at 3.5MW for 64 hours 
continuously. This paper describes the story of the radioisotope production using 
this very reliable Reactor, reporting the radioisotopes produced for routine and also 
for research in the radiopharmacy field. Nowadays it is possible to produce all the 
demand of 153Sm, 50% of the demand of 131I and viability studies were performed 
towards the production of 166Ho, 177Lu and 188W. A 99mTc gel generator was 
developed using the 98Mo(n,γ)99Mo reaction. Several tracers used in 
radiopharmacy development research were produced, such as 122Sb, 124Sb, 85Sr 
and 88Y. A decision of building a Radioisotope Production Reactor in Brazil is about 
to be made in order to nationalize the production and avoid the distribution 
problems that affect the big world producers nowadays.  
 

 
1. Introduction 
 
Nuclear medicine is the field of Medicine that involves the use of small amounts of 
radioactive materials, the so-called radiopharmaceuticals to help diagnose and/or treat a 
variety of diseases. Nuclear medicine determines the cause of the medical problem based on 
the function of the organ, tissue or bone. This is how nuclear medicine differs from an x-ray, 
ultrasound or any other diagnostic test that determines the presence of disease based on 
structural appearance. 
The radiopharmaceuticals are prepared through the labelling of a specific substrate with an 
adequate radioisotope. The substrate can be a biomolecule, a complex or a simple 
compound with a specific biodistribution in the body and the radioisotope is chosen by its 
physical decay properties. For diagnose purposes the radioisotope must decay emitting a 
single photon (SPECT technique) or positrons (PET technique). For therapy the radioisotope 
must emit a particle, most commonly a beta particle. The radioisotope is produced by nuclear 
reactions that occur in a Nuclear Reactor or in a particle accelerator such as the Cyclotron. 
The Radiopharmacy Center of IPEN-CNEN/SP-Brazil has an established radioisotope 
production program to supply radiopharmaceuticals to the Nuclear Medicine community in 
Brazil [1]. These radiopharmaceuticals are prepared with radioisotopes produced in both a 
Nuclear Reactor and a Cyclotron accelerator. IPEN has a Research Reactor, so called IEA-
R1m, that nowadays operates at 3.5MW for 64 hours continuously. This paper describes the 
story of the radioisotope production using this very reliable Reactor, reporting the 
radioisotopes produced for routine production and also for research in the radiopharmacy 
field. 
 



2. Methods 
2.1 Reactor produced radioisotopes at IPEN – brief story 
 
The Reactor produced radioisotope program started at IPEN in 1959 with the production of 
131I and since then all the efforts were made towards the development of methods for the 
production of the desirable radioisotopes. Since 1981 IPEN produces and distributes 99mTc 
generators with imported fission-produced 99Mo and in-house developed technology of 
chromatographic alumina based generators. In 1996 IPEN started a project aiming the 
nationalization of the production of 99Mo through the 98Mo(n,γ)99Mo reaction and developing 
the MoZr gel generator technology. The technology was developed but the Reactor could not 
reach the power required for the production, 5 MW. However, this project made it possible to 
upgrade the Reactor power to 3.5 MW and nowadays it is possible to produce at least 50% 
of the Brazilian demand of 131I. Since 1995 IPEN produces all 153Sm required in Brazil, and 
viability studies were performed towards the production of 166Ho, 177Lu and the 188W-188Re 
generator. Several tracers were produced in order to help the development of 
radiopharmaceutical production methods and among them it can be reported the use of 
122Sb, 124Sb, 88Y and 85Sr. 
 
2.2 Irradiations 
 
All irradiations for the routine production and for the research were performed at the IEA-
R1m reactor at IPEN-CNEN/SP, a pool type reactor using LEU as fuel material, with power 
varying from 2 to 5 MW. All the targets were irradiated inside aluminium holders either 
directly or inside quartz tubes. A Beryllium irradiator was specially fabricated for high power 
irradiations of MoO3 and TeO2 targets. 
 
2.3 Routine Production 
 
Nowadays two radioisotopes are routinely produced using IEA-R1m Reactor: 153Sm and 131I. 
153Sm, a β- emitter with a half-life of 46 hours is produced through the reaction 
152Sm(n,γ)153Sm, irradiating a target of Sm(NO3)2 enriched in 152Sm. The target is 
encapsulated inside a quartz tube and irradiated for 24-48 hous, depending on the demand. 
Two main radiopharmaceuticlas are further prepared with 153Sm: 153Sm-EDTMP used bone 
pain palliation and 153Sm-hidroxiapatite, used for radiosinoviortesis. 
131I, a β- emitter with a half-life of 8 days is produced through the indirect reaction 
130Te(n,γ)131Te→131I irradiating pressed TeO2 targets inside an aluminium holder. The targets 
are irradiated at least for 2 cycles of 64 hours inside the Be irradiator. The separation 
between the irradiated target and 131I is performed by the dry distillation technique. This 
radioisotope can be used to prepare radiopharmaceuticals for both diagnose and therapy 
uses. The radiopharmaceuticals are: 131I-Iodide, 131I-MIBG, 131I-Lipiodol and 131I-Hippuran. 

 

2.4 Viability Studies 
 
Viability studies have been performed for the production of 3 important radioisotopes for 
Nuclear Medicine: 166Ho, 177Lu, 188W. 
166Ho is a β- emitter with a half-life of 26.8 hours and is produced through the reaction 165Ho 
(n,γ) 166Ho. Targets of Ho2O3 were irradiated inside quartz tubes in selected  positions of the 
Reactor. After the irradiation the samples were dissolved and the activity produced evaluated 
by γ ray spectroscopy. The main use of 166Ho is the labelling of ion exchange resins as 
potential agents for liver cancer therapy [2]. 
177Lu is a β- emitter with a half-life of 6.7 days and is produced through the reaction 176Lu (n,γ) 
177Lu. Targets of Lu2O3 were irradiated inside quartz tubes in selected positions of the 
Reactor. After the irradiation the samples were dissolved and the activity produced evaluated 
by γ ray spectroscopy. One 177Lu based radiopharmaceutical is currently produced at IPEN, 



177Lu-octreotate, used for therapy of neuroendocrine tumors, and prepared with imported 
177Lu [3]. 
188W is the parent radioisotope of 188Re, a β- emitter with a half-life of 16.7 hours and is 
produced by the reaction 186W(2n,γ)188W. Activation studies complied of the irradiation of W 
targets (metallic W and WO3) placed inside an aluminium holder and irradiated for a definite 
length of time (2 hours up to 64 hours) with low neutron fluxes (1x1013 n.cm-2.s-1) and inside a 
Be irradiator located at the reactor core with the highest possible flux (4x1013 n.cm-2.s-1). After 
the irradiation, qualitative and quantitative analyses were performed in the targets by γ-
spectroscopy, and 188Re generators were prepared with the 188W produced [4,5]. 
 
2.5 99Mo-99mTc Gel Generator 
 

99mTc is the most used radioisotope for diagnosis exams performed in Nuclear Medicine 
worldwide due to its favorable physical decay properties and its distribution in the generator 
form of 99Mo-99mTc [6,7]. In 1996 IPEN started a project aiming the nationalization of the 
production of 99Mo through the 98Mo(n,γ)99Mo reaction and developing the MoZr gel generator 
technology [8,9]. 
Two different targets were tested: metallic Mo and MoO3 in the form of powder or molten. The 
targets were irradiated irradiated for a definite length of time with low neutron fluxes and 
inside a Be irradiator located at the reactor core with the highest possible flux. After the 
irradiations, the activity of 99Mo was determined in a dose calibrator and by γ-ray 
spectroscopy employing a hiperpure Ge detector from Canberra. 99Mo was further employed 
for the studies aiming the preparation of a MoZr gel type generator.  

 

2.6  Tracer studies 
Several tracers were produced in order to help the development of radiopharmaceutical 
production methods, such as 122Sb, 124Sb, 88Y and 85Sr. 
Two Sb tracers, 122Sb and 124Sb, were prepared to follow the biodistribution of a 
pharmaceutical used in the therapy of Leishmanioses, glucantime, and its liposomal 
formulations, also to evaluate the amount of Sb incorporated inside the liposomes. The 
tracers are produced through the reactions 121Sb(n,γ)122Sb and 123Sb(n,γ)124Sb. Samples of 
glucantime and liposomes in clean polypropylene tubes were placed together with antimony 
standards inside the aluminium container. Irradiations were carried out at a thermal neutron 
flux of 0,8x1012 n.cm-2.s-1 for 15 minutes [10].  
An important research aiming the nationalization of the production of 90Y is being carried out 
using radioactive tracers produced in the reactor. 90Y is a radioisotope for use in therapy, 
nowadays imported by IPEN at a very high cost and it is produced by a generator system, 
90Sr-90Y. The gamma emitting tracers 88Y and 85Sr are produced through the reactions 
89Y(n,γ)88Y and 84Sr(n,γ)85Sr, respectively, and are employed to optimize the techniques 
studied for the development of the generator [11]. 
The experimental work was developed at the laboratories of the Radiopharmacy Center at 
IPEN-CNEN/SP. 
 
 
3. Results 
3.1 Routine production 
 
The local production of 153Sm meets the total demand for the radiopharmaceuticals 
distributed at IPEN. About 74 GBq (2 Ci) of 153Sm can be produced in one irradiation and the 
total activity delivered every week is about 37 GBq (1 Ci). 
131I has a big market in Brazil, and every week more than 1480 GBq (40 Ci) of 131I 
radiopharmaceuticals are distributed by IPEN. Nowadays, with the Reactor operating at 3.5 
MW, half of this demand is achieved by the local production (740 GBq – 20 Ci).  
 
 



3.2  Viability studies 
 
The results of the viability studies showed that it is possible to produce 166Ho for clinical use, 
with the current operating conditions of the Reactor. A specific activity of at least 1480 GBq/ 
g Ho (40 Ci/ g Ho) can be achieved in these conditions. 
The specific activities achieved for 177Lu and 188W were not enough for the local production, 
even if the reactor power is upgraded to 5 MW. These studies were important for the 
developing of the targets, dissolution of the targets and also for the development of the 
methodology of producing the 188W-188Re generators. 
 
3.3 99Mo-99mTc Gel Generator 
 
A successful technology was developed for the preparation of the gel and a hot processing 
cell was assembled for the routine preparation of MoZr gel and gel generators. The Quality 
Control group validated the generators, approving the required quality and generators up to 
11.1 GBq (300 mCi) could be produced with reactor power of 5 MW. Unfortunately, the 
Reactor could not reach the power required for the start of the clinical trials with the 
generator, 5 MW. Nowadays, even if the Reactor operates at this power, the Nuclear 
Medicine market requires generators of higher activities. Studies are under way aiming the 
concentration of the 99mTc activity eluted from the gel generator. 
 
3.4  Tracer studies 
 
Enough activities of 122Sb, 124Sb, 88Y and 85Sr could be produced for the studies where these 
tracers are involved. Their use speeds up the researches and in particular, the use f the 
activation process to evaluate Sb in liposome formulations was the only reliable analytical 
technique, when compared with the other techniques employed, such as ICP, UV-Visible and 
Atomic absorption. 
 
4. Conclusions 
 
This story full of successes and the results showed in this paper, together with the growing 
demand of radioisotopes for Nuclear Medicine in Brazil and the new technologies developed 
in this field are enough reasons to reach a decision of building a Radioisotope Production 
Reactor in Brazil, in order to nationalize the production and avoid the distribution problems 
that affects the big world producers nowadays. In particular, the main concern is the 
production of 99Mo, that represents a demand of nearly 16,650 GBq (450 Ci) of 99Mo per 
week in Brazil, at calibration time. 
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ABSTRACT 
 

One of the characteristics of the Jules Horowitz Reactor will be its very high fast 
neutron flux. To take benefits of these irradiation locations, a specific test device 
called CALIPSO is under development. The accurate temperature control of the 
samples is possible by the mean of a small in-pile loop of circulating NaK. 
Progresses on designing the CALIPSO device have been made concerning its 
operating range and its main components such as the electromagnetic pump, the 
electrical heater and the heat exchanger. The overall dimensions of the tubes have 
been defined according to the safety requirements. The present design of 
CALIPSO provides a large operating range regarding to nuclear heating values 
and NaK temperature while keeping homogeneous the temperature distribution 
around the samples. 
 

1. Introduction 
The Jules Horowitz Reactor (JHR) is under construction in the CEA’s Cadarache centre in 
the south of France. It will be mainly dedicated to study material and fuel behaviour under 
irradiation for the benefits of existing nuclear plants as well as the development of the future 
reactors (1). 
One of the characteristics of the JHR is its very high fast neutron flux providing irradiation 
possibilities that will be quite unique among the existing Material Testing Reactors (2). 
To take benefits of these irradiation locations, a specific test device was designed:  initially 
known as “M3” in its definition phase (3), it has been named CALIPSO since the beginning of 
its development phase. As summarized in its acronym it is an in-Core Advanced Loop for 
Irradiation in Potassium Sodium (NaK) coolant. 
After a short presentation of the JHR in-core experimental locations, this paper will give the 
operating principle, then the design of the main components will be detailed in accordance to 
the operating constraints and the safety requirements. 
 
2. In-core experimental locations 
Operating at 100 MWth the JHR core is composed of 34 fuel elements. Each fuel element is 
composed of 3 zones of 8 curved plates leaving a central hole. The total fissile length is 
60 cm-long and the core is inserted in a 74 cm-diameter pressurized vessel. 
Several experimental locations are available in the centre of fuel elements and some others 
by replacing fuel elements (4). 
Standard in-fuel element experimental locations are characterized by very high fast neutron 
flux (E>1 MeV) reaching 5.1014 n.cm-2.s-1 at full power in the core mid-plane. These are very 
efficient to perform experiments such as dose accumulation for cladding and structural 
materials (displacement per atom rate ~15 dpa/year). The counter part of such high fast 
neutron flux, is very high gamma and fast neutrons heating in materials, reaching about 
20 W/g in steel. It is also important to highlight the small available space for the device part 
located in the fissile zone:  maximal outer diameter ~ 33 mm. 
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Figure 1 : View of the JHR core 

 
3. Operating principle 
 
An important requirement for experimental 
conditions in test devices with a lot of 
samples is to keep the temperature 
distribution homogeneous. This becomes 
a real challenge when dealing with high 
nuclear heating.  
In the case of CALIPSO, the accurate 
temperature control of the samples is 
possible by the mean of a small in-pile 
loop of circulating NaK. Indeed, placed in 
the central hole of the fuel element, this 
device shall be autonomous for long-term 
irradiations and has to enclose in a 
confined space all the components 
needed to ensure a forced convection flow 
in the test section. 
Therefore, located above the active zone, 
a very compact annular electromagnetic 
pump induces the NaK circulation. 
Electrical element situated just above the 
pump gives a part of energy deposit to the 
NaK. Then, the NaK flow gets the main 
energy deposit with nuclear heating in the 
active zone around the samples. Finally, 
the upward circulation into the heat 
exchanger, then the gap between the 
containement rig inner wall and the 
separator shell allows the NaK to cool 
down by heat exchange with the reactor 
primary circuit (Figure 2). 

Figure 2 : Operating principle of CALIPSO 
 



 
4. Containment rig and sample-holder 
The CALIPSO test device is composed of two main parts: the containment rig and the 
sample-holder (Figure 3).  
The containment rig is the outer shell of the test device that houses fluids. It is designed to 
resist to the thermal-mechanical stresses and comply with the safety requirement. It fits to 
the core mechanical structures and its outer shell is cooled by the reactor primary circuit.  
The sample-holder is plugged into the containment rig through the circular opening situated 
in the upper part. It holds the material samples to be irradiated and the specific experimental 
instrumentation such as thermocouples, neutron dosimeters, pressure sensors, strain 
gauges, displacement transducers. The sample–holder designed so far for CALIPSO 
contains 15 tubular samples other the 60 cm of the active zone (5 levels of 3 samples placed 
at 120°), with thermocouples and neutron dosimeters. Different sample holders will be 
designed to reach specific experimental objectives such as dose accumulation, irradiation 
growth, tensile and creep test. 
 

 
Figure 3 : Overview of CALIPSO and its main components 

 
5. Electro-magnetic pump for NaK circulation 
The annular electromagnetic pump is located above the active zone. It has been designed in 
order to fit in the available space of about 80 mm in diameter and for the following operating 
conditions: NaK flow rate 2 m3/h, pressure drop 1.25 bar and NaK maximal temperature 
450°C. 
Induction coil and comb-shape ferromagnetic structures are mounted between the two tubes 
of the containment rig. In order to close the field lines, an annular core is placed in the centre 
of the pump. It is composed of ferromagnetic elements between two stainless steel tubes. 
The pumping channel results from the annular gap between the inner tube of the induction 
circuit and the outer tube of the magnetic core (Figure 4). 
The three-phase inductor coil creates a magnetic field travelling along the annular duct gap, 
inducing electric current in the conducting liquid metal. The interaction between the resultant 
current and the magnetic field produces an electromagnetic body force pumping the NaK 
flow through the channel.  
In the case of CALIPSO, the circulation in the pumping channel is bottom-up, and after being 
heated the return of the NaK is possible through the centre of the annular magnetic core. 



 
Figure 4 : Electromagnetic pump  

 
6. Thermal balance and heat exchanger 
The NaK temperature in the sample zone is the result of the thermal balance between the 
injected power and the heat losses. The main power deposits into the NaK come from 
nuclear heating into the samples, the test device structures and the NaK itself, but also from 
the electrical heater and the electromagnetic pump. The heat losses of the circulating NaK 
toward the water of the reactor primary circuit are controlled by three parameters: 

- the NaK flowrate, 
- the thickness of the Helium gas gap between the two tubes of the containment rig, 
- and the length of exchange. 

The temperature homogeneity in the sample zone depends on the heat exchange through 
the separator shell between the two reversed part of the NaK flow. 
Sensibility studies were performed to determine the optimum geometry and operating 
conditions of the test device. The main parameters were tested taking into account thermal-
mechanical dimensioning consideration. Therefore, to cope with the target of less than 7.5°C 
difference over the 600 mm of the fissile zone, and to cover a large range of nuclear heating 
(11 W/g - 23 W/g in steel) and NaK temperature (225°C - 450°C), the studies showed the 
necessity to have a variable length of exchange: from 100 mm to 800 mm. 
A component called heat-exchanger located at the lower part of the sample-holder, below the 
active zone, is designed to be removed and replaced in hot cells (4). It allows having the NaK 
flow return at a variable altitude (Figure 5). 
 

 
Figure 5 : Principle of the heat exchanger 

 



7. Electrical heater 
The external heating is provided through electrical elements inside two stainless steel 
cylinders and the gap between elements is filled with high thermal conductivity material 
(Figure 6). The maximal power will be roughly 20 kW over a total length of about 300 mm. 
This system allows heating the upward NaK before it returns and the downward NaK before 
it enters into the pump core. The injected power is an important parameter to control and 
adjust the operating conditions in the sample zone. Thermocouples will be placed into the 
NaK and inside the heating cylinder between electrical elements. 
 

 
Figure 6 : Electrical heater 

 
8. Safety requirements and pressurized equipment rules 
The safety approach of the test device must be consistent with the safety rules applied to the 
reactor and to the nuclear pressurized equipment rules. In the case of CALIPSO, the major 
hazard source is the NaK circulation inside the experimental device. In order to prevent 
interaction between NaK and the water of the reactor primary circuit, which could damage 
the core fuel or other close experimental devices, the two test device envelopes will be 
classified as containment barrier and respect specific quality requirements following the 
RCC-MX mechanical reference code (5) (design, materiel supply, manufacturing and 
controls). 
In the design phase, thermal-mechanicals calculations have been performed taking into 
account the irradiation effects on mechanical properties of stainless steel tubes. Geometry of 
the containment was adjusted to follow the reference code requirements in order to have 
maximal stress values less than admissible criterion. 
 
9. Conclusion 
Progresses on designing the CALIPSO device have been made concerning its operating 
range and its main components such as the electromagnetic pump, the electrical heater and 
the heat exchanger. The overall dimensions of the tubes have been defined according to the 
safety requirements and regulatory rules. 
A contract towards industry is now in progress for the CALIPSO development covering the 
detail engineering design study and the manufacturing of a prototype. It will be qualify in an 
out-of-pile facility that will be built in 2010. The main objective will be to validate the 
dimensioning and the performances of the main components of CALIPSO and the global 
behaviour of the NaK loop. 
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ABSTRACT 
 

The qualification of the RJH fuel requires the demonstration of the satisfactory operation of an 
actual full-size fuel element in representative conditions. Because the flux characteristics of BR2 
are closest to the future characteristics of RJH and because the fuels are of comparable design, 
test irradiations have already been made, including a mixed BR2-RJH fuel element, 
manufactured at BR2 standard dimensions. 

However, for a full-size irradiation, there are considerable differences between the BR2 and the 
RJH regarding the full element diameter, the fuel cooling conditions and the pressure drop over 
the core.  Fortunately, there are some channels in BR2, one of which is in the centre of the 
reactor, allowing the reach of the RJH required conditions with a limited equipping addition. 
Furthermore, the reactor is rated at 120 MW but operates around 60 MW, so there is ample 
cooling capacity. 

So, EVITA is a semi-open loop, "grafted" on BR2 vessel, in which water is taken in the upper 
plenum and taken to a "booster" pump, installed in BR2 pool. The pump raises the available 
ΔP and re-injects the water in the central channel of BR2. The central channel is modified to 
accommodate the dimensions of the full-size RJH fuel element. The water re-mixes with BR2 
primary circulation in the lower plenum of the reactor. This concept takes advantage of all safety 
systems of BR2 and does require minimal additional safety systems. 

Given that there is no burnable poison in RJH fuel and that there is no way to move to a 
"warmer" or "colder" position to compensate for the fuel burnup, the biggest challenge with this 
irradiation will be to provide adequate - for RJH - irradiation conditions without penalising too 
much the other users and the productions of BR2. 
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Introduction 
For the REACTEUR JULES HOROWITZ (RJH) under construction at Cadarache, CEA and 
AREVA-TA designed a fuel element which has some similarities with the design of BR2 fuel, 
but needs to be qualified full-size due to its operating specificities [1]. BR2 appears to be the 
only reactor able to provide adequate irradiation conditions. The fuel has following 
characteristics: 
 

• 8 plates fuel element, generating almost twice the power of a BR2 fuel element 
• 96.2 mm O.D. fuel element (BR2 is 80 mm O.D.) 
• U3Si2 4.8 g/cc fuel enriched at 27% with 0,61mm meat thickness 
• 516 W/cm² at the hot spot including fuel density uncertainty 
• Up to 60 % burnup reached in 5 BR2 cycles 
• Distance between plates: 1,95 mm (3,0 mm in BR2) 
• 15 m/s average coolant velocity (10 m/s in BR2) 

 
The requirement to irradiate a full-size fuel element led to the selection of the 200 mm O.D. H1 
channel of BR2. This channel is the central position of the reactor and has to be modified to 
accommodate the RJH fuel. 
 
The distance between plates is considerably smaller than at BR2. As the ΔP available on BR2 
core is limited to 4 bars, a booster pump is required. Hence, EVITA stands for Enhanced 
Velocity Irradiation Test Apparatus. 
 
In addition, such a small distance between plates does not allow natural convection to develop 
as it would in BR2. Hence, the "station black-out" accident, which is benign in BR2, has the 
potential to severely damage the RJH fuel. 
 
Fuel adaptation to BR2 
In BR2, the normal practice is to keep the fuel element attached to its support rod and channel 
plug during the irradiation and this philosophy was kept for EVITA. Therefore, both end parts 
of the tested fuel were changed into the BR2 design, as shown on fig.1, in order to get similar 
handling procedures. 
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General description 
The water is taken in the upper plenum of BR2 via two unused peripheral channels. Instead of 
allowing the flow downwards through the reflector, the suction channels forces it upwards to a 
pipe connected to the suction side of a booster pump, where its available ΔP is increased. The 
booster pump is installed submerged on BR2 working floor. The pumped water is injected in a 
modified central channel H1 of BR2 containing the fuel to be tested. The water re-mixes with 
BR2 water in the lower plenum. The fig.2 shows a realistic picture of the main piping in BR2 
pool. 
 

 
 
In the chosen configuration, there are always two pumps in series (BR2 primary pumps and 
EVITA booster pump) and no mobile flow restriction in the circuit. The main circuit of EVITA 
is completely enclosed in BR2 pool, thereby providing radiation protection for the personnel 
during the operation, insensitivity to leaks and protection of BR2 in case of LOCA. EVITA 
takes profit of all safety systems and protections of BR2. 
 

Fig.2: BR2 & EVITA piping 

Fig.1: EVITA fuel 
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The benefits of this configuration outweigh the cost increase for the submerged pump: 
 

• No penetration of piping through the pool walls is used 
• No room occupation around the pool (space availability is limited there) 
• No need to install radiation shielding (against N7 and possible fission products) 
• No additional risk for BR2 in case of rupture of the piping 
• Improved safety, when compared to non-submerged solution: 

• The ΔP provided by BR2 primary circulation remains available in case of failure of 
the booster pump. So reduced cooling remains available to remove the decay heat of 
the tested fuel. 

• EVITA being submerged in BR2 pool, a breach in EVITA piping will not lead to 
the fuel dry-out.  

• EVITA uses mostly BR2's own protection systems. 
 
The pressure profile in EVITA is shown on fig.3 below. The diagram starts at 12,7 bar (static 
pressure of BR2 plus ΔP delivered by BR2 primary pumps, which is the pressure in the upper 
plenum of BR2) and ends at 9,3 bar, the pressure in the lower plenum of BR2. 
 

.  
 
If the EVITA booster pump fails, the ΔP delivered by BR2 primary pumps is still more than 
sufficient to remove the decay heat of the fuel element, and vice versa. If both pumps fail, 
which could happen in case of loss of external electrical power, a batteries powered UPS group 
will deliver current for one hour, at which time the residual heat can be removed by natural 
convection. 
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Challenges 
When operating BR2, fresh fuel is initially loaded in a position at the periphery of the core and 
progressively moved towards the core center as the burnup accumulates. Furthermore, burnable 
poisons incorporated in the fuel help to mitigate the reactivity drop induced by the burnup. 
 

The RJH fuel does not 
incorporated burnable 
poisons and there is only 
one possible irradiation 
position. Hence, in this 
irradiation, the challenge 
is to operate BR2 with a 
fuel element in its center, 
operating at a required 
power level, while still 
being able to operate the 
reactor at a convenient 
power level for the other 
users at the periphery.  
 
 

 
This is achieved by several means. First, there is the choice of materials surrounding the central 
fuel, a mixture aluminium-water which presents optimum absorption – moderation – 
transmission characteristics when the fuel is fresh and most reactive. Then, by playing on the 
number of Iridium production targets surrounding the central fuel, it is possible to compensate 
the decrease of reactivity of the central fuel caused by burnup accumulation and still operate 
BR2 at constant power. At the end of life, the aluminium-water mixture has to be replaced by 
beryllium, which was found better suited for depleted fuel.  
 
The accuracy of the BR2 load determination before each cycle will be a critical element for this 
irradiation. 
 

Power generated in the RJH Fuel Element 
The summary Table 1 contains the calculated power deposited into the cooling water between 
the fuel plates, and in both plugs. The total power in the fresh RJH fuel element was calculated 
for the model with Al plug in the central trap of the fuel element and for the power of BR2 
equal to QBR2=62 MW. 
 

  Irradiation 
1 Fission and decay reactions 4.77 MW 
2 γprompt in cooling water 61 kW 
3 γprompt in Al cladding 77 kW 
4 28Al decay in the cladding 4 kW 
5 Deposit of energy by γdelayed emitted by fission products to 

the cooling water and to Al cladding  
47 kW 

6 Total in fuel element, MW 5.0 MW 
   

Table 1.  Thermal power in the RJH fuel element. 

Fig.4: H1 core cross section 
and the Aluminium-water 

central plug 



Page 6 / 7 
 

 

0

120

39
0 27

0 15
0

30

-9
0 -2

10 -3
30 -4

50

100125150175200
225250
275300
325
350
375
400
425
450
475

Heat flux (W/cm²)

Axial profile (mm)

Power profile in a plate of Corona 1

450-475
425-450
400-425
375-400
350-375
325-350
300-325
275-300
250-275
225-250
200-225
175-200
150-175
125-150
100-125

 

Fig.5: Power profile in the external plate 
Irradiation instrumentation 
A number of parameters are measured during the irradiation, either directly, either after 
processing by the data acquisition system. The following are of particular interest for the 
follow-up of the fuel performance: 
 

o The power generated, by thermal balance. The measure of the ΔT on the fuel assembly 
and of the flow rate delivered by the booster pump gives a value of the heat generated in 
the H1 Channel. The measurements must be corrected for the gamma heating and the 
heat losses to get the correct value of nuclear power generated in the fuel.  

o The ΔP on the fuel assembly allows to detect on-line a possible excessive build-up of 
oxides on the fuel. 

o The neutron flux and the gamma flux are directly measured by sensors attached to the 
aluminium rod filling the central hole of the fuel element. The signals delivered by the 
sensors are converted in usable values by the data acquisition system. 

Conclusions 
Although the irradiation of a fuel element of similar design as the one of BR2 might seem 
something quite straightforward, the differences in geometry, cooling and irradiation conditions 
are such that a huge extension to BR2 has been made necessary.  
 
Furthermore, the absence of burnable poisons for the compensation of the reactivity drop 
consecutive to the burnup accumulation, and the exclusive use of the central H1 central channel 
puts a formidable challenge on the operation of BR2. Indeed, the BR2 load, and even the 
general core configuration, has to be adapted, cycle by cycle, to compensate this effect and still 
provide acceptable irradiation conditions to other experimenters. 
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ABSTRACT 
An increasing number of Member States (MS) requests IAEA assistance to develop nuclear 
skills and resources in support of national nuclear power programmes under development. 
For countries with little or no existing nuclear infrastructure, human resources and skills must 
be developed to support planning, analysis, evaluation and other prerequisite activities for 
the decision making process. The Eastern European Research Reactor Initiative (EERRI) 
was approached by the IAEA to organize and implement a Group Fellowship Training 
Program on Research Reactors (GFTPRR) to satisfy the increasing demand for the 
aforementioned skill development. The GFTPRR will be offered to participants from MS who 
have expressed interest in this subject to the IAEA. The first training course is planned for 
spring 2009 with six participants organised by the Vienna University of 
Technology/Atominstitute, two Hungarian Nuclear Research Institutes and the Jozef Stefan 
Institute/Ljubljana, Slovenia. This paper presents the planning procedures, the detailed 
course content and logistics for the first model course. 

 
1. Introduction 
 
An increasing number of Member States (MS) are requesting IAEA assistance to develop 
nuclear skills and resources in support of national nuclear power programmes under 
development. Some of these MS are planning to construct a research reactor as a first step 
to develop nuclear competence and infrastructure. For countries with little or no existing 
nuclear infrastructure, human resources and skills must be developed to support planning, 
analysis, evaluation and other prerequisite activities involved in the related decision making 
process and subsequent projects. The Eastern European Research Reactor Initiative 
(EERRI) was approached by the IAEA to organize and implement a Group Fellowship 
Training Program on Research Reactors (GFTPRR) to satisfy the increasing demand for the 
aforementioned skill development. The GFTPRR will be offered to participants from MS who 
have expressed interest in this subject to the IAEA. 
 
The program is being organized in collaboration with the Vienna University of 
Technology/Atominstitute (VUT/ATI). The first iteration will involve VUT/ATI, two Hungarian 



Nuclear Research Institutes, and some staff members from the Jozef Stefan 
Institute's/Ljubljana (IJS), Slovenia. The duration of the training program is estimated 
between 4 to 6 weeks and will cover about 30 topics ranging from theoretical lectures to 
practical experiments at the TRIGA reactor Vienna and at the training reactor of the 
Budapest Technical University grouped into three main areas: 
 

• Organisational Matters  
• Research Reactor Operation and Maintenance 
• Radiation Protection 

 
The first training course is planned for spring 2009 with six participants. This paper presents 
the planning procedures, the detailed course content and logistics for the first model course. 
 
 
2. Involved institutions 
2.1 Vienna University of Technology/Atominstitute (VUT/ATI), Austria 
 
The Atominstitute being the closest nuclear facility to the IAEA has long-term experience in 
organising national and international training courses. The course contents origins from the 
regular students curriculum at the Vienna University of Technology (VUT). The courses are 
part of the eligible course during the Masters Program in the Technical Physics Curriculum. 
There are three practical courses offered by the Atominstitute which are 
 
• Practical Exercises in Reactor Physics and Kinetics 
• Practical exercises in Reactor Instrumentation and Control 
• Practical Exercises in radiation protection 
 
Each of these exercises are composed of about 10 topics where the students have to work 
directly at the reactor in groups of maximum eight students according to the provide 
programme. Each exercise is introduced by theoretical part and followed by the practical 
experiment. As the TRIGA reactor is designed primarily for education and training the 
students also have the possibility to start-up the TRIGA reactor on their own towards the end 
of the course. Out of these totally 30 exercises any combination of exercises are possible 
according to the interest for the group. In addition a number of course are available covering 
all legal and technical aspects of research reactor planning an d operation. During the past 5 
years the request for training courses have increased from about 10% to almost 50% which 
poses a limit to the course staff but also to the reactor availability. 
 
2.2 KFKI Budapest, Hungary 
 
The KFKI Atomic Energy Research Institute (AEKI) has been operating a research reactor, 
namely: Budapest Research Reactor (BRR) since 1959. Since its initial criticality, the BRR 
has been utilized as a neutron source for research and various industrial and health care 
applications, as well as education and training purposes in the nuclear field. The reactor 
contribution in the training course is aimed to the practical subjects. Thus, on the basis of the 
operational and utilization experiences the subjects of the training courses are: 
 
Research Reactor operation and utilization matters 
Water chemistry in general and in practice at BRR 
Emergency procedures 
QA issues at a research reactor and practical approaches of nuclear project planning and 
implementation 
 
The listed subjects are divided in theoretical topics and on site training where the students 
can see how the operating matters are managed in the everyday practice. The students have 



an opportunity to take an insight into the regulatory environment from the viewpoint of 
operators as well as from the specific research reactor management practice (the operation 
and utilization meters are separated) applied at BRR. 
 
2.3 Budapest University of Technology, Hungary 
 
The training reactor of the Budapest University of Technology and Economics is a pool type 
reactor located at the university campus. The facility was designed and built between 1961 
and 1971, by Hungarian nuclear and technical experts. It first went critical on May 22, 1971. 
The maximum power was originally 10 kW. After upgrading, which involved modifications of 
the control system and insertion of one more fuel assembly into the core, the maximum 
licensed power was increased to 100 kW in 1980. The reactor still operates with the original 
LEU fuel assemblies. The reactor building houses reactor physical, radiation protection, and 
radiochemical laboratories, and a small hot cell too. 
 
The main purpose of the reactor is to support education in nuclear engineering and physics 
for Hungarian graduate students, but international training courses (e.g. „Eugene Wigner 
Course for Reactor Physics Experiments”) are organized and IAEA fellows are hosted too.  
The reactor is used, among others, in the following fields: experiments in reactor physics and 
thermal-hydraulics, activation analysis for radiochemistry and archaeological research, 
analysis of environmental samples, determination of uranium content of rock samples, 
nuclear instrumentation development and testing, development and testing of tomographic 
methods for safeguards purposes, and investigation of radiation damage to 
instruments/equipment. The subjects in the training course will be the following: 
 
- Thermal hydraulics 
- Radiation protection and waste management 
- Site requirements 
- Public information 
 
2.4 Jozef Stefan Institute, Ljubljana, Slovenia 
 
Jozef Stefan Institute (JSI) has been operating a 250 kW TRIGA type research reactor since 
1966. In 1991 it was reconstructed and equipped for pulse operation. The reactor has been 
used for neutron activation analysis, irradiation of various samples (semiconducting 
detectors, fusion reactor materials, etc.), neutron radiography, training (Slovenian nuclear 
power plant (NPP) reactor operators, students of University of Ljubljana, IAEA trainees from 
developing countries, etc.) and for testing and development of various computer codes. The 
reactor physics division at JSI has long-term experience in usage and development of 
various computer codes for reactor core calculations. Among others they have developed a 
program package for reactor calculation of TRIGA Mark II research reactor cores, TRIGLAV-
W (http://www.rcp.ijs.si/triglav/), which will be explained and demonstrated during the course. 
Lately they have been working extensively also on validation and verification of modern 
Monte Carlo computer codes, such as MCNP, which will be presented at the course. Since 
the 1980's the group has been using the WIMS-D computer code together with other home-
developed codes for performing core design of the NPP Krško in Slovenia. The WIMS-D will 
also be presented at the course. The computer codes mentioned above are one of the most 
commonly used codes for performing the reactor calculations world-wide. The trainees will 
become familiar with the WIMS-D, TRIGLAV-W and MCNP computer packages and will learn 
how to calculate various research reactor physics parameters and models that lie behind the 
calculations. They will also learn the basics of burn-up calculations and core optimization. 
The lectures will be followed by computer exercises and practical case studies.  
 
 
3. Research Reactor Situation Worldwide 
 



According to the latest IAEA information totally 768 research reactors have been built world 
wide, from these 170 have decommissioned, 248 are in various shut down states and 250 
are operational and one is under construction. A number of countries exist who have not 
been involved in any nuclear activities but they realize that nuclear power could be an option 
for the future. Although in these countries highly trained technical staff is available in other 
fields such as oil or chemical industry there is however a lack of nuclear experience. The 
normal first step to nuclear is the planning of a research reactor as this was the usual way in 
the late 50ies and early 60ties for industrialized countries to gain nuclear experience and to 
step further into nuclear power. This is the reason why it was decided to offer a training 
course covering all aspects of the pathway to nuclear. 
 
 
4. EERRI Training Course Background Information 
 
The Research Reactor Group of the Nuclear Fuel Cycle and Waste Technology Division,  
organises a Group Fellowship Training programme to assist Member States that consider 
building a Research Reactor as a first step to develop nuclear competence and infrastructure 
in the Country. The training programme has been elaborated with the purpose to assist such 
Member States in the pursuit of these ambitious endeavours. It will help develop the 
necessary skills and background to carry out activities related to planning, evaluating, 
development, construction, commissioning, operation and maintenance of research reactors.  
 
The programme has been organised within the framework of the “Eastern European 
Research Reactor Initiative (EERRI)”. In its inaugural edition in spring 2009, the programme 
will involve the participation of 4 institutions that operate research reactors, the Atominstitute 
of the Vienna University of Technology (Vienna-Austria), the Jozef Stefan Institute (Ljubljana 
- Slovenia), the KFKI Atomic Energy Research Institute and the Budapest University of 
Technology and Economics, the last two from Budapest, Hungary. 
 
The programme is aimed at young, technical professionals who have no nuclear experience. 
Candidates should have technical degrees in engineering or science and may eventually be 
responsible for research reactor activities in countries that have no experience with such 
facilities. Participants may also include technical professionals seeking hands-on nuclear 
rector facility experience and familiarisation to support the development of a nuclear power 
programme. Due to limited infrastructure for practical/experimental activities, for each edition 
the programme at most 8 students may be accommodated. If the programme is successful it 
may be repeated in Fall 2009 depending on the outcome of this first programme and ongoing 
interest from IAEA Member States. 
 
• Administrative and organisational topics such as regulatory requirements, site 

requirements nuclear project planning and implementation/control, decommissioning 
planning and implementation 

• Reactor related topics such as reactor physics, I&C Systems, thermo-hydraulics, 
maintenance and inspection programs 

• Radiation monitoring such as radiation protection, personnel and environmental 
monitoring 

• Practical courses such as Practical courses on reactor physics and kinetics, on I&C 
systems, in radiation protection and dosimetry and on fuel management 

 
The overall time of this course is scheduled for five weeks where the participants start in Vienna due 
to the location of the IAEA and the Atominstitute. The first three weeks will take place mainly at the 
Atominstitute with some presentations also at the IAEA. To reduce travel expenses the lecturers from 
the Institute Josef Stefan/Slovenia will come to the Atominstitute and present their contribution in 
Vienna. After these three weeks the participants will move to Budapest by train for one week of 
training at the KFKI and one week at the TU Budapest. The termination of this course is planned again 
in Vienna together with the IAEA. When planning the course other institutes (i.e. Rez/Czech Republic, 



TU Prague, Swierk/Poland, Pitesti/Romania) indicated also their interest to contribute however to save 
travel costs the present schedule was selected for the initial course . It is however easily possible in 
future to offer this course also in cooperation with the above mentioned institutes. The proposed 
course schedule is shown below: 
 
Education and training  
subjects 

TU 
Vienna 

NRI
Rez 

TU 
Prague 

BRR 
Buda 
pest 

TU 
Buda 
pest 

TRIGA 
Ljubl 
jana 

MARIA 
Swierk 

TRIGA 
Pitesti 

Regulatory requirements   Yes  Yes   Yes 
Code of Conduct  Yes     Yes Yes 
RR Management  Yes Yes Yes   Yes Yes 
Staffing requirements  Yes Yes     Yes 
Site requirements     Yes    
Waste management     Yes   Yes 
Public information    Yes Yes   Yes 
Physical security   Yes     Yes 
Emergency procedures  Yes Yes Yes Yes  Yes Yes 
Nuclear project planning and  
implementation/control 

   Yes     

Decommissioning planning  
and implementation 

 Yes   Yes  Yes Yes 

RR Overview Yes  Yes Yes Yes  Yes Yes 
RR Utilization Yes Yes Yes Yes   Yes Yes 
Introduction to atomic and  
nuclear physics 

Yes  Yes  Yes   Yes 

Reactor physics Yes  Yes  Yes Yes Yes Yes 
I&C Systems Yes  Yes     Yes 
Thermohydraulics     Yes  Yes Yes 
Maintenance and inspection  
programmes 

Yes Yes Yes Yes   Yes Yes 

Fuel management  Yes Yes Yes  Yes Yes Yes 
Fuel Cycle  Yes  Yes Yes Yes Yes Yes 
Water chemistry  Yes  Yes     
Radiation protection Yes Yes Yes Yes Yes   Yes 
Personnel monitoring Yes Yes Yes Yes Yes   Yes 
Environmental monitoring  Yes Yes  Yes Yes  Yes Yes 
Practical course on reactor  
physics and kinetics 

Yes  Yes  Yes  Yes Yes 

Practical course on I&C  
systems 

Yes  Yes     Yes 

Practical course in radiation  
protection and dosimetry 

Yes  Yes Yes Yes  Yes Yes 

Practical course on fuel  
management 

 Yes Yes Yes  Yes Yes Yes 

 
Day Morning 

9-12h,  
20 min Coffee 

Afternoon 
13-16h 

Break as required 

Location 

WEEK 19    
4. May Administrative Procedures  

Visit to the TRIGA facility 
Research Reactor Overview ATI 

5. May RR utilization RR vs Nuclear Power Plants ATI 
6. May Regulatory requirements RR Staffing ATI 
7. May Strategic planning for RR Code of Conduct for RR ATI 
8. May Introduction to Radiation  

Protection and instrument  
demonstration  

Test and discussion on week no 1 ATI 

WEEKEND  VIENNA   
WEEK 20    
11. May Reactor Physics 1 Determination of the thermal neutron  

flux density in the TRIGA reactor 
ATI 

12. May Reactor Physics 2 Power calibration and temperature  
coefficient 

ATI 

13. May Critical experiment 
 

Calibration of control rods,  etermination  
of reactivity worth and excess reactivity 

ATI 

14. May RR I&C systems Demonstration of I&C Detectors ATI 
15. May Demonstration of fuel  

handling and fuel transfer 
Test and discussion on week no 2 ATI 

WEEKEND  VIENNA   
WEEK 21 Preparation of Safety  

Analysis Report (SAR) 
Safety assessment  for RR ATI or IAEA 



18. May Training of operating  
personnel 

Special applications of RR (BNCT,  
Silicon doping, isotope production etc) 

ATI or 
IAEA 

19. May RR maintenance and in- 
service inspections 

RR Decommissioning ATI or 
IAEA 

20. May NPP-PWR overview NPP-BWR overview ATI or 
IAEA 

21. May Public Information Physical security IAEA 
22. May Demonstration of prompt  

criticality 
Test and discussion on week no 3 ATI 

WEEKEND  VIENNA   
WEEK 22    
25. May Introduction to reactor  

calculations  
Introduction to computer codes WIMS  
(demonstration and computer exercises) 

IJS at ATI or 
IAEA 

26. May RR reactor physics  
parameters and models  

Introduction to computer codes -  
TRIGLAV  
(demonstration and computer exercises) 

IJS at ATI or 
IAEA 

27. May Calculation of RR safety  
parameters 

Introduction to computer codes MCNP  
(demonstration and computer exercises) 

IJS at ATI or 
IAEA 

28. May Burn-up calculations and  
core optimization 

Questions and problems from the  
participants (discussion and computer  
exercises) 

IJS at ATI or 
IAEA 

29. May Questions and problems  
from the participants  
(discussion and computer  
exercises) 

Questions and problems from the  
participants (discussion and computer  
exercises) 
Test and discussion on week 4 

IJS at ATI or 
IAEA 

WEEKEND TRANSFER FROM  
VIENNA TO BUDAPEST 

  

WEEK 23    
1. June The BRR (VVR-10 MW)  

reactor as a tank type RR  
reactor 

Reactor systems - site visit BRR’s  
utilization 

KFKI 
Budapest 

2. June RR management (operation  
and utilisation issues) 

Emergency procedures KFKI 
Budapest 

3. June Water chemistry in general  
and in practice at BRR 

Personal monitoring Environmental  
monitoring 

KFKI 
Budapest 

4. June Quality assurance in  
practice at a research  
reactor 

Nuclear project planning and  
implementation 

KFKI 
Budapest 

5.June Site visit Site requirements, Public information 
Test and discussion on week 5 

TU Budapest 

WEEKEND BUDAPEST   
WEEK 24    

8.June Thermal hydraulics Thermal hydraulics TU Budapest 
9.June Waste management Radiation protection TU Budapest 
10.June Practical course in  

radiation protection and  
dosimetry 

Practical course in radiation protection  
and dosimetry 
Test and discussion on week 6 

TU Budapest 

11.June TRANSFER FROM  
BUDAPEST  TO VIENNA 

  

12.June FINAL COURSE 
DISCUSSION 

 IAEA 

 
5. Conclusions 
 
It has been demonstrated that among the various research reactors in Central and Eastern 
Europe a very positive and beneficial co-operation is possible which can be offered to 
nuclear candidate countries. In addition part of these courses could also be used for training 
or retraining of junior and/or senior research reactor operators as the various course modules 
can be extracted from the above mentioned course can be  and recombined in a customized 
manner. 
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ABSTRACT 
In its 24 years of existence the reactor has been utilized mainly for Neutron 
Activation Analysis (NAA) and has played an important role in the development of 
research programs in the areas of archaeology, biology, chemistry, forensics, 
geochemistry, and mining as well as for the production of short lived radioisotopes 
for experimental work in the physics department.  However, over the last fifth teen 
years our main thrust has been environmental geochemistry, agriculture and health 
related studies, with interesting results that have implications for land use, farming 
practices, diabetic control and dietary intakes during pregnancy. 

 
 
1. Introduction  

 
The SLOWPOKE-2 research reactor at the International Centre for Environmental and 

Nuclear Sciences (ICENS) is a light water moderated open swimming pool type reactor with a 
beryllium reflector. The first criticality was achieved in March 1984. The reactor in Jamaica is one of 
only seven ever built and is the only one outside of Canada. Presently there are still five operating, 
three of which utilise HEU [1] fuel and two LEU [2]. Although Jamaica presently operates with a HEU 
core, we are committed to convert to LEU and fully support the Global Threat Reduction Initiative 
(GTRI) and Reduced Enrichment for Research and Test Reactors (RERTR) programs. 

The reactor normally operates at a power of 20 kW for approximately 5 hours per day, 5 days 
per week. It has now operated for a total 9.78 x 104 -kilowatt hours out of a calculated lifetime of 
3.395 x 105 kWh or 28.8% of total lifetime. Although only rated at 20 kW, SLOWPOKE-2 has the 
highest flux to power ratio of research reactors in this class. The remarkable flux stability of the 
SLOWPOKE-2 has provided ICENS with a robust, reliable and economical analytical platform.  

Although NAA is now a mature technique, improvements in gamma spectroscopy detectors 
and fast counting systems have lead to incremental reductions in detection limits allowing NAA to 
remain competitive with newer techniques such as ICPMS.  The ability to quantify elements in almost 
any matrix without dissolution and the dynamic analytical quantification range make NAA an ideal 
tool for environmental studies where sample types vary from geological samples with percentage level 
concentrations to biological samples with elemental concentration levels in the parts per billion range. 

This presentation reports on the performance of the SLOWPOKE-2 reactor and its utilization 
for the analysis of a wide variety of environmental samples using NAA. The detection limits for the 
major sample types are presented along with data obtained, for soils, plants, animal and human tissues 
and there possible implications. 
 
2. Methodology 
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2.1  Irradiation Facilities 

 

Brief technical specifications for  both the LEU and HEU cores of SLOWPOKE-2 are shown in 
Table 1, and   highlights the expected increase in performance of the LEU core [2].  

 

 

 

 

 

 

Tab 1:  Performance Comparison of HEU & LEU Cores 

 
2.2 Neutron Activation Analysis 

Unlike most reactors quantification by NAA with SLOWPOKE using the in-core irradiation sites does 
not require co-irradiation of flux monitors or standards. The uniformity, stability and reproducibility of 
the neutron spectrum within the core, and with time, facilitates the use of activation constants [3] 
The irradiation, decay and counting schemes utilized in the acquisition of all data presented here are 
shown in Table 2. 
 

Schemes Sample 

mass(g) 

Flux x 

1011 ncm-2s-1 

Irradiation 

time  

First 

Decay  

First 

count 

Second 

Decay 

Second 

count 

Geological 
Short 

0.20 2.5 2 10 min 5 min 60 min 10 min 

Geological 
Long 

0.25 10.0 60 4-5 d 2 hr 21 d 5 hr 

Biological 
short 

0.7 5.0 3 3 min 5 min 40 min 10 min 

Biological 
long 

1.0 10. 240 2-3(5*) d 3 hr 14 d 6 hr 

*Human and animal tissue 

Tab2: Optimized irradiation and measurement conditions 

 

3. Results 
 

All batches of samples irradiated during this work were irradiated along with Standard reference 
materials (SRM) as part of the quality control, selected SRM’s wherever possible, were matrix match 
to sample types. SRM’s were purchased either from NIST or IAEA and were generally within ± 20% 
or better of certified values [4, 5, 6].

 Parameters HEU LEU 

Maximum operating power 20 kW 20 kW 

Maximum operating time at 3 mk 6 hrs 12 hrs 

Maximum operating time at 4 mk 16 hrs  24 hrs 

Core Life-Time 20 Years 40 Years 
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*%  

Tab 3:  Concentration Ranges and detection limits for selected elements in various matrices 

Element Geological Plants Animal Human 
Soil 

(N = 900)_ 
Root Crops 
(N = 600) 

Leafy Vegetables 
(N = 40) 

Bovine Liver Kidney 
(N = 200) 

Fish 
(N = 20) 

Placenta 
(N = 100) 

Blood 
(N = 80) 

 

Range D.L Range D.L Range D.L Range D.L Range D.L Range D.L Range D.L 
Al 1.9 – 24 * 0.05 <0.5 - 459 0.5 353 – 3718 6 1.5 - 272 1 - - - 13 - - 

As  3 - 380 0.2 - 0.01 0.02 – 0.97 0.02 0.1 –  1.4 0.07 - - - 0.1 - - 

Au (ppb) <5 - 64 5 0.5 – 2.0 0.01 0.4 – 40 0.1 - 0.4 - - - 1 - - 

Br  4 - 148 0.4 0.28 - 19 0.03 0.1 – 450 0.06 3 - 356 0.15 - - 15.4 - 80 0.2 - - 

Ca   0.2 – 28* 0.3 <40 -  3980 40 1.3 - 3.75 44 <12 - 2360 12 - - 1126 -  32480 450 - - 

Cd       0.3 - 1000 2 0.06 - 4 0.05 <0.1 – 151 0.1 <0.4 - 449 0.4 - - <0.4 0.4 - - 

Co    1 - 105 0.3 - 0.04 0.14 - 2.51 0.01 0.08 –  0.9 0.01 0.06 –  0.16 0.02 0.06 - 0.2 0.015 - - 

Cr  31 - 1100 7 <0.1 - 3 0.1 0.16 – 12 0.1 0.3  -  4 0.1 0.1 –  2.9 0.15 0.2 - 96 0.2 <0.01 – 0.14 0.01 

Cs   0.4 <0.004 - 0.2 0.004 <0.01 - 0.6 0.01 0.003 - 1.8 0.001 0.01 – 0.35 0.001 0.002 - 0.075 0.002 - - 

Eu  0.4 - 12 0.1 - 0.002 0.01 0.01 - 0.001 - 0.001 <0.002 0.002 - - 

Fe  1.3 – 22* 0.04 7 - 59 4 14 - 300 10 116 - 1250 6 16 - 98 5 494 - 3166 7 520 - 1080 15 

Hg - 1 - 0.05 - 1 <0.02 - 0.18 0.02 0.1 - 24 0.02 0.02 – 0.3 0.02 - - 

K (%) 0.01 - 3 0.002 0.47 - 2.3 0.01 0.1 – 15 0.01 0.7 - 1.3 0.04 - - 0.8 - 1.3 0.05 - - 

La  4 - 302 0.3 - 0.01 0.1 – 7 0.03 0.009 - 0.4 0.005 - - <0.07 0.007 - - 

Mg           <0.5 – 3.7* 0.1 200 -  900 150 4470 – 9997 110 745 - 2410 450 - - - 750 - - 

Mn 10 – 7500 3 1 - 15 0.3 76 – 678 0.4 2.9 - 4480 1.5 0.1 - 4 - <0.3 - 8 0.3 - - 

Na    0.02- 2.8* 0.0004 6.9 - 630 1 13 – 4242 1 6160 - 11233 2 - - 0.9 - 1.4 4 - - 

Rb  <50 -  50 0.9 - 312 0.2 0.5 – 81 0.5 3 -  98 0.3 1 - 16 - 11 - 22 1.4 - - 

Sc  5 – 64 0.04 - 0.01 0.001 - 0.9 0.01 - 0.02 - 0.02 <0.001 0.001 - - 

Se - 7 <0.04 - 0.13 0.04 <0.05 - 0.7 0.05 0.2 - 10 0.1 1 - 10 0.1 0.9 - 1.4 0.2 0.16 – 0.3 0.1 

Sm  0.85 – 49 0.01 - 0.01 0 - 0.7 0.01 - 0.01 - 0.1 <0.002 0.002 - - 

Sr  80 – 700 50 <2 - 7 2 <6 – 616 6 <4 - 11 <4 7 -  80 3 <2.8 2.8 - - 

Th  1.9 – 39 1 - 0.004 0.06 - 0.9 0.01 - 0.05 - 0.02 <0.009 0.009 - - 

Ti    0.13 – 2.0* 0.1 - 10 76 – 199 30 - 0.1 - 0.1 - 0.1 - - 

U  1.6 – 25 0.3 - 0.02 <0.02 - 0.5 0.02 <0.05 - 0.6 0.05 - 0.05 <0.05 0.05 - - 

V   29 – 793 15 - 0.5 0.8 – 6 0.1 - 0.5 - 0.5 - 0.5 - - 

Zn 75 - 936 45 5 - 23 0.4 9 – 222 1.5 10 - 254 0.7 11 - 290 0.5 49 - 87 1.8 10 - 22 1.9 
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3.1 Detection limits 

Although it is often stated that NAA is matrix independent orders of magnitude differences in 
detection limits for particular elements are obtained dependent upon matrix. Many medium and short-
lived elements in Jamaican soils for instance are severely affected by elements that have either high 
cross-section and or high concentrations that produce gamma rays of energies very close to or identical 
to the gamma rays of the elements we wish to quantify [7].  

 

4. Discussion 

Figures Discussion Points 

 

Soil 

During an island wide soil survey it was found that some 
Jamaican soils, especially the bauxitic soils that overlie White 
Limestone geological group, are much enriched in   several 
heavy metals compared with world levels [8]. The soil 
cadmium levels in particular are up to a thousand times higher 
than the world averages. These high levels in soils have 
encouraged efforts to establish relationships between plant 
animal and human health. 
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Yam 

The exact locations of over 600 paired soil and food samples 
were recorded by use of global positioning systems (GPS). 
This allowed precise plotting of maps showing Cd in soils and 
foods stratified by soil Cd concentrations. There were 
significant soil/plant Cd correlations (R2 >0.5); typically with 
soil Cd levels greater than 10 mg kg-1 the yams will exceed 
the 0.1 mg kg-1 limit set by the EU.  These data confirm the 
significant uptake of Cd by some foods and show that low-Cd 
products can be produced by judicious land use selection; a 
technically simple solution to meeting food standards. [9] 

 

Bovine Liver and Kidney 

Paired liver and kidney samples from 100 free-range cattle in 
different parts of Jamaica were analyzed for the essential and 
non-essential trace elements. The map shows that the Cd 
levels found in cattle kidney closely followed that of the soil 
on which they reared. The intake of Cd from bovine liver and 
kidney was estimated to be 5.2μg/day based on an Island wide 
survey or 7% of the Provisional tolerable daily intake. [10] 
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Low Birth Weight and Calcium 

Approximately 100 placenta samples were dried and ground 
into a fine powder. The samples were analyzed by NAA for 
Br, Ca, Cl, Fe, Hg, K, Na, Rb, Se and Zn, a further 20 
elements were below the LOD. Approximately 12% of the 
population had low birth weight (LBW), <2.5kg, with a 
further 4% with very low birth weight (VLBW), 1.5kg. 
Higher birth weights were well correlated with the Placenta 
Ca content and to a lesser extent Zinc.  (To be published) 
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Diabetic control and Selenium 

Approximately 80 red blood cell samples (40 Diabetic and 40 
Control) were analyzed by NAA for Cr, Fe, Rb, Se and Zn. 
To determine the effect of trace elemental concentrations on 
the diabetic control the haemoglobin A1c (HbA1c) was also 
measured and correlated with elemental data. The test for 
HbA1c is a key indicator of diabetes control. It measures the 
amount of sugar attached to haemoglobin, the primary protein 
in red blood cells and indicates a patient's average blood sugar 
level over the previous two to three months. Further work on 
the relationship between Se and Cr and diabetic control will 
continue. (To be published) 

 

5. Conclusion 

 

Although the neutron flux of SLOWPOKE is relatively low, the reduced scale of operation makes it 
possible to safely house the gamma spectroscopy systems close to the irradiation facility, thereby 
reducing transfer times from irradiation site to counting systems, as a result small reactors are ideally 
suited for short-lived analysis and can obtain detection limits in biological and geological matrices that 
are similar or better to those obtained in larger reactors. The data presented here illustrates how NAA 
can be used to provide valuable data applicable across a wide spectrum of programmes, particularly in 
the earth and environmental sciences. It is this type of application that may well play an important role 
in the future of small reactor facilities. 
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ABSTRACT 

 
The strategy for the Research Reactor IRT-Sofia, after decision of the Government 
for its refurbishment, is a partial dismantling of the old systems and equipment. 
Removal of the reactor core and replacement of old equipment will not pose any 
significant problems for dismantling. For most efficient use of resources there is a 
need for implementation of the engineering project, “Plan for partial dismantling of 
equipment of the IRT-Sofia as a part of its refurbishment and conversion into low 
power RR”, which has been already prepared. 

 
Key words: partial dismantling, decontamination, reactor equipment, radioactive wastes 
 

The IRT-Sofia research reactor was designed and constructed in the period 
from 1958 to 1961. First criticality was reached in September 1961 and the 
research reactor (RR) was in operation for 28 years, until July 1989. The reactor 
was started up 4189 times, and it was in operation 24623 hours altogether, at 
different power levels (by 2 MW) requested by the users at regular weekly 
meetings. It was shut down in 1999 after the Council of Ministers of the 
Republic of Bulgaria decision.  

The IRT-Sofia is a pool type reactor, 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. The fuel rods are of the EK-10 type (10% enrichment) 
and C-36 (36% enrichment). The reflector includes 13 graphite blocks.  

The principal areas of reactor usage ranged from basic and applied 
research, to technological and commercial applications. Moreover, it was an 
important place for university and post graduate education and training.  

To carry out the resolution # 552 of the Council of Ministers of the Republic 
of Bulgaria from 2001 for refurbishment and partial dismantling of the 
Research reactor IRT-Sofia during its conversion into a low-power reactor, a 
Plan for the partial dismantling of the RR has been developed, according to 
IAEA Safety Guides [1] and [2]. We are going to carry out this plan in the near 
feature.  

The partial dismantling activities are part of the overall process of IRT-Sofia Research 
Reactor refurbishment. The final state of the IRT-Sofia after the partial dismantling will be the 
initial state of mounting the IRT-Sofia new systems and equipment. The criteria that should 
be taken into account are the following: 

1. Ensuring full technological possibility for mounting of the new systems and 
equipment in the reactor pool, the shaft for SNF repository and the primary 
circulation loop. 

2. Removal of the dismantled equipment from the mounting sites (Reactor hall and 
the rooms inside it). 

3. Ensuring surface contamination levels and effective dose rate (EFD) below the 
admissible values according to the Norms of Radiation Protection (NRP) -2004. 

The detailed plan for partial dismantling is intended to describe in detail the succession 
of procedures related to the dismantling of the equipment of the Research reactor IRT-Sofia 
that is not going to be used for the purposes of its refurbishment into a low-power reactor, 
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and the operations for reduction of the radioactive waste volume, decontamination, sorting, 
packaging, temporary storage and transportation for delivery to 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 environment. 

Taking into consideraton the actual radiation conditions inside the reactor pool, 
determined by the reactor operational staff, the Plan for partial dismantling describes: 

• Dismantling and waste processing activities (characterization, conditioning, 
decontamination, transport, storage and final disposal); 

• Facilities and equipment required to support the dismantling activities according 
to safety guide [3]; 

• The decontamination process for internal or external surfaces of components, 
systems, and instruments. Decontamination will be carried out before and/or 
after dismantling; 

• Special transportation and shield containers for the transportation of the 
dismantled structure units and elements to the final storage facilities for 
radioactive waste (RAW) which would ensure safety for the staff, population, and 
the environment, according to safety guide [4]; 

• The way how the plant and operations will be monitored during the partial 
dismantling. Appropriate radiation and dosimetry controls are to be supplied 
during the course of the above mentioned operations; 

• The technological process of dismantling developed taking into account the 
actual radiation situation in the aluminum tank. These procedures also will be 
carried out according to appropriate radiation and dosimetry control measures;  

• Management organization structure that is appropriate for partial dismantling. 
The structure used during the operation of the RR is not necessarily optimal for 
partial dismantling according to safety guide [5];  

• Safety assessment;  
• Environmental impact assessment;  
• Quality assurance program.  

Prior the commencement of the partial dismantling of the IRT-Sofia activities it was 
necessary to transport the Spent Nuclear Fuel (SNF) to Russia under the international 
project RRRFR, financed of US-DOE.  

The following documents have been prepared and revised by IAEA experts:  

• General Plan for partial dismantling of IRT-Sofia equipment, revised by IAEA Expert 
Mission #1 In February 2004 and IAEA Expert Mission #2 in March 2005. It was 
submitted in BNRA in October 2005. 

• Detailed Plan for partial dismantling of IRT-Sofia equipment, including radiation waste 
and personnel doses, revised by IAEA Expert Mission #3 in December 2007. It was 
completed in December 2008. 

• Safety Analysis Report for the Partial Dismantling, revised by IAEA Expert Mission #4 
in June 2008. The Report was completed in December 2008.  

Dismantling activities:  
The disassembly of reactor systems, removal of the reactor core and replacement of old 
equipment will not pose any significant problems. Many of these activities are within the 
scope of what would be termed refurbishment, a common procedure during power upgrading 
of pool-type reactors. These tasks will be within the capability of the operator’s organization – 
the Institute for Nuclear Research and Nuclear Energy (INRNE), supported by the 
contractors when it comes to the provision of tools and skills required for size reduction, 
handling, and transportation of the wastes. The Plan for partial dismantling identifies the 
roles, chain of command and responsibilities within the dismantling team, interacts with 
supporting organizations involved at the INRNE site and subcontractors.  

The refurbishment of the IRT-Sofia will comprise the following reactor systems: ·  
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• Core – liable to full scale replacement. The new core loading shall be consistent 
with the type of the new, converted (low-enriched) fuel;  

• All Reactor internal pool equippment; 
• Primary cooling system – replacement of the pool liner, piping, pumps, heat 

exchangers; 
• Secondary cooling system – partial replacement of piping and fittings and the 

cooling open-air pools;  
• Horizontal experimental channels – their number shall be reduced from the 

existing 11 to 7 and a new channel is to be set for boron neutron capture therapy 
(BNCT);  

• Spent fuel storage – replacement of the aluminum reservoir of 12 m
3 
capacity;  

• Electric power supply (EPS) – full scale replacement of cables and equipment;  
• Control and Protection System (CPS) – full scale replacement of cables and 

equipment;  
• Radiation Monitoring and Dosimetry System (RMDS) – full scale replacement of 

measuring lines and equipment; ·  
• Heating and Climatic Systems – new systems to be built and installed; ·  
• Ventilation Systems – partial reconstruction. 

Inventory and characteristics of radioactive wastes generated by the partial 
dismantling of IRT  
The radiological characterization was carried out by a combination of neutron activation 
calculaions and direct measurements. The characterization is essential for developing a 
Radiation Protection Plan which meets the ALARA principles. The characterization is also a 
basis for defining the radioactive wastes (RAW) quantities and categories. 

 

Figure 1. Places of smears and samples taken  
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Fig ure 2. Smears and samples taking 

There is the List of RAW streams in IRT-Sofia further down: 

S2DED01 Solid RAW, reactor pool, partial dismantling, RAW storage, 
metal 2-I and 2-II category 

1680 kg 

S2DED02 Solid RAW, reactor pool, partial dismantling, RAW storage, non-
metals 2-I and 2-II category 

70 kg 

S3DED01 Solid RAW, thermal column, partial dismantling, RAW storage, 
metal 2-I and 2-II category 

5040 kg 

S3DED02 Solid RAW, thermal column, partial dismantling, RAW storage, 
non-metal 2-I and 2-II category 

10000 kg 

S4DED01 Solid RAW, I CL, partial dismantling, RAW storage, metal 1-II 
and 2-I category 

5800 kg 

L1DTL01 Liquid RAW, Reactor hall, partial dismantling, tanks, coolant 
from reactor pool 

60000 l 

L1DTL02 Liquid RAW, Reactor hall, partial dismantling, tanks, 
decontamination solutions 

6000 l 

L1DED03 Liquid RAW, Reactor hall, partial dismantling, RAW storage, 
ion-exchange resins 

320 l 

Fig. 3 Expected amounts of RAW  
Radiation protection of personnel and environment 
The observance of the ALARA principle by the personnel throughout the IRT –Sofia 
normal operation is based on two basic approaches: 

• Detailed preparation of the activities, which will be implemented in the areas with 
higher radiation contamination; 

• Monitoring and control of individual and collective doses during the 
implementation of the activities and applying corrective activities in case the 
established levels are exceeded. 

• The implementation of these principles is included in the Program for radiation 
protection during the IRT-Sofia partial dismantling. The program includes: 

• The establishment of a safety intervention team that will act during the time of the 
dismantling; 

• A radiation protection organization with obligations, responsibilities and relations 
with other organizations; 

• Restriction of the dose exposure in the building /facility/ and on the reactor 
operating floor; 
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• Necessary individual dosimetry control for the personnel ; 
• Monitoring for radioactive contamination; control over the radiation situation in the 

premises and radiation control of the air and the existing ventilation filters  and 
supplementary (local) ventilation systems; 

• Monitoring of emissions; control over radioactive wastes and drainage waters, 
including in possible mobile facilities for low and middle active liquid RAW 
treatment; 

• Control over collection, sorting and categorization, storage and transportation of 
liquid and solid RAW.  

• The limit for the personnel effective dose is 100 mSv during 5 years, and the 
maximum effective dose for each year must not exceed 50 mSv according to [6]; 

• For the purposes of the radiation protection and in accordance with the ALARA 
principle, dose administrative limits are introduced for the personnel in IRT-Sofia.  

During the implementation of the partial dismantling the following working zones 
are defined in general: 
working zone admissible time for 

the stay in the zone, h 
expected collective 
dose  

On the premises of the 1-st circuit loop 72 4E-04 manSv 
At the reactor site (the reactot pool is full) 70 6E-05 manSv 
In the reactor pool (drained) 100 6E-03 manSv 
In the dismantling of the thermal column 
externally 

165 4E-06 manSv 

On the site for secondary treatment and 
decontamination of the dismantled 
equipment 

82 10E-05 manSv 

Site for carrying out measurements of the 
obtained materials  

50 1E-06 manSv 

Fig. 4 Working zones  

In accordance with the ALARA principle the minimization of the dose exposure of the 
personnel is realized through: 

• Ventilation of workplaces - IRT-Sofia reactor is supplied with a standard ventilation 
system. For the needs of the partial dismantling it is accepted that its functions are 
going to provide some radiation protection of the workers. In the activities related to 
expected large amount of powder release (breaking of concrete, graphite blocks, 
cutting, etc.) a supplementary local ventilation system is also used, supplied with 
filters for dust removal; 

• Automation and mechanization of processes - the dismantling activities in the reactor 
pool are going to be carried out mechanically and remotely;  

• Radiation control systems - during the activities connected with the IRT-Sofia partial 
dismantling the radiation control system will continue to provide the necessary 
individual dosimetry control and control of radiation situation in the premises and 
radiation control of the air and the filters of working and supplementary (local) 
ventilation systems envisaged in the plan for partial dismantling; control of radioactive 
wastes and drainage waters; control over collecting, sorting and categorization, 
storage and transportation of liquid and solid RAW; 

• Using of individual protective means (clothing, breathing masks, etc.). 

On the basis of the prepared documents Detailed Plan for partial dismantling of IRT-
Sofia equipment and Safety Analysis Report for the Partial Dismantling and with the 
assistance of US DOE and IAEA we proceed towards the implementation of the partial 
dismantling activities shortly. 
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ABSTRACT 
 

FRM II, the 20 MW heavy water moderated research reactor of the Technische 
Universität München, is equipped with a Si doping facility suitable for the irradiation 
of ingots up to a maximum diameter of 200 mm and a maximum length of 500 mm. 
Using the results of test experiments and additional MCNP calculations which had 
already been performed during the nuclear commissioning of FRM II a Ni absorber 
surrounding the irradiation position had been shaped suitably to achieve the 
necessary high homogeneity of the doping profile. The installation of the irradiation 
channel within the heavy water moderator tank providing a very well thermalized 
neutron spectrum makes the facility particularly interesting for the doping aiming 
high target resistivities up to > 1000 Ωcm. Since 2007 the facility is working 
semiautomatically. The high demand from the industry initiated the implementation 
of a 2-shift operation mode which allowed the irradiation of more about 10 t of Si in 
2008. 

 
 
1.  Introduction  
 
The Forschungsneutronenquelle Heinz Maier-Leibnitz (FRM II) is a 20 MW heavy water 
moderated research reactor being operated since 2005 by the Technische Universität 
München on its campus in Garching. Due to its very compact core design – only a single 
cylindrical fuel element containing approximately 8 kg of highly enriched uranium – the 
reactor is clearly optimized for basic research by means of neutron beam tube experiments. 
Nonetheless it was evident already since the very beginning of the reactor project that FRM II 
has also to be made available to medical, industrial and commercial applications. For this 
purpose the reactor was equipped in addition to the scientific installations with a facility for 
cancer treatment by neutron irradiation [1] and several irradiation channels for technical 
applications [2]. Among those the Si doping facility turned out to be the most important and 
successful one from the commercial point of view. 
 
2. Basic layout of the Si doping facility  
 
The neutron transmutation doping (NTD) of the semiconductor Si in a research reactor is 
based on the nuclear reaction  

PSinSi 313130 ),( ⎯→⎯
−βγ    

It is important to note that no further neutron capture reactions take place in Si and that the 
half life of 31Si is only 2.62 h.  
 
The main advantage of NTD as compared to other Si doping techniques is the high 
achievable accuracy and homogeneity of the doping profile. For commercial purposes the 
resistivity – the most common measure for the doping effect – has to meet the target 
resistivity to within ±5 %, and the inhomogeneity of the resistivity along the axis of the ingot 
has to be less than again ±5 %. NTD Si fulfilling these requirements is used by all major 



suppliers for semiconductors as starting material for electronic components processing high 
electrical power.  
 
From the facts mentioned above it is obvious that the most important requirement for a 
successful Si doping facility in a research reactor is the provision of an irradiation channel 
exhibiting a sufficiently homogeneous neutron flux density distribution. In addition at FRM II it 
was one of the main design criteria to allow the irradiation of Si ingots up to a maximum 
diameter of 200 mm and a maximum length of 500 mm. Taking into account these aspects  
the vertical thimble JBE12 BB001 was chosen for housing the doping facility. It is located 
within the heavy water moderator tank in a distance (center to center) of 1 m from the fuel 
element; the thimble itself, however, is light water filled to allow easy access from the top. 
 
Already during the nuclear commissioning of FRM II the neutron flux density profile within the 
thimble JBE12 BB01 was monitored. In order to match the irradiation conditions within the 
future Si doping facility to the highest extent possible two single crystalline Si ingots 
(Ø = 150 mm, combined length l = 500 mm) were equipped with a total of 30 Al:Au(2‰) flux 
monitors and irradiated in a simplified test rig to be handled using the crane in the reactor 
building. In order to increase the radial homogeneity of the doping profile already in this test 
experiment the Si ingots were rotated around their central axis at a frequency of 5 turns/min. 
The result of the test irradiation is shown in figure 1 together with the distribution of the flux 
monitors within the Si ingots. It turned out that the neutron flux density in the central region of 
the ingots under irradiation was approximately 12 % higher as compared to the top and 
bottom faces. The radial inhomogeneity on the other hand was < 3 % and consequently 
acceptable. The idea for the necessary correction of the neutron flux density along the axis of 
the Si ingots was to introduce a suitably shaped Ni layer (so called liner) into the Al tube 
surrounding the irradiation position. Due to the higher neutron absorption cross section of Ni 
as compared to Al the neutron flux density is reduced in the covered area and the doping 
profile is homogenized correspondingly. The correct shape of the Ni liner was determined 
from MCNP calculations using the results of the test experiment as the input [3]. 
 

 

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

95% 100% 105% 110% 115%

po
si

tio
n 

(c
m

)

without liner

with liner

 
 
 

Figure 1: Schematic drawing of two Si ingots equipped with Al:Au(2‰) neutron flux density 
 monitors and effect of the Ni liner on the neutron flux density within the Si ingots. 
 

A
B

CD
E F

4

5

6

A B
C

D
E F

1

2

3



The resulting neutron flux density within the Si turned out to be 1.7E13 cm-2s-1 with an 
acceptable axial variation (see again figure 1) of < 5 %. Due to the distance of 1 m between 
fuel element and irradiation position the ratio of thermal and fast neutron flux density was 
determined to be as high as Φth/Φf ≈ 1700. An important and wishful consequence of this 
high value is that during irradiation almost no extended, electrically charged defect clusters 
are generated. For this reason even weakly doped NTD Si with target resistivities  up to 
ρ > 1000 Ωcm are available from FRM II. 
 
In addition to the smoothening of the doping profile by means of the Ni liner and the rotation 
of the Si ingots during irradiation the vertical shift of the neutron flux density distribution 
during the 60 days reactor cycle has to be corrected for. For this purpose the entire 
irradiation rig mounted within the thimble JBE12 BB01 can be lifted by up to 150 mm. Due to 
the comparatively large distance between fuel element and irradiation position, however, this 
effect is only weak and an adjustment of only 25 mm during the entire cycle is sufficient to 
guarantee acceptable irradiation results. The effect from a change in shape of the neutron 
flux density profile with increasing burn-up of the fuel element is even smaller and can be 
neglected completely. 
 
Finally the originally foreseen permanent forced cooling of the irradiation position turned out 
to be not necessary. Calculations showed that in case of purely passive cooling by pool 
water the layout temperature of the thimble (80°C) is not violated, although the temperature 
within the Si ingots increases up to 140 °C during irradiation. 
 
3. Operation of the semiautomatic irradiation facility 
  
After determination and optimization of all of the irradiation parameters during the nuclear 
commissioning and one year of operation using the simplified rig mentioned above the final 
semiautomatic facility was installed and taken into operation in 2007. The device was built in 
cooperation with the Hans Wälischmiller GmbH, Markdorf. The most important component of 
the facility is a lifting unit which is mounted on the movable bridge spanning over the reactor 
pool of the FRM II. The entire load chain of the doping facility is in accordance with the 
German KTA regulations. 
 
For launching an irradiation run typically 2 or 3 ingots of equal diameter and target resistivity 
are put together into a so-called loading basket to form an irradiation batch and lowered into 
the handling position of the reactor pool approximately 4 m below the surface level. The 
same area - which offers space for a total of 12 Si batches - is used later for the radioactive 
cooling of the freshly irradiated ingots. In the next step the Si ingots are inserted into the 
irradiation basket by means of a vacuum lifter. The further irradiation process is controlled 
automatically. After the input of the irradiation parameters into the computer for operation 
and monitoring of the doping facility the lifting unit takes the irradiation basket and moves it 
along a predefined path into the irradiation channel (see figure 2). After the Si has reached 
the final irradiation position it is rotated automatically around the ingot’s central axis at a low 
frequency of approximately 5-7 turns/min. After completion of the irradiation the Si is lifted 
again automatically by about 4 m into a decay position within the thimble. The entire setup 
stays in this position for at least 1 h to allow the short lived activities from the structural 
materials – mainly AlMg3 from the irradiation basket and its handling device – to decay to a 
value which allows working on the movable bridge at an acceptable dose rate of 30 µSv/h in 
maximum. Subsequently the freshly irradiated Si is moved back to the handling area in the 
storage pool using the same path as before. After disconnecting the irradiation basket from 
the lifting unit the latter is available for the next irradiation run. 
 
During irradiation the reactor power and the frequency of rotation is monitored permanently 
by the computer program contrloing the doping facility. In case one of these parameters 
drops accidentally below a limiting value defined in the software the irradiation is interrupted 
and the irradiation basket is lifted into the decay position within the thimble. 



 
 

 
 

Figure 2: The Si doping facility is approaching the irradiation channel 
 
 
In order to allow the decay of the induced 31Si activity the irradiated Si ingots are left for 2 
days in the decay area of the FRM II’s storage pool. Subsequently they are taken out using 
again the vacuum equipment for moving them from the irradiation basket into the loading 
basket. Upon taking them out of the reactor pool the ingots are rinsed with fresh deionized 
water and finally cleaned in an ultrasonic bath. 
 
Before shipment back to the customer the Si is released according to the German 
radioprotection regulations. The limiting values to be met are a surface contamination of 
< 0.5 Bq/cm² and a specific activity of < 0.09 Bq/g. It is noteworthy that in general the 
mentioned limits are kept without problems, a fact which impressively demonstrates the 
purity of the starting material. 
 
Already in 2007, the first year of operation of the semiautomatic Si doping facility, a total 3.8 t 
of Si was processed in 180 separate irradiations. Since the industrial demand turned out to 
be continuously high these numbers were increased in 2008 to 9.8 t and 526 single 
irradiations. In order to satisfy this demand a two shift system for Si doping was implemented 
at FRM II in June 2008. 
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ABSTRACT 
 

The concept of a compact homogeneous aqueous reactor fuelled by a uranium salt 
solution with off-line separation of radioisotopes of interest from aliquots of irradiated 
fuel solution has been cited in a few presentations in the series of International 
Conference on Isotopes (ICI) held in Vancouver (2000), Cape Town (2003) and 
Brussels (2005) and recently some corporate interest has also been noticeable. 
Calculations and some experimental research have shown that the use of aqueous 
homogeneous reactors (AHRs) could be an efficient technology for fission 
radioisotope production, having some prospective advantages compared with 
traditional technology based on the use of solid uranium targets irradiated in research 
reactors. A review of AHR status and prospects by a team of experts engaged in the 
field of homogeneous reactors and radioisotope producers yielded an objective 
evaluation of the technological challenges and other relevant implications. The 
meeting to develop the IAEA-TECDOC facilitated the exchange of information on the 
‘state of the art’ of the technology related to homogeneous aqueous solution nuclear 
reactors, especially in connection with the production of radioisotopes. 
 
This paper presents a summary of the recently issued IAEA-TECDOC and related 
IAEA activities since the publication. 

1. Introduction 
The use of aqueous homogeneous reactors (AHRs), also called solution reactors, for the 
production of fission-based medical isotopes is potentially advantageous because of their 
relatively lower cost; small critical mass; inherent passive safety; and simplified fuel handling, 
processing and purification characteristics. These advantages stem partly from the fluid nature 
of the fuel and partly from the homogeneous mixture of the fuel and moderator in that an AHR 
combines the attributes of liquid-fuel heterogeneous reactors with those of water-moderated 
heterogeneous reactors. If practical methods for handling a radioactive aqueous fuel system are 
implemented, the inherent simplicity of this type of reactor should result in considerable 
economic gains in the production of fission-based medical isotopes. In June 2007, the IAEA 
convened a meeting of 10 technical experts from 7 institutions in 5 countries to review all the 
relevant issues and make recommendations for future work. The details of this meeting have 
been published in an IAEA TECDOC. This paper presents a summary of that report and IAEA 
activities since the publication. 

2. Advantages of homogeneous aqueous reactors for the production of fission-
based medical isotopes 

2.1 Reactor design flexibility and inherent nuclear safety characteristics 
The flexibility of solution reactor design parameters is an important feature of the AHR concept 
that allows customized design configurations to satisfy safety requirements and meet or exceed 
isotope-production targets. The greater flexibility afforded by solution reactors with respect to 
core operating power range is an important advantage with respect to 99Mo production demand. 
Solution reactors for isotope production could range from 50 to 300 kW. 



The choice of fuel base and solution composition is contingent on core design, operating and 
product isotope processing strategy. Traditionally, uranyl-sulfate fuel was preferred over uranyl-
nitrate because of its greater radiation stability. However, the distribution coefficient for 99Mo 
extraction is higher from irradiated uranyl-nitrate solutions than from irradiated uranyl-sulfate 
solutions; consequently a nitrate fuel base is clearly more advantageous from a processing yield 
point of view. The fuel concentration is selected to minimize core volume/fissile mass, optimize 
processing efficiency, or both. Solution reactors are typically operated at 80°C and slightly 
below atmospheric pressure. The low operating fuel-solution temperature, power density, and 
pressure provides thermodynamic stability, minimizes potential safety risks and yet allow for 
sufficient flexibility to optimize 99Mo production demands. 

The inherent nuclear-safety characteristics of solution reactors are associated with the large 
negative density coefficient of reactivity in such systems. The reactivity effect resulting from the 
operation of solution reactors at power may be thought of as the superposition of two effects, 
namely: (1) an overall uniform volumetric expansion of the fuel solution due to the increase in 
fuel temperature and the formation of gas bubbles due to radiolysis; and (2) a corresponding 
density redistribution within the expanding volume in which the introduction of an equivalent 
void volume displaces fuel from regions of higher reactivity worth to regions of lower reactivity 
worth. The resulting density reduction is manifested in a large negative coefficient of reactivity 
which provides a self-limiting mechanism to terminate a reactivity excursion and provides 
inherent nuclear safety. Relevant experiments in the French CRAC and SILENE facilities have 
demonstrated these phenomena. 

2.2 Efficient neutron utilization, elimination of targets, less post-processing 
uranium generated per curie of 99Mo produced, and overall simpler waste 
management 

A unique feature of using the solution reactor for fission-based medical-isotope production 
compared to conventional production is that the reactor fuel and target are one, consequently a 
solution reactor can produce the same amount of 99Mo at 1/100th the power consumption and 
waste generation. Thus the potential advantages of utilizing solution reactor technology are 
lower reactor power, less waste heat, and a reduction by a factor of about 100 in the generation 
of spent fuel when compared with 99Mo production by target irradiation in heterogeneous 
reactors. 

When one considers waste management in terms of both spent-reactor-fuel and spent-target 
disposition, waste management for the solution reactor is far simpler. A solution reactor has no 
need for targets and, therefore all processes related to the fabrication, irradiation, disassembly 
and dissolution of targets are eliminated. Because these target-related processes result in the 
generation of both chemical and radioactive wastes, 99Mo production in solution reactors can 
significantly reduce waste generation. Since the recovery and purification of 99Mo from 
conventional targets after dissolution will be quite similar (if not identical) to that of a solution 
reactor, the solid and liquid wastes produced will be similar, except for uranium disposition. 
Uranium from the solution reactor is recycled and only disposed at the end of the fuel solution’s 
viability (up to twenty years). 

2.3 Efficient processing of other isotopes using off-gas extraction 
In addition to 99Mo, other radioisotopes used by the medical community can be processed more 
efficiently from a solution reactor. Radiolytic boiling enhances the off-gassing of volatile fission 
products from the fuel solution into the upper gas plenum of the reactor. A number of valuable 
radioisotopes such as, 133Xe and 131I, can be recovered from the off-gas. There is a large 
demand for 131I, as it continues to be widely used for therapy of thyroid disorders. Further, 
higher specific activity achievable in the off-gas recovery makes it much more effective for 
radiolabelling, compared to traditional uranium target irradiation technology. 89Sr and 90Y are 
two more products of interest for similar recovery due to their proven therapeutic utility and 
increasing demands, in particular for 90Y. While the conventional source of 90Y is from a 
radioisotope generator housing the long-lived 90Sr separated from the waste stream of 



reprocessing plants, the AHR approach could be a potential new source for direct recovery from 
irradiated uranium salt solution.. 

2.4 Less capital cost and potential lower operating costs 
The core cooling, gas management, and control systems and auxiliary equipment will be 
relatively small and simple compared to current research reactor target systems due to the 
lower power of solution reactors. Isotope separation, purification and packaging systems should 
be very similar to current target system facilities. The relatively smaller, less complex solution 
reactor will be less costly to design and construct than traditional research type reactors. 

Operating costs may be reduced through many of the improvement mechanisms mentioned 
above. Specifically a target-free process eliminates all related costs, including the costs of 
target waste handling and disposition. Any resources involved in the transport of the irradiated 
target to a processing facility will be saved as will product losses due to any intermediate 
cooling periods. Reactor control and operation is expected to be simpler potentially resulting in 
reduced staffing requirements. 

3. Design Challenges 
Although AHR technology is well characterized in the research environment, the capability of a 
solution reactor to perform a medical-isotope production mission in a long-term continuous 
steady-state mode of operation in the 100 to 300 kW range is not guaranteed. Specifically, 
many technical challenges must be addressed in transitioning the technology to a commercial 
industrial environment. 

3.1 Isotope separation technology 
Solution reactor operation for medical isotope production could be challenged by the chemical 
stability of the fuel solution induced by a high radiation environment without introducing new 
undesired complex chemical structures in the product isotope and/or chemical reactions with 
the solution being processed. Furthermore, the potential problems caused by the build-up of 
adsorption and fission products, their effect on reactor operation, and the subsequent recovery 
system is another challenge which must be addressed. In addition, the effects of build-up of 
corrosion products, materials leached from the recovery system, and chemical additions must 
also be analysed and optimized. If the fission product build-up and/or corrosion product effects 
are important, a means to clean up the fuel solution in concert with waste-management and 
economic considerations must be devised. 

Another important effect that has not been fully characterized is the effect of molybdenum redox 
chemistry of high radiation fields that will accompany fuel cooled for less time than current 
practices. Because recovery is based on maintaining Mo in the (VI) oxidation state, its reduction 
to lower oxidation states would diminish both its sorption in the loading phase and it’s stripping 
from the column in alkaline solution, where the lower oxidation-state Mo species precipitate in 
the column as hydrous metal oxides. Limited studies have shown that four hours after 
irradiation, effects are seen by lowering of 99Mo distribution ratios, especially in sulfate media. 
Much more experimental work is required to understand and design for this effect. 

3.2 Design optimisation 
Several design parameters must be optimised during any specific design process. Two fuel 
solutions are currently being considered for solution reactors dedicated to radioisotope 
production, namely, uranyl-sulfate and uranyl-nitrate. As described above, sulfates facilate 
easier reactor operation while nitrates tend to optimise 99Mo recovery. Also the selected 
uranium concentration in the fuel solution is a compromise between reactor optimization and 
99Mo separation efficiency. A lower uranium salt concentration in the fuel solution results in a 
larger Kd for Mo(VI) and therefore a more effective and efficient recovery of 99Mo. As a result, 
the size of the recovery column can be smaller making washing of impurities more effective and 
obtaining a more concentrated product solution of the raw molybdenum from the column. 
However, a higher concentration of uranium in the solution will minimize the reactor fuel solution 
volume leading to a more compact reactor. 



3.3 Increasing power beyond current operating experience 
Historically, solution reactors have been used either in a research capacity to: (1) study nuclear 
kinetics phenomena associated with nuclear excursions; (2) as a neutron generator to study the 
effects of irradiation on materials; or (3) to generate radioisotopes. As a result, most reactor 
operations were transient in nature, or limited with respect to steady-state operation. Physically, 
the radiolysis gas and vapour that form at high power densities create bubbles that migrate to 
the surface of the solution. The resulting perturbations at the liquid surface may cause reactivity 
variations, as well as waves and sloshing effects making it difficult for the automatic rod control 
system to maintain steady state power conditions. These phenomena are closely related to 
power density and need to be examined carefully to avoid potential power instabilities or 
uncontrolled power transients. The design of the core tank may also need to be reconsidered. 
These instabilities, while detrimental to predictable production operations, pose a relatively 
small potential hazard provided the reactor vessel design can accommodate pressure transients 
due to liquid perturbations. The use of Low Enriched Uranium (LEU) fuel requires a greater 
volume of fuel and thus results in an increase in core solution height which potentially 
diminishes the reactivity variations induced by perturbation of the solution surface. Furthermore, 
a non-cylindrical core tank design would probably attenuate the instability phenomena, thus 
further strengthening safety. 

3.4 Licensing solution reactors 
Since no operating license applications involving solution reactor facilities for isotope production 
have been submitted, world-wide nuclear regulatory bodies have not developed specific, 
relevant regulations. Hazard analyses for solution reactors have indicated significantly lower 
hazard to workers, surrounding populations and the environment than those reactors currently 
addressed by regulatory bodies. New regulations appropriately addressing specific hazards 
associated with solution reactors for commercial isotope production will be necessary. Until 
these regulations are formulated and issued, it may be feasible to address these facilities in a 
manner similar to current research reactor standards with appropriate modifications as needed. 

4. Status of solution reactors for fission-based medical isotope production 
Medical Isotope Production Reactors are under development in China, Russia and the United 
States. Two fundamental technologies have been patented in the US, Europe and Russia. 
These reactors use LEU solutions of a) uranyl-nitrate salt and b) uranyl-sulfate salt as the fuel. 
The ARGUS reactor, a 20 kW(th), High Enriched Uranium (HEU) solution reactor has been 
operated as an experimental development activity by Kurchatov Institute in Russia. Irradiated 
solution from this unit was processed to separate and purify 99Mo to European and US 
pharmacopoeia standards. It should be noted that meeting minimum pharmacopoeia purity 
requirements alone may not be sufficient for specific formulations used in the eventual medical 
imaging procedure. 

In January 2009 Babcock & Wilcox Technical Services Group, Inc. (B&W TSG) signed an 
agreement with Covidien to develop technology for the manufacture of 99Mo. The program has 
the potential to supply more than 50 percent of U.S. demand for Mo-99. Under the agreement, 
B&W TSG and Mallinckrodt Inc., a subsidiary of Covidien, will collaborate on the development 
of solution-based reactor technology for medical isotope production [1]. 

5. Recent IAEA activities 
During 2008 a CRP titled “Feasibility Evaluation of the Use of Low Enriched Uranium Fuelled 
Homogeneous Aqueous Solution Nuclear Reactors for the Production of Short Lived Fission 
Product Isotopes” was initiated and approved internally within the IAEA. As suggested by the 
title, the aim of this CRP is to evaluate the use of LEU fuel in solution reactors via the analysis 
of normal and accident conditions related to the operation of solution reactors. 

At the end of the CRP, it is expected that all participants will have acquired an appropriate 
understanding of the feasibility of using LEU in AHRs and the potential of these reactors to 
produce short lived fission product isotopes. Specifically the CRP has the following objectives: 



1. Study the technical feasibility of using LEU in AHRs; 

2. Evaluate the impact of the use of LEU fuel on the design and operation of projected 
ARHs; 

3. Carry out benchmarking and comparison exercises using available tools for modelling 
AHRs; 

4. Evaluate feasibility of production of short lived fission product isotopes using aqueous 
LEU fuel solution in AHRs; 

5. Study relevant isotope separation technologies applicable to LEU fuelled AHRs; and 

6. Study relevant waste management challenges associated with LEU fuelled AHRs. 

Participants are being sought from interested member states. Currently the IAEA has received 
proposals for contracts from China and Pakistan and expressions of interest for agreements 
from the USA, France and Japan. The first research coordination meeting is planned for 2009. 

A few paragraphs of text on the problems faced in 99Mo supplies during 2008 and the need for 
enhanced international efforts were included in the draft 2009 Nuclear Technology Report 
(NTR) of the IAEA submitted to the Board of Governors Meeting held in the first week of March 
2009. While responding, the Member States strongly urged the IAEA Secretariat to undertake 
all necessary measures to support the reliable availability of adequate supplies of 99Mo to all 
users across the world. In a number of other events held in 2008-2009, similar calls are there 
seeking greater international cooperation in planning strategies to meet the short, medium and 
long term demands for 99Mo. The AHR is likely to remain an option for the long-term in this 
connection. 

6. Conclusion 
The current technology level is well established within the performed research tests. The next 
step is to confirm that this new technology can be used in a day-to-day reliable production 
environment. Continuing, active participation by both pharmaceutical and commercial nuclear 
reactor industries will be necessary in order to successfully develop viable commercial 
applications of this technology. While the advantages are numerous, commercial markets must 
be involved in the establishment of an evolving technology in place of an existing well 
developed alternative. 
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ABSTRACT 

Pitting corrosion of aluminium (Al) alloy clad research reactor (RR) fuel in wet 
storage facilities can be reduced to a large extent by maintaining water parameters 
within specified limits. However, factors like bimetallic contact, settled solids and 
synergistic effects of many storage basin water parameters provoke cladding 
corrosion. Increase in corrosion resistance of spent Al-clad RR fuels can be 
achieved through the use of conversion coatings. This paper presents: (a) details 
about the formation of cerium dioxide as a conversion coating on Al alloys used as 
RR fuel cladding; (b) the corrosion resistance of cerium dioxide coated Al alloy 
specimens exposed to NaCl solutions. Marked improvements in corrosion 
resistance of cerium dioxide coated Al specimens were observed. This paper also 
presents details of a Latin American Project to develop conversion coatings for 
long term safe wet storage of spent Al-clad RR spent fuel assemblies. 

  
1. Introduction 

 
According to the IAEA´s Research Reactor Spent Fuel Data Base, there are about 
62,000 spent fuel assemblies (SFA) stored in facilities around the world. [1] Most of 
the research reactor (RR) fuels are clad with relatively pure aluminium or an 
aluminium alloy.  The main form of degradation of aluminium alloy clad RR fuel is 
that caused by corrosion. Pitting is the main form of corrosion and 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 fuels in the storage basin. The 
corrosion of spent RR fuel cladding can be reduced to a large extent by maintaining 
the storage pool or basin water parameters within specified limits. Work carried out 
within the context of two IAEA coordinated research projects on the “Corrosion of Al-
clad spent RR fuel in water”, and within the corrosion activities of the IAEA supported 
Regional Project for Latin America on “Management of RR spent nuclear fuel” 
revealed that in spite of such stringent water parameters, factors such as bimetallic 
contact, settled solids and synergism between the effects of many of the basin water 
parameters result in corrosion of Al and its alloys. [2, 3] 
 
Among the many forms of controlling corrosion of metals in general, the use of 
inhibitors or the application of conversion coatings are widely known and these are 
extensively used in a variety of industries. These methods of controlling corrosion 
were considered very briefly in the early 50’s to protect fuel cladding prior to use in 
the reactor and subsequently discarded. During the last 60 years, significant 
progress has been made and a wide range of new inhibitors and conversion coatings 
are available to protect Al surfaces. The use of inhibitors or conversion coatings to 
protect spent fuel surfaces has never been considered. 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. A 
corrosion protected spent RR fuel could be stored for extended periods in waters of 
less than optimum quality. This in turn would reduce cost of water quality 
maintenance. During the last two decades, rare earth compounds have been 
investigated to develop corrosion protection systems for aluminium alloys as an 
alternative to chromates, which need to be replaced because of their toxic nature. [4-
6]. Based on the formation of cerium hydroxide films on Al alloys immersed in 
solutions containing cerium compounds as inhibitors, other treatments have been 
proposed to develop rare earth based conversion coating on Al alloys. [7-12]  
 
This paper presents the results of an exploratory investigation carried out to prepare 
cerium based conversion coatings on Al alloys used as RR fuel cladding material, 
namely AA 1100 and AA 6061. The effects of chemical pretreatments and processing 
parameters on cerium dioxide coating characteristics were determined. The corrosion 
resistance of cerium dioxide coated Al alloy specimens in NaCl solutions of varying 
concentrations was also determined. This paper also presents details of a Latin 
American Regional Project to develop coatings for long term safe wet storage of RR 
spent fuel assemblies. 
 
2. Methods and materials 

 
Specimens 2 x 2 x 0.2 cm were cut from AA 1100 and AA 6061 (Table 1) sheets 
prepared using standard procedures used for making RR fuel plates. These 
specimens were oxidized at 300° C in air for 4 h to form a surface oxide layer, 
simulating thus the surface conditions of a spent fuel plate. Table 2 shows the 
chemical composition of the solutions used in this study and also the treatment 
conditions to form cerium dioxide conversion coatings on the specimen surfaces.  
 

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 

 
Table 2. Composition of solution and treatment conditions 

 
Solution Treatment 

conditions 1 2 3 
Composition 0.5 M H2SO4  

1.28 M HNO3  
0.05 M Ce(SO4)2  
0.04 M HF  
0.1 M (NH4)2SO4  
1 litre 

10g/l CeCl3.6H2O 
3ml/l100vol% 
H2O2  
1 litre 
pH 1.6 
 

0.035 M CeCl3  
0.12 M H2O2  
1mM Cu (glycinate)  
1 mM Ti(O2) 2+ 
1 litre  
pH 2.0 

Temperature   
(° C) 

35 43 45 

Duration 
(minutes) 

10 4 5 

 



The treatment consisted of simple immersion of the specimens in the solutions. 
Solution-1 was used to pickle and remove the surface oxide. Solutions 2 and 3 were 
used to form the coating. After treatment, the specimens were rinsed and their 
surfaces examined. Untreated and treated specimens were exposed to 0.001 M and 
0.1 M NaCl solutions for 1 and 4 hours to determine their corrosion resistance. The 
surfaces of specimens: (a) untreated; (b) after treatment in the Ce containing 
solutions; (c) after exposure to NaCl solutions were examined in a scanning electron 
microscope (SEM) coupled to an energy dispersive spectrometer (EDS). The 
electrochemical behavior of untreated and treated specimens of the two alloys was 
determined from anodic potentiodynamic polarization measurements carried out with 
an electrochemical system using a standard 3-electrode arrangement in 0.1 M NaCl.  
 
3. Results and discussion 

 
The surfaces of AA 1100 and AA 6061 specimens immersed in Solution-2 revealed 
non-uniformly distributed CeO2 on the former and preferred formation of CeO2 at 
intermetallic precipitates (IMP) on AA 6061, as shown in Fig. 1a and in the EDS 
spectrum in Fig.1b. The AA 1100 and 6061 specimens immersed in Solution-3  
 

          

Figure 1. (a) Scanning electron micrograph of AA 6061 surface treated in Solution-2. 
(b) EDS spectrum of surface at region 3 in Fig. 1a. 

           
 
Figure 2. (a) Scanning electron micrograph of AA 6061 surface treated in Solution-3. 

(b) EDS spectrum of surface at region 2 in Fig. 2a. 

revealed CeO2 on the deposited Cu islands. CeO2 was also observed on IMP in AA 
6061. Other regions of the surface also revealed CeO2, but to a lesser extent as 
shown in Fig. 2. The EDS at region 2 in Fig.2a is shown in Fig.2b, revealing Cu and 



Ce peaks. The Cu and IMP free regions revealed significantly less CeO2, due 
probably to the Al oxide on the surface. Specimens that were treated first in Solution-
1, to remove surface oxide followed by treatments in Solutions 2 or 3 revealed CeO2 
even at regions without Cu or IMP. 
 
The micrographs of CeO2 coated AA 1100 and AA 6061 specimens did not reveal 
any marked changes upon exposure to NaCl of either concentration and for the two 
different durations. The results of the electrochemical measurements are 
summarized in table 3. The cerium dioxide coated specimens had higher corrosion 
potentials and lower corrosion currents. Specimens coated with CeO2 from Solution-3 
were even more corrosion resistant compared to those coated in solution-2. Increase 
in immersion time in either solution had no significant effect on the potential or the 
corrosion current.  
 
Overall, these data indicate that cerium dioxide conversion coatings on AA 1100 and 
AA 6061 clad spent RR fuel assemblies would significantly improve the pitting 
corrosion resistance of the assemblies in spent fuel basins with significantly lower 
quality water than that in use presently.  
 

Table 3. Corrosion current (Icorr) and potential (Ecorr) of the alloys in 0.1M NaCl 

Alloy Treatment Icorr ( mA.cm-2) Ecorr ( mV vs SCE) 

None 5 x 10-6 - 850 

Solution - 2 2 x 10-6 - 730 

 

AA 1100 

Solution - 3 5 x 10-7 - 660 

None 4 x 10-5 - 770 

Solution - 2 4 x 10-6 - 790 

 

A 6061 

Solution - 3 1 x 10-6 - 630 

 
 
4. The ARCAL project 

 
A Latin American project titled “Development of novel cost effective conversion 
coatings for long term safe wet storage of spent aluminium-clad research reactor 
fuels” has been approved for execution during 2009-2012 and awaiting funding. The 
participating countries are Argentina, Brazil, Chile and Peru. The different stages of 
the project include: (a) development of transition metal (TM) and/or lanthanide 
conversion coatings on Al alloys; (b) evaluation of corrosion resistance of conversion 
coated mock fuel plates in Latin American spent fuel basins; (c) design and 
construction of a rig and remote handling equipment to conversion coat spent fuel 
assemblies; (e) Definition of procedures to prepare conversion coatings on spent fuel 
assemblies. 
 
 
 



5. Conclusions 
 

1. Immersion of AA 1100 and AA 6061 specimens in CeCl3 containing solutions 
resulted in the formation of CeO2 on the surface.  

2. The CeO2 on the alloy surface increased the corrosion resistance of the alloys 
in NaCl solutions.  

3. Immersion of the alloys in Cu containing CeCl3 solutions resulted in formation 
of increased amounts of CeO2, mainly at the Cu islands.  

4. The corrosion potentials of CeO2 coated specimens in 0.1M NaCl solution 
were higher and the corrosion currents lower, indicating higher corrosion 
resistance, compared to uncoated specimens. 
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ABSTRACT 
 

During the 47 years of reactor operation of the TRIGA Mark II reactor Vienna many 
highly specialized maintenance and inspection methods have been developed 
which in several cases have been acquired by other research reactors. Further in 
some cases the TRIGA Vienna team plus equipment was rented for up to two 
weeks to carry out i.e. reactor tank, cleaning or visual inspections and 
documentation of tank internals or fuel elements. In addition complete systems 
such as pool water cleaning systems were tailored according to local needs. These 
services were either carried out by direct bilateral contracts between the 
counterpart institution and the Atominstitut or upon request of the IAEA which 
supported the inspection financially for low-income countries. This paper presents 
the experience of inspections and maintenance of several research reactors and 
gives some recommendations about the optimal maintenance frequency of 
research reactor tank internals in order to keep low power research reactors in 
good condition. 

 
 
1. Introduction 
 
The TRIGA Mark-II reactor started up initially on March 7, 1962, with a steady state power of 
250 kW and with pulsing capability up to 250 MW. Within the past 47 years no major incidents 
occurred, however, a number of reconstructions and modifications of reactor systems were 
carried out. Since the implementation of the Atomic Law in the mid 1970 a detailed re-
inspection plan had to be prepared covering all reactor related components and systems to 
be re-inspected regularly. The completed reinspection forms are controlled by a government 
appointed expert and are the basis for the continuation of the operating license [1]. 
 
One major issue was the renewal of the TRIGA reactor instrumentation in 1992 when the old 
transistor type instrumentation was replaced by a computer controlled up to date 
instrumentation. Since this time experience has accumulated with this digital instrumentation 
which will be presented in this paper. 
 
Another important task is the periodic optical inspection of the reactor tank internals and the 
regular cleaning of the primary water system. Optical inspection is carried out with a rigid 
underwater endoscope. This is a modular optical device which allows optical inspection in any 
place of the reactor tank, including the fuel elements in the core. With integrated lights and 
various objectives, 0° foreward, 45° foreward and 90° sidewards practically all areas in the 
reactor tank can be inspected. This endoscope can also be used to inspect a spent fuel 
element in a special lead container placed in the reactor hall. The spent fuel is transferred 
from the reactor tank into this container and through several holes the endoscope can be 
inserted to view directly the fuel surface without being exposed to radiation. 
 
Regular cleaning of tank internals in three months intervals is also very important. A high 
pressure water jet is used to stir up all deposits from tank surfaces and a special pump with 
integrated filters is used to collect the deposits. 
 



The endoscope together with the water jet and the tank cleaning pump has been applied 
succesfully in several other research reactors through bilateral cooperation and assistance. In 
fact in one case the visual inspection and maintenance saved the operator a tedious repair 
work of several monthes or a possible permanent shut-down. 
 
The fuel elements are measured with an underwater device for elongation and bowing every 
two years. Since 1962 out of 104 fuel elements only 8 had to be removed only one due to a 
cladding defect, the others due to excess elongation. A dry spent fuel storage has been 
developed to accommodate the removed fuel elements in a controlled atmosphere. 
 
 
2. Special inspection and maintenance equipment 
2.1 Underwater endoscope 
 
The most important in-service inspection equipment is a modular underwater endoscope. It 
consists of seven 1 m long rigid endoscope modules which are watertight and can, therefore, 
be inserted directly into the reactor tank water. As the diameter of the system is only 18 mm 
it can practically be inserted into empty fuel element positions and allows therefore 
inspection inside the core volume. In many cases it can even be lowered through the lower 
core support plate (grid) and allows to view the volume below the core. The front end of the 
endoscope is equipped with an integrated lamp and several viewing angles are possible like 
0º, 45º foreward, 90º, 45º backward. To the ocular standard video- or photo equipment can 
be connected [7-9]. 
 
2.2 High-pressure water jet 
 
To clean the tank and the core structures from debris a compressor is used producing a 
water jet which can be regulated up to 100 bar pressure. The water is taken directly from the 
tank, compressed and ejected through various types of nozzles (flat, rotary, point direction) 
to the surfaces to be cleaned. Using a special small nozzle the water jet can be introduced 
directly into the core volume between top and bottom grid. 
 
2.3 Tank cleaning pump 
 
While the high pressure jet is used, an additional tank cleaning pump is operating with 
several stages of gross and fine filters. The pump inlet tube is directed to the area of highest 
debris. All materials are collected in the filters and the cleaned water is returned into the 
tank. The overall cleaning of a typical TRIGA tank with a typical amount of stirred-up debris 
takes about 24 hours. During a recent tank inspection a number of washers, screws and 
metal pieces were removed, some of them with a dose rate up to 0.1 Sv/h (10 rem/h). 
 
2.4 Pick-up tool 
 
To pick up flat or fine objects from the tank bottom (such as coins, washers, buttons) a 
special pick-up tool was developed at the Atominstitut which acts on a string-and-pull 
system. The tool is so small that it can be transported in a shoe box. It can pick up items 
from as far as 10 m below the water surface. 
 
The above mentioned equipment (endoscope, water jet, tank cleaning pump) can easily be 
transported to any reactor station in Europe with costs of approximately € 1000.-- round trip 
on road. If the more bulky high pressure water jet pump and the tank cleaning pump are 
omitted, the endoscope itself can even be shipped by ordinary mail or transported in a 
passenger car. 
 
All components and systems are re-inspected following an elaborate re-inspection program 
[2]. This consumes about 4 man-days per month. Once a year all the reactor systems are 



inspected in presence of an expert nominated by the regulatory body and his expertise is the 
basis for the annual renewal of the operation license valid again for the coming year. This 
annual inspection requires approximately 1 man-month (four persons for two weeks). Some 
of the inspection methods have been successfully applied in other TRIGA reactors [3-6]. 
 
 
3. Recent applications of the endoscope in European research reactors 
 
Pavia, Italy: Upon request of the 250 kW TRIGA reactor in Pavia, the equipment was used 
to, identify damaged core installations such as the regulating rod guide tube fitting to the 
lower grid plate and a deformed central irradiation tube (details see below). 
 
Munich, Germany: The endoscope was used to identify a leak in the primary coolant pipe of 
the 4 MW MTR type reactor and helped to supervise and control its repair. 
 
Imperial College, UK: The endoscope was used during a general inspection and clean-up of 
the 100 kW CONSORT reactor. 
 
Rome, Italy: Upon request from ENEA a contract was signed between ENEA/Rome, Italy, 
and the Atominstitut/Vienna, Austria, to carry out the following tasks 
 
• Visual inspection of the TRIGA RC-1 tank 
• Maintenance and cleaning of the reactor using special tools 
• Removal of objects found during inspection  
• Preparation of a final report 
 
Kinshasa, Democratic Republic of the Congo: Visual inspection and verification of the spent 
fuel of the TRIGA-I facility, CREN-K upon request from the IAEA. 
 
Before the start of visual inspection, the operations staff from the TRIGA-I facility was able to 
start and operate the mobile purification system supplied by the IAEA one year ago.  It was 
then possible to clean the pool water of the TRIGA-1 facility. After one hour of purification 
system there was a visible improvement in the water clarity due to a decrease in turbidity. 
The operation staff of the counterpart then began to clean up small objects and debris from 
the bottom of the reactor tank and the three fuel storage racks. It should be noted that the 
reactor ‘tank’ of the TRIGA-1 consisted of a poured concrete circular wall and base. The 
visible condition of the concrete walls and base appeared to be excellent.  
 
As the inspection equipment with the underwater endoscope had not been delivered from the 
customs office by the beginning of the mission, a different approach to inspect and identify 
the fuel elements stored in the pool of the TRIGA-1 facility was tried. Together with the 
operation staff from TRIGA-I facility each fuel element was individually lifted about 1-2 m with 
the fuel element handling tool and transferred into an aluminum bucket. The fuel element and 
bucket assembly was then raised to an elevation where the top of the fuel element was just 
below the water surface of the TRIGA-1 pool. The fuel element and aluminum bucket 
assembly was then rotated until a handheld digital camera picture of the serial number could 
be taken, see figure 1. 
 
As all the elements, except one, had the number written up side, the identification could only 
be done afterwards on the screen of the digital camera by rotating the picture. After this was 
done the surface of the corresponding fuel element was visibly viewed, by lowering the 
aluminum bucket beneath the fuel element. A picture of the fuel element was then taken, see 
figure 2. 
 



 
Fig 1. Picture of the fuel element 539 E 

 

 
Fig 2. Surface of the corresponding fuel element 

 
Gamma radiation levels were then measured at a fixed distance, about 50 cm, from every 
fuel element. These measurements then provided a crude measure of relative burn-up of the 
elements. No previous information on element burn up was available. Each fuel element was 
then transferred back into a storage rack position at the bottom of the pool. The elements 
were replaced into their original rack storage locations unless reinsertion proved difficult. 
 
All of the R2 fuel elements were in good condition, with no visible corrosion spots or 
mechanical damage. Some elements had a visible black or white discoloration at the axial 
interface locations between the fuel and the top and bottom axial graphite slugs. The 
discolorations are normal and are attributed to the heat flux variations of the aluminum 
cladding at these interfaces. No corrosion or mechanical defects of the cladding were 
observed. Every fuel element was verified to be in excellent condition with no evidence of 
any mechanical deformation or defect.  
 



After the inspection was finished, several screws, wires and electrical insulation material, 
from the former control rod drives, were removed from the bottom of the pool with the pick-up 
tool.  
 

 
Fig 3. Storage racks located at the bottom of the pool 

 
 
4. Conclusions 
 
It is obvious that careful maintenance and periodic in-service inspections of the research 
reactor components have a positive influence on the technical state of the reactor and may 
extend its lifetime considerably. Reactor facility life extension is best accomplished by 
establishing and completing a maintenance program at an early stage in the facility’s 
operation. However, high quality routine maintenance of all reactor safety systems and 
operation within the established technical specifications is also essential to ensure the safety 
of the reactor and the public. During the past 47 years maintenance and inspection methods 
have constantly improved and new methods with digital systems have been developed. 
Together with an elaborated in-service inspection program the TRIGA reactor Vienna and all 
the other low power reactors around the world could be kept in excellent technical state 
without any major ageing effects. It is hoped that this facility will "still be going strong" for 
many more years. 
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ABSTRACT 
 

The Montreal SLOWPOKE reactor has been operating for 33 years and it is 
planned to continue operations for at least another 20 years. After the first 21 
years, the HEU fuel was replaced with a new long-life LEU core. A strategy is 
presented for managing the ageing components of the reactor core, the control 
system, the pool and other auxiliary systems. It deals with problems such as 
materials degradation, corrosion and the replacement of obsolete components. 
The strategy includes close surveillance of the fuel, with weekly maintenance tests, 
yearly inspections of the pool and its contents, and the acquisition of a large stock 
of spare parts. The strategy also deals with ageing documentation and ageing 
operating personnel. 

 
 
1. Introduction 
 
1.1 The SLOWPOKE reactor 
 
The eight SLOWPOKE-2 reactors constructed in the 1970’s and 1980’s were designed for a 
lifetime of 20 years [1], with a maximum operating power of 20 kW and a mean power of 
about 1.4 kW. The five in Edmonton, Saskatoon, Kingston, Montreal and Halifax, Canada 
and the one in Kingston, Jamaica are still in operation and four of them will likely continue 
operating for more than 50 years. To achieve inherent safety, the maximum installed excess 
reactivity is limited to 4 mk. As the reactor is used, the excess reactivity decreases, due to 
the production of fission product poisons and the burn-up of U-235, and it is periodically 
brought back up to 4 mk, not by the addition of new fuel, but by adding beryllium shim plates 
to the upper reflector, see Fig. 1. 
 
The Montreal reactor was one of the more heavily used, and by 1997, after 21 years of use, 
the beryllium shim tray was full and it was necessary to replace the fuel. The high enriched 
uranium (HEU) core was replaced [2] with a low enriched uranium (LEU) core. In the original 
HEU core, 7 mk of beryllium plates were used just to attain criticality, leaving only 13 mk for 
future reactivity consumption with reactor use. The long-life LEU core is made critical with no 
beryllium in the upper reflector, leaving space for about 20 mk of beryllium for future use. 
With 50% more available reactivity, the LEU core is expected to operate even more than 
50% longer than the HEU core at the same rate of use, because fission product poisons 
reach saturation after the first few years of operation. It is now predicted that the Montreal 
LEU core will last until 2030 at the current rate of use. The life of the reactor can be further 
extended about another six years by the addition of another beryllium annulus above the 
main annulus shown in Fig. 1. 
 
Some of the SLOWPOKE facilities have made major upgrades over the years. The second 
beryllium annulus was added to the Toronto (decommissioned in 2000) and Halifax reactors 
around 1990. The Halifax reactor will soon decommission also and the two beryllium annuli 
will be available for re-use at other facilities. The facility at Royal Military College, Kingston, 
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Ontario, Canada replaced its electro-mechanical reactor control system with a digital system 
designed in-house [3]. The facility at Royal Military College and the one at Saskatchewan 
Research Council, Saskatoon, Saskatchewan, Canada have both recently replaced their 
pool water purification systems with a modern treatment system [4,5]. The Montreal facility 
still has its original systems: the electro-mechanical reactor control system, incorporating a 
self-powered neutron detector, a voltage comparator and a motor-driven control rod, has 
proven to be extremely reliable and it is not planned to replace it. 
 
 

Beryllium Reflectors

Fuel

60 cm

Inner Irradiation Site

Outer Site
Control Rod

Container

 
 

          Fig 1.  The SLOWPOKE reactor core 
 
 
1.2 Ageing 
 
Ageing is defined as a general process in which characteristics of components, systems and 
structures gradually change with time or use [6]. This process eventually leads to 
degradation of materials subjected to normal service conditions. These include normal 
operation and transient conditions under which the component, system or structure is 
required to operate. The effects of such degradation may result in the reduction or the loss of 
the ability of components, systems and structures to function within accepted criteria. Safety 
and utilization of the facility may be affected unless preventive measures have been taken, 
and corrective measures have been established. 
 
At a SLOWPOKE facility, ageing management is necessary to keep the equipment running 
safely and effectively for the foreseen lifetime of the reactor. It is also a requirement imposed 
by the regulator, the Canadian Nuclear Safety Commission. 
 
1.3 Ageing experience at SLOWPOKE facilities 
 
We will describe four occurrences, related to ageing, which have occurred at the Montreal 
facility, and possibly other SLOWPOKE facilities, and mitigating actions which were taken: 
 
1. Early in the history of the Montreal reactor, a high level of humidity was observed 

above the pool under the concrete cover. There was noticeable condensation on 
several components. A ventilation system was installed to reduce the humidity. 
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2. With the aluminium-clad HEU fuel, it was observed that fission product releases from 
the fuel to the water increased over the years. The visual inspection of the HEU fuel of 
the Montreal reactor in 1991, with an underwater camera, revealed swelling on several 
fuel pins. The increased releases of noble gas fission products may have been through 
minute fissures in these swellings. It is speculated that the temperature cycling 
associated with daily reactor operation may be the cause of this degradation of the 
fuel. To reduce the releases of fission products, the Montreal reactor ceased operating 
at full power, 20 kW, and continued at 10 kW or less from 1991 to 1997, the last six 
years of operation with the HEU fuel. 

 
3. At the Montreal facility, corrosion formed on one of the contacts of the power selector 

switch, which is part of the reactor control system, and in 1991 it was the cause of a 
power excursion up to 40 kW. Although such a small power excursion poses no 
immediate risk, it is undesirable because it may accelerate ageing of the fuel. Now, all 
SLOWPOKE facilities have a maintenance program for this switch which eliminates the 
accumulation of corrosion. 

 
4. Upon inspection, it was found that some of the joints between the aluminium irradiation 

tubes coming out of the reactor container and the polyethylene tubes, which transport 
irradiated capsules about the laboratory, were not airtight. In the event of a rise in the 
level of the pool water, a leak at these joints would allow water to enter the irradiation 
sites in the reactor. The risk of a rise in the pool water level may be increasing as the 
ageing pool cooling system may be developing corrosion and approaching failure. The 
joints have now been sealed and are the subject of periodical inspections. 

 
 
2. The strategy for managing the ageing components 
 
The overall safety objective is to protect individuals, society and the environment by 
establishing and maintaining an effective defence against radiological hazards. The 
SLOWPOKE reactor is inherently safe [1] and the total inventory of radioactive fission 
products in the core is relatively small for a research reactor, of the order of 10 TBq, and no 
mechanism is known by which significant quantities of radioactivity could be released. Thus, 
the achievement of the safety objective is relatively easy with this reactor. As a 
consequence, the strategy for ageing management is not motivated so much by safety 
concerns, but rather by the desire to keep the reactor operating usefully as long as possible. 
Of course the strategy must always maintain the inherent safety, mainly by preserving the 
multiple barriers, the fuel matrix, the fuel cladding, the container and the pool, which prevent 
the release of fission products from the fuel to the environment. 
 
2.1 Basic Principles 
 
The management of ageing includes two types of measures: 

• Preventive maintenance 
• Mitigation 

 
Preventive maintenance is essentially maintaining the optimum environment and operating 
conditions of the equipment to delay ageing. It includes inspections designed to detect 
changes in the environment and operating conditions of the equipment which might 
accelerate ageing. When these changes are detected, they are remedied by preventive 
maintenance. Preventive maintenance may also include refurbishment and the replacement 
of equipment even before it shows signs of ageing. 
 
Mitigation includes measures undertaken to counter the effects of ageing once they have 
been detected. It includes inspections designed to detect ageing as early as possible. It also 
includes corrective maintenance on the ageing equipment or replacement of components. 
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2.2 The strategy at the Montreal SLOWPOKE facility 
 
The following are the seven facets of our strategy for the management of ageing: 
 
Along with components and materials, the reactor documentation may also age, in the sense 
that it may become out of date. We have recently developed a formal Quality Assurance 
Programme that ensures that all reactor documentation is kept up to date. According to the 
QA programme, the Operating Manual is continually revised and the procedures in it, 
especially the maintenance procedures, are continually updated. The QA programme also 
ensures that the operating personnel are knowledgeable of modified systems and the 
associated documentation. The operating personnel also follow a documented Continuing 
Training Programme. 
 
The ageing of the operating personnel should also be considered. At the Montreal facility, a 
training programme for new operators was developed and two new reactor operator 
candidates have now almost completed their training. It was found that an overlap of a 
retiring operator and his replacement of at least one year is necessary. 
 
The most important goal of the ageing management strategy is to preserve the integrity if the 
reactor fuel, because if any fuel degradation occurs it cannot be repaired. When the reactor 
was commissioned with LEU fuel in 1997, it was necessary to carry out power excursions to 
demonstrate the self-limiting behaviour of the reactor, but these were limited to powers less 
than 80 kW to minimise their possible effect on the fuel. The mechanism which caused the 
degradation of the aluminium-clad HEU fuel is not expected to occur with the zirconium-clad 
LEU fuel. No sign of degradation has been observed after 24 years of operation of the 
Kingston, Canada reactor with identical LEU fuel. The most important aspect of the 
preventive maintenance is to maintain the purity of the reactor water. It is verified weekly and 
the resistivity is maintained above 2 Mohm-cm. The radioactivity of the reactor water is also 
measured each week. An increase in the concentration of gaseous or solid fission products 
in the reactor water will be the first indication of fuel degradation. 
 
The reactor control system, the pneumatic irradiation systems, the radiation monitoring 
systems, the pool cooling system and the purification systems for the reactor water and the 
pool water have many components that are more than 30 years old. It is generally accepted 
[6] that the risk of failure of such components increases with age, and it may be wise to 
replace them before they fail to reduce the risk. We do not totally agree with this logic, for two 
reasons. First, we know our reactor well enough to be confident that the failure of a 
component of any of these systems will not lead to an unacceptable situation from the point 
of view of safety. Second, we have found these systems to be acceptably reliable up to now 
and we are not convinced that new components will improve reliability. Therefore, our 
strategy is to continue operating these systems until failures occur. Then the failed 
components will be replaced. The reactor may need to remain shut-down until the 
replacement is completed. In order to minimise down-time, our strategy is to ensure that the 
eventual repairs can be completed as quickly as possible. 
 
Many of the original components are now obsolete and it may take considerable time to find 
or have manufactured suitable replacements and then to install and verify them. For critical 
components, such as the temperature recorder and the self-powered neutron detector of the 
control system, replacements were purchased several years ago and are available. A 
network, with the participation of the five operating SLOWPOKE reactors in Canada, has 
been set up. Each is drawing up a list of spare parts on hand and has agreed to make them 
available to the other facilities as needed. As many spare parts as possible have been 
salvaged from two SLOWPOKE reactors that have already been decommissioned and more 
will be obtained from the next reactor to decommission. Most of the parts will be stored at the 
Montreal facility. 
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The pool and the support structure for the reactor container are large structures which would 
be difficult to repair in the case of a major failure. Each week, the exact amount of makeup 
water added to the pool to compensate for evaporation is noted. This would be the first 
indication of a minor leak, which, hopefully, could be repaired before it became a major leak. 
In 2008, a programme of annual inspections of the pool was begun. The concrete pool cover 
is withdrawn and the following components are inspected: the pool wall, the outside of the 
reactor container, the irradiation tubes, the tubes leading to the pool cooling coil, the support 
structure. The onset of corrosion was discovered on one of the I-beams of the support 
structure, likely caused by condensation dripping from the tubes of the cooling system. 
Remedial measures are being taken to stall the corrosion. 
 
This strategy was developed with the experience acquired over thirty years of reactor 
operation. It could be improved with the additional information on operational experience 
available at the other SLOWPOKE facilities. In 2009, each facility will be asked to compile a 
list of their complete operating experience, including all operational occurrences or other 
experience that may be related to ageing. The compounded list will benefit the ageing 
management strategies of all the facilities. 
 
This strategy has not yet been fully documented in accordance with to our QA programme. 
Once this is done and the strategy is fully implemented, we are confident that our facility will 
eventually be shut down, not because of the effects of ageing, but because the reactor is no 
longer useful or has exhausted the available reactivity. 
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ABSTRACT 
 
A crack was found on the weld of aluminum cladding of a reflector element of 
graphite in Japan Research Reactor No.4 (JRR-4). A survey on the reflector 
element confirmed that the crack was caused by a growth of the graphite reflector. 
The growth was observed in other reflector elements by radiographic testing. We 
measured the dimensions of irradiated graphite reflectors after dismantling the 
reflector elements. We found that the sizes had increased with fast neutron fluence 
under the JRR-4 operation condition which was estimated lower than 200 ˚C.  

 
 

1.  Introduction 
 
Japan Research Reactor No.4 are used for medical irradiation (Boron Neutron Capture 
Therapy), education and training for engineers, activation analysis and researches in various 
fields. The JRR-4 is a 3.5 MW pool-type reactor which is cooled and moderated by light water. 
The JRR-4 core consists of fuel elements, reflector elements, control rods and irradiation 
tubes. The top view of the JRR-4 core is shown in Fig.1. The reflector element is composed of 
reflector part, handle part, joint part and plug part as shown in Fig.2, all of which are made of 
aluminum alloy except for the graphite reflector set in the aluminum cladding. The graphite 
material is a fine-grained and isotropic one (IG-110) manufactured by Toyo Tanso Co.. The 
reflector is a rectangular shape of 691x72x72 mm.  
 
 

 
 
 

Fig.1. Top view of JRR-4 reactor core. 
 



 
 
 

Fig.2. Reflector element of JRR-4. 
 
 
The crack was found on the weld of the aluminum cladding on December 28th, 2007. A 
photograph of the cracked reflector element is shown in Fig.3. We investigated the reflector 
elements by visual examination, dimensional examination, fractography examination, etc. As 
the result, the main cause of the crack was concluded by growth of graphite reflector due to 
fast neutron irradiation. The growth was about 7 mm (dimensional change: about 1 %) in 
longitudinal direction. An excessive stress broke the weld of aluminum cladding, since the 
dimensional change exceeded the gap of 4 mm between top of the graphite reflector and the 
joint part. In the next phase, we carried out a radiographic testing of verifying other reflector 
element. This result showed that the most of the graphite reflector were grown in the aluminum 
cladding. 
 
When the cracked reflector element was designed, the gap size of graphite reflector was 
designed based on the irradiation data of nuclear grade graphite material of which irradiation 
temperature is above 350 ˚C. These irradiation data show that irradiation growth of about 
0.05 % happens only on the early stage of irradiation, while irradiation shrinkage proceeds with 
fast neutron irradiation by 1025 n/m2 after the early stage. The irradiation data of the IG-110 
graphite material indicates that the irradiation shrinkage is caused due to the fast neutron 
irradiation at high irradiation temperatures above 600 ˚C [1]. Irradiation behaviour of 
anisotropic graphite was reported that the growth was observed in perpendicular to the 
direction of extrusion at 225 ˚C and 250 ˚C [2]. 
 
 

Reflector body

Handle Crack  
 

Fig.3. Crack of the reflector element. 
 



2.  Measurement of the irradiation growth 
 
In order to investigate the low temperature irradiation behaviour of the IG-110 graphite, we 
measured the dimensions of the graphite reflectors after dismantling the aluminum cladding. 
We picked up 13 graphite reflectors for this investigation. The dimensional changes were 
obtained from the difference between measurement at manufactured period and measurement 
at present. The fast neutron fluence was determined by multiplying the fast neutron flux by the 
irradiation time under an equivalent power of 3.5 MW. 
 
2.1 Measurement of the dimensional change 
 
Dimensions of graphite reflectors were measured at the four sides on the cross-section. There 
might be a difference among dimensional changes, since the neutron irradiation fluence on the 
fuel side is stronger than that on the other side due to the fact that neutrons are scattered and 
absorbed in the graphite during passing the graphite reflector. We, then, took the average of 
the four data. This measurement was carried out at 11 points aligned in a longitudinal line at 
regular intervals for each graphite reflector. There must be broad peak in the distribution of fast 
neutron irradiation fluence along the longitudinal direction, the middle of the graphite has been 
irradiated more than the close to top and down area. 
 
2.2 Estimation of the fast neutron fluence 
 
The flux of fast neutrons (E>0.18 MeV) at each measurement point was estimated by using the 
SRAC code and the Monte Carlo calculation (MCNP5) [3, 4]. The SRAC code was developed 
by JAEA (Japan Atomic Energy Agency). The fast neutron fluence at every measuring point 
was obtained by multiplying the fast neutron flux by integrated irradiation time on an equivalent 
power of 3.5 MW. 
 
 
3.  Results 
 
We measured the dimensions of all 13 graphite reflectors. The cross-section average between 
the dimensional change and fast neutron fluence as a function of the distance from top of the 
graphite reflector are compared in Fig.4 (a) and Fig.4 (b). In the case that the dimensional 
change was within the gap size (1 mm or 1.5 mm) between graphite and the aluminum 
cladding, the results of all measurement locations showed a good coincidence between the 
dimensional change and the fast neutron fluence. While, in the other case that the graphite 
obviously touched the aluminum cladding, the dimensional change was deformed around its 
peak and showed a big difference from the fast neutron fluence. This result indicates that the 
inflation of the graphite reflector was retarded and deformed by aluminium cladding wall. 
 
The dimensional changes of the graphite reflectors are plotted in Fig.5. As the result of the 
evaluation under the JRR-4 operation condition, the relations between the dimensional change 
of the graphite and fast neutron fluence were the following. The maximum dimensional change 
was 1.9 % at the fast neutron fluence of 5.4x1024 n/m2. The maximum irradiation growth per 
fast neutron fluence (irradiation growth ratio) was 7.13x10-25 %m2/n, the minimum 
4.21x10-25 %m2/n and the average 5.71x10-25 %m2/n in the region of fast neutron fluence below 
2.5x1024 n/m2. To get these results, a threshold of the fast neutron fluence was set, since the 
effect on the collapse of the graphite was supposed in the region of fast neutron fluence above 
2.5x1024 n/m2.  
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Fig.4 (a). Comparison of the cross-section average between the dimensional change and fast 
neutron fluence as a function of the distance from top of the graphite reflector (In the case that 
the irradiation growth was within the gap size). 
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Fig.4 (b). Comparison of the cross-section average between the dimensional change and fast 
neutron fluence as a function of the distance from top of the graphite reflector (In the case that 
a part of the graphite reflector obviously pushed the aluminum cladding). 
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Fig.5. Dimensional change of the graphite under the JRR-4 operation condition as a function of 
the fast neutron fluence.  
 
 
4.  Conclusion 
 
We found that a large irradiation growth happened to the graphite reflectors under JRR-4 
operation condition, of which temperature was lower than 200 ˚C. The survey on the reflector 
elements confirmed that the crack was caused by irradiation growth of the graphite material by 
fast neutrons. The irradiation growth ratio was 7.13x10-25 %m2/n in the range of fast neutron 
fluence below 2.5x1024 n/m2. We will take this result into account in the future reflector design. 
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ABSTRACT 
 
This paper addresses the safety considerations for the core management and fuel handling for 
research reactors. These considerations are associated with core calculations, including neutronic and 
thermal-hydraulic computational methods and analysis, safety requirements related to core 
configurations, core operation and monitoring, and refuelling process. The safety aspects of handling 
of research reactors fresh and irradiated fuel are also discussed. All these issues are presented and 
discussed on the basis of the relevant IAEA Safety Standards. 
 

1. Introduction 
 
During the lifetime of a research reactor, the core configuration is regularly changed for 
various reasons. These changes in the core configurations are mainly to compensate for fuel 
burn-up and to meet the utilization needs. A reactor core configuration represents a given 
layout of fuel elements, reactivity control devices and neutron absorbers, moderator, reflector 
elements, fixed experimental devices, and in-core instrumentation. Any change in the 
specifications, position, or number of any of these items, as applicable, is considered as a 
change in the core configuration. This change must be accommodated in a core 
management process to ensure compliance with the design intent and assumptions and with 
the Operational Limits and Conditions (OLCs) as derived from the reactor safety analysis. 
The activities of research reactor core management include core calculations, core operation 
and monitoring, and the refuelling process [1]. 
 
Fuel handling activities include loading, unloading, transfer, storage, packing and transport of 
fresh and irradiated fuel. Due to their safety implications, these activities must be subjected 
to operational constraints and administrative conditions that are usually established by 
limiting conditions for safe operation as a part of the OLCs [2]. 
 
The activities of core management and fuel handling should be performed in such away that 
ensures safe management of the operational cores throughout the research reactor lifetime 
and avoids mishandling of fuel and other core components which may lead to inadvertent 
criticality, overheating, mechanical damages or other kind of failures. The following sections 
present and discuss, on the basis of the IAEA Safety Standards [1, 2, 3, 4, 5], the safety 
considerations associated with these activities. 
 
2. Core calculations 
 
The objective of the core calculations is to determine the physical parameters of a proposed 
core configuration to ensure their compliance with the OLCs. These calculations should be 
verified by measurements before power operation with the proposed core configuration. The 
calculations should be performed for the steady-state operations and for anticipated 
operational occurrences and should include neutronic and thermal-hydraulic calculations 



 
 

 2

using validated computational methods and codes. The uncertainties in the core calculations 
should be taken into consideration as these uncertainties may have significant influence on 
the final results. The uncertainties in the modelling process and those resulting from other 
sources (e.g. fuel fabrication tolerances and deviations in the operational conditions) should 
be treated using a conservative approach. 
 
The loading pattern, including the locations of fuel and reflector elements, and burn-up value 
for every fuel element (to ensure that a fuel element is unloaded before its specified 
maximum burn-up has been reached) are basic parameters in the calculations of a proposed 
core configuration. The criticality parameters should be also determined. The calculations 
should evaluate the excess reactivity of the proposed core configuration and the expected 
changes in its value (due to fuel burn-up, build-up of fission products, and temperature 
reactivity feedback effect) during the planned operating cycle and should predict the 
associated movement of the control rods. This evaluation is essential to ensure that there is 
a sufficient margin for control at all times for shutting down the reactor safely and for keeping 
it in a safe shutdown conditions. 
 
The safe operation of a research reactor also depends on the effectiveness of its control rods 
which varies significantly from one core configuration to another. For every proposed core 
configuration, the reactivity parameters related to control rods must be determined by 
calculations and verified by measurements. These parameters are the maximum reactivity 
insertion rate and reactivity worth of each control rod and the reactivity shutdown margin, 
including its value with the failure of the control rod of the highest reactivity worth, for all 
operational states. For research reactors that have a second shutdown system (e.g. drainage 
of the moderator or injection of a neutron absorber), the core management calculations 
should cover the shutdown capability of that system. The core calculations should cover an 
evaluation of the effect of the control rods positions (including their positions relevant to each 
other) on the neutron flux spatial distribution and neutron detectors. These calculations 
should also evaluate the degradation of the absorbing material of the control rods along 
operation lifetime of the reactor. 
 
The power peak factor should be determined for any new core configuration. The calculation 
of this parameter should consider the effects of control rod and reflector positions, and 
existence of flux-traps. In some complex configurations, it may be necessary to perform 
measurements to verify that the value of this parameter remains below the limits specified in 
the OLCs. The power peak factor is used as an input to the thermal-hydraulic core 
calculations. These calculations should demonstrate adequate safety margins against the 
thermal-hydraulic critical phenomena for the reactor normal operation and anticipated 
operational occurrences. 
 
The values of the reactivity feedback coefficients, and reactivity worth and effect of the 
moderator and reflector elements should be determined by calculations and verified by 
measurements for the first core. Re-calculation and re-measurements of these parameters 
may not be necessary for every core configuration change. The reactivity worth of the in-core 
and in-reflector experimental devices should be determined by calculations and verified by 
measurements before further reactor power operation. Any proposed change in the location 
and specification, including materials to be irradiated, of any of these devices should also be 
analysed from the safety point of view. The effect of the experimental devices on the neutron 
flux spatial distribution and neutron detectors should be evaluated. 
 
Reactor core fuel conversion from highly enriched uranium (HEU) to low enriched uranium 
(LEU) is also a core configuration change. However, due to its major safety significance 
additional safety considerations to those discussed above should be taken. Detailed 
discussions of the safety aspects for research reactor core conversion from HEU to LEU are 
provided in Reference [6]. 
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3. Core operation and monitoring 
 
The core management activities include operation of the reactor in accordance with the 
design intents and conditions as specified in the OLCs. The core operation should be 
performed in accordance with approved procedures, which include precautions that are 
necessary for maintaining safe core operation. The operating procedures related to safe core 
operation include: 
 

• Core configuration change;  
• Reactor start-up, operation, power level changes, and shut down; 
• Control rod calibration; 
• Determination of the excess reactivity, reactivity shutdown margin, and reactivity 

worth of experimental devices and materials to be irradiated;  
• Handling of fuel elements (including failed ones) and core components; 
• Determination of the reactor thermal power; 
• Determination and adjustment of the safety system settings; 
• Performance of routine checks of reactor operation and status of the systems and 

components. 
 
Monitoring of the reactor core parameters and conditions provides for verifying that the 
reactor operation is conducted in accordance with the OLCs. The parameters to be 
monitored or verified include: 
 

• Reactor thermal power;  
• Reactivity as a function of the control rod positions; 
• Control rods drop time, moderator or reflector dump time; 
• Reactor water level; 
• Pressure difference across the reactor core, coolant flow rate, coolant temperature at 

the core inlet and outlet; 
• Margins to the thermalhydraulic critical phenomena (derived);  
• Fuel temperature (it may be derived from other measured parameters); 
• Radioactivity contents in the primary coolant water; 
• Physical and chemical parameters of the coolant and moderator. 

 
Integrity of the fuel elements is one of the important parameters to be monitored along 
reactor operation. Some research reactors use delayed neutron detectors located in the 
primary coolant flow for on-line monitoring of fuel cladding. Other research reactors may use 
methods based on detection of the fission products in the coolant or in off-gas from the 
coolant. In addition, activities such as checking, testing and inspection within an in-service 
inspection programme should be established for early detection of any deterioration (e.g. 
bowing, dimensional change, etc.) of the fuel. Failure contingency procedures of the fuel 
should be established to ensure identification and removal of failed fuel from service, 
determination of the root cause of the failure, and implementation of the necessary corrective 
actions that prevent re-occurrences of such events. 
 
4. Core refuelling 
 
The details of the core configurations throughout the reactor lifetime and a schedule for 
movement of the fuel elements and core components are defined by the refuelling 
programme. This programme should be developed in the design stage and be subjected to 
review for further improvement based on the experience acquired from reactor operation and 
on the changes in the utilization programme. It involves shuffling of the fuel through the core 
in a predetermined pattern to provide sufficient reactivity to compensate for fuel burn-up and 
build-up of fission products. The refuelling strategy should be established to achieve a 
uniform burn-up of the fuel within the bounds of burn-up limitations, which also enhances the 
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fuel economics. For Safe and effective core management this strategy should provide for 
maximum flexibility for reactor utilization and an optimum use of the fuel without jeopardizing 
safety. 
 
The main operations related to the refuelling process are loading and unloading of fuel 
elements and other core components using dedicated operation tools and equipment (which 
should be checked prior to their use in refuelling operation), storage of unloaded fuel 
elements and core components, and verifications (by checks, testing, or measurements) that 
the core has been correctly configured. These operations should be performed in 
accordance with approved procedures. 
 
During the execution of the refuelling operations, all instrumentation that are required to 
monitor the evolution of the neutron flux, reactivity changes, and integrity of the fuel elements 
should be operational. The reactor protection system and the shutdown system(s) should be 
also operational. Movement of bridge crane over the reactor core should be minimized. The 
fuel shuffling operations should be designed so that the intermediate core configurations are 
less reactive than the most reactive one of the OLCs. The identification of the fuel element 
should be checked each time it is moved to a new location. Considerations should be taken 
to ensure that fuel elements, including their orientation, are correctly positioned in the core. 
 
In addition to the measurements mentioned in section 2 above and before any further power 
operations with the newly assembled core configuration, the safety system settings should 
be adjusted and the control rod withdrawal speed and drop time should be measured. 
Comparison of the measured and calculated parameters should be made and the results 
should be assessed from safety point of view for further improvements to the calculation 
models and tools.  
 
5. Handling of fresh and irradiated fuel  
 
Fuel handling activities include the loading, unloading, transfer, storage, packing and 
transport of fresh and irradiated fuel. These activities are of major safety significance and 
must be performed with an increased attention following approved operating procedures and 
in compliance with the OLCs. 
 
Mishandling of fresh fuel elements may lead to inadvertent criticality, scratches or other 
physical damages to the cladding that could affect the behaviour of the fuel in the core (e.g. 
reduction of the fuel coolant channel) or result in a release of radioactive material into the 
reactor coolant or contamination by material that could degrade the integrity of the cladding. 
Mishandling of irradiated fuel may also lead to inadvertent criticality, overheating, 
degradation of cladding material that may lead to release of fission products into the storage 
media, or radiation exposure. 
 
Fresh fuel elements should be inspected before their loading into the reactor core. 
Dimensional checks of the fuel, including coolant channels, should be performed. Visual 
inspection should be performed to ensure the quality of the workmanship, verify accuracy of 
final machining, and to identify possible defects. A smear test could be performed for 
contamination control. Fuel elements which have been stored for a long time period should 
be re-inspected prior to their loading into the reactor core. 
 
Fresh and irradiated fuel elements should be stored in subcritical configurations by applying 
physical measures (e.g. use of fixed neutron absorbers) and administrative procedures. 
Surveillance programme should be put in place to ensure retention of the effectiveness of 
these measures and procedures. The fresh fuel storage areas should be protected against 
fire and flooding. These areas should also be protected against physical and chemical 
damage by maintaining them under appropriate environmental conditions (humidity, 
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temperature, etc.). Effective security measures should be implemented to prevent 
unauthorized access to fresh fuel elements storage areas. 
 
The safety aspects of unloading of irradiated fuel from the reactor core and their movement 
to the storage facilities inside the reactor building were discussed in the frame of the 
implementation of the refuelling process above. Adequate storage places should be available 
to ensure that complete core unloading could be performed at any time during the reactor 
lifetime. Adequate cooling systems for removal of the decay heat from the irradiated fuel 
elements should be installed. Conservative values of decay heat should be assumed in the 
design of such cooling systems. The environmental conditions of the storage media should 
be kept within specifications to ensure the integrity of the stored irradiated fuel. The other 
aspects related to monitoring of the fuel integrity during the reactor operation, including 
handling of failed fuel are also applicable to the case of irradiated fuel. 
 
Handling of irradiated fuel, including unloading from the reactor, moving to and storing at 
storage areas should be covered by the operational radiation protection programme. The 
radiation protection measures that should be applied to the irradiated fuel storage areas 
include: installation of adequate radiation shielding and dedicated radiation detectors 
providing an effective monitoring of radiation levels; control of the operating personnel 
access to the irradiated fuel storage areas; and control and minimization of releases to the 
environment, taking into account the ventilation system and the associated filtration system. 
 
6. Conclusion 
 
The safety considerations of the core management and fuel handling activities for research 
reactors were discussed on the basis of the IAEA Safety Standards. The needs for a flexible 
core operation and for an effective use of the fuel for optimum utilization of the reactor should 
not compromise its safety. Specific precautions need to be taken in performing fuel handling 
activities to ensure that the fuel integrity and subcriticality are maintained as well as to 
protect the individuals and environment from radiation hazards. Because of their importance 
to safety, the core management and fuel handling activities should be performed according 
to approved operating procedures and in compliance with the OLCs, and be subjected to 
review and assessment by the regulatory body. 
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ABSTRACT 
 

The radionuclides in the primary coolant of HANARO were analyzed, and the 
possibility of the fuel defect detection by using the analysis was investigated. The 
concentrations of the radionuclides in the primary coolant were determined by using 
the gamma-ray spectroscopy. Several activation and fission products were detected 
in the coolant. The source of the fission products was the uranium contamination on 
the fuel surface. The variation of the concentration of each nuclide was compared 
with that of the delayed neutron measurements in the primary cooling system. The 
proper nuclides and gamma-ray peaks for the fuel defect detection were 
determined, and they were 166 keV peak from Ba-139, 250 keV peak from Xe-135, 
307 keV from Tc-101 and 1436 keV from Cs-138. During the real operation period of 
HANARO, a very small fuel defect which resulted in a much smaller signal than that 
required to trigger the fuel failure detection system could be confirmed. Therefore, it 
is confirmed that this method is very useful as one of the auxiliary measures for the 
fuel defect detection in research reactors. 

 
 
1. Introduction 
 
In HANARO, a 30 MW research reactor, the fuel failure has been monitored by using the 
detection of the delayed neutrons from the primary coolant. The delayed neutron precursors 
are released from the inside of a failed or defected fuel rod to the coolant water [1,2]. Three fuel 
failure detection systems (FFDSs) were installed near the pipes of the primary cooling system 
(PCS).  
In addition to the delayed neutron detection, continuous monitoring of the gamma-ray emitting 
nuclides from the inside of the fuel in the primary coolant loop can also be used in real time. 
Since the energies of the gamma-rays from the fission products are mostly smaller than 2 MeV, 
this method utilizes the total gamma-ray count rate below 2 MeV. However, it may not provide 
the sensitive result to detect the fuel failure due to the high Compton background of the high 
energy gamma-rays from the N-16 or others [2].  
Quantitative analysis of the radionuclides in the reactor coolant water using HPGe detection 
system can also be used for the detection of the fuel failure. This method has weaknesses of 
the slow response time and the complicated procedure. So, it is difficult to directly apply this 
method to the reactor protection system. However, an exact and sensitive detection of small 
defect of the fuel is possible by this method, and other abnormal situations like a leakage of 
irradiation samples can be also detected. In order to apply this method to the research reactor 
operation, the species and concentrations of the gamma-ray emitting nuclides in the coolant 
should be analysed, and the suitable nuclide for the detection of the fuel defect should be 
determined.  
Therefore, in this work, the concentrations of the radionuclides in the coolant water were 
measured by the gamma-ray spectroscopy, and the origins of the radionuclides were analysed. 
And then, the possibility for the fuel defect detection by the analysis was investigated. 
 



2. Experimental method 
 
During the normal operation of HANARO, the species and concentrations of the radionuclides 
in the primary coolant except for the short-lived nuclides were determined by using the 
gamma-ray spectroscopy. The primary coolant was collected at the entrance to the primary 
coolant purification system at a reactor power of 30 MW, the normal power of HANARO. The 
volume of the collected water was 100 cm3. The gamma-rays from the coolant water were 
detected by using the spectroscopy system of a coaxial HPGe detector with a relative 
efficiency of 15% [3,4]. The cooling time was 5 min., and the specific concentration of each 
nuclide in the coolant at the reactor core was obtained by considering the cooling time. The 
full-energy peak efficiency for the volume source was calibrated as a function of the photon 
energy for the HPGe detector. The efficiency calibration was carried out with a cylindrical 
bottle-type standard source which had a homogeneous radionuclide mixture in the matrix with 
the same shape as the sample bottle. The density of the matrix was 0.97 g/cm3. 
Fig. 1 shows the typical gamma-ray spectrum of the HANARO coolant water with a cooling 
time of 5 min. and a gamma-ray collection time of 30 min. During the normal operation of a 
water-cooled reactor, the major gamma-ray source in the coolant is N-16 generated by 
O16(n,p)N16 reaction. It was confirmed that the effect of the N-16 gamma-rays on the spectrum 
was negligible through the gamma-ray spectrum obtained with the minimum amplification 
factor of the spectroscopy system since the cooling time was long enough for the N-16 nuclide 
to decay out. As shown in the figure, the gamma-ray peaks from Na-24, Mg-27 and Al-28 are 
much higher than those of other nuclides. 
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Fig 1.  Typical gamma-ray spectrum of HANARO coolant water with a cooling time of 5 min. 

and a collection time of 30 min. 
 
The species and concentrations of the radionuclides except for the short-lived nuclides in the 
primary coolant during the normal operation of HANARO were determined by using the 
full-energy peaks on the spectrum. Table 1 represents the determined concentrations of the 
confirmed radionuclides in the coolant water. Although very small gamma-ray peaks from 
several nuclides such as Ce-141, I-131 and Zr-95 were sometimes confirmed, the 
determination of their concentrations in the coolant was meaningless since their uncertainties 
were so large. When the sample was cooled for a long time, and the gamma-rays were 
collected for a long time, the Cs-137 and Co-60 peaks could be confirmed. The uncertainty in 
the determination for the activity concentration was below 1% for Na-24, Ma-27, Al-28 and 
Ar-41. The uncertainty for the fission product was relatively high, and it ranged from 5 to 25%.  
From the table, it is confirmed that the concentrations of Na-24, Mg-27, Al-28 and Ar-41 are 
much higher than those of other nuclides in the coolant, and they are 3×105~5×106 Bq/liter. In 



addition, many fission products such as iodine and xenon nuclides were detected in the 
coolant. Among them, the concentrations of Rb-89, Xe-138 and Xe-133 were relatively higher 
than those of others, and they were ~3×104 Bq/liter. Xe-133 is a very important gaseous 
radionuclide source in the research reactor. Its concentration at the beginning of a reactor 
period is small and increases with the reactor operation time since its half-life is relatively long. 
The source of the fission products in the coolant during the normal operation was the surface 
contamination of the nuclear fuel by uranium in the fabrication procedure. However, in the 
abnormal condition like a fuel defect, the concentrations of the fission products will be 
increased abruptly. 
 

Tab 1:  Determined concentrations of the radionuclides in the HANARO coolant water. 
 

Nuclide Half-life 
(min.) 

Main 
gamma- 

ray energy 
(keV) 

Concentration 
(Bq/liter) Nuclide Half-life 

(min.) 

Main 
gamma- 

ray energy 
(keV) 

Concentration 
(Bq/liter) 

Al-28 
Ar-41 
Ba-139 
Ba-141 
Ce-141 
Cs-138 
I-131 
I-132 
I-133 
I-134 
I-135 
Kr-85m 
Kr-87 
Kr-88 
La-142 
Mg-27 
Mn-56 
Mo-101 
Na-24 
Nb-95 

          2.31 
      109.8 
        83.06 
        18.267
  46632.96 
        32.2 
  11579.04 
      142.8 
    1218 
        52.6 
      396.66 
      268.86 
        76.4 
      170.34 
        92.517
          9.462
      154.56 
        14.62 
    897.54 

  50364 

1778.8 
1293.6 
  165.8 
  190.22 
  145.45 
1435.86 
  364.48 
  667.69 
  529.5 
1072.53 
1260.41 
  151 
  402.7 
2392.11 
  641.17 
  843.73 
1811.2 
  590.82 
1368.55 
765.82  

1.75E+06 
3.15E+05 
1.38E+04 
1.58E+04 

- 
2.56E+04 

- 
7.17E+03 
4.01E+03 

- 
- 

1.52E+03 
- 
- 
- 

5.25E+06 
1.31E+04 

- 
1.54E+06 

- 

Np-239 
Rb-88 
Rb-89 
Sr-91 
Sr-92 
Sr-93 
Tc-101 
Tc-104 
Tc-99m 
Te-131 
Te-131m
Te-132 
Te-133 
Te-134 
W-187 
Xe-133 
Xe-135 
Xe-135m
Xe-138 
Zr-95 

   3391.68 
         17.8 
         15.4 
       580.14 
       162.6 
           7.3 
         14.2 
         18.2 
       361.14 
         25 
     1800 
     4675.02 
         12.45 
         41.8 
      1434 
      7619.04
        544.98
         15.6 
         14.13 
   92733.12 

103.7 
1836 
1031.88 
  555.57 
1383.9 
  590.9 
  306.86 
  357.99 
  140.51 
  149.72 
  852.21 
  228.16 
  312.1 
  565.99 
  685.74 
    81 
  249.79 
  526.81 
  258.31 
  724.18 

6.13E+03 
1.76E+04 
3.09E+04 

- 
7.48E+03 

- 
1.95E+04 
8.35E+03 
4.73E+03 
4.50E+03 

- 
1.70E+03 
5.05E+03 

- 
3.20E+04 
9.32E+03 
6.90E+03 
1.19E+03 
2.45E+04 

- 
 
3. Origin of radionuclide in HANARO coolant water 
 
Activation products of the coolant water such as N-16, N-17 and O-19 were not detected in this 
measurement. The main gamma-ray sources in the coolant water after 5 min. cooling are 
Na-24, Mg-27 and Al-28. Their origins are radiative reactions of aluminum used as the 
structural material in the reactor core and the irradiation rigs and the cladding of the nuclear 
fuel. Ar-41 is generated from the activation of dissolved air. Mn-56 is an activation product of 
iron in stainless steel used as structural material. W-187 is also an activation product of 
tungsten used as welding rod. Zr-related nuclide such as Nb-95 can be generated as a fission 
product or from the activation of zirconium used in the flow tube and the fuel bundle.  
Various fission products such as iodine, xenon, etc. are detected in the coolant in spite of the 
normal operation. These nuclides are generated from the fission process of the uranium 
contaminated on the fuel surface. The maximum allowable surface contamination of HANARO 
fuel is 3.25 μg-U235/ft2. From the above result, it is confirmed that even a small amount of 
uranium contaminated on the fuel surface can give rise to large gamma-ray peaks of the fission 
products enough to determine their concentrations in the coolant.  
 
4. Detection of fuel defect 
 
The concentrations of the radionuclides in the primary coolant were measured continually once 
a week during the reactor operation. The variation of the concentration of each nuclide was 



compared with that of the delayed neutron measurements in the primary cooling circuit. The 
delayed neutron measurement system is used as the radiation monitor for the primary cooling 
system (PCS). 
Fig. 2 shows the variations of the delayed neutron measurements of the PCS radiation monitor 
and the activity concentrations of Na-24 and Ar-41 in the coolant for the last two years. As 
shown in the figure, Ar-41 activity concentration has hardly changed during 2 years. It means 
that the quantity of the dissolved air in the coolant is almost constant. The variation of the 
Na-24 concentration for one period of the reactor operation shows no significant change. But, 
the change between each period is relatively large since the total reaction rate of the 
aluminium inside the reactor core is changed for each period. At any rate, it is confirmed that 
the concentrations of Na-24 and Ar-41 are independent of the delayed neutron measurements 
of the PCS radiation monitor. 
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Fig 2.  Variations of the delayed neutron measurements of the PCS radiation monitor and the 
activity concentrations of Na-24 and Ar-41 in the coolant for last two years. 

 
As shown in Table 1, there are a lot of fission products in the coolant water. Among them, in 
order to choose the proper nuclide for detecting the fuel defect, the half-life, decay scheme, 
peak area and interference of adjacent peaks were considered. And then, the variation of the 
concentration of each nuclide was compared with that of the delayed neutron measurements in 
the primary cooling circuit. From the comparison, the proper nuclides and their gamma-ray 
peaks for the fuel defect detection were determined, and they were 166 keV peak from Ba-139, 
250 keV peak from Xe-135, 307 keV from Tc-101 and 1436 keV from Cs-138. The half-lives of 
the selected nuclides are from 14 min. to 9 hr. Even though these peaks were located on a 
large Compton continuum of the gamma-ray spectrum of the coolant, the peak areas were 
determined with relatively small uncertainties.  
Fig. 3 shows the variations of the delayed neutron measurements of the PCS radiation monitor 
and the activity concentrations of the selected nuclides. In April, 2008, a fuel rod with a very 
small defect was found during the reactor operation. Due to the defective fuel, the delayed 
neutron measurements of the primary cooling system (PCS) were increased slightly as shown 
in Fig. 2 and 3. But, this value was much smaller than that to trigger the fuel failure detection 
system (FFDS). As shown in Fig. 3, the concentration of the selected nuclide shows very 
drastic change when the delayed neutron value is increased slightly. The concentrations are 
increased by over 5-10 times in comparison with the case of no defect. Thus, it is confirmed 
that the very sensitive and exact detection of the fuel defect would be possible by this method 
even if the defect is very small.  
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Fig 3.  Variations of the delayed neutron measurements of the PCS radiation monitor and the 

activity concentrations of selected nuclides. 
 
In the real operation period of HANARO, a very small fuel defect which resulted in a much 
smaller signal than that required to trigger the fuel failure detection system (FFDS) could be 
detected by this method. So far, the gamma-ray spectroscopy for the reactor coolant takes lots 
of time, and the procedure is fairly complicated. Thus, it is very hard to apply this method to the 
reactor protection system. However, this method would be very useful as an auxiliary measure 
for the analysis of a small defect on the fuel.  
 
5. Conclusion 
 
The radionuclides in the primary coolant of HANARO were investigated by gamma-ray 
spectroscopy, and this analysis was applied to the detection of the fuel defect. The proper 
nuclides and gamma-ray peaks for the object were determined. During the real operation 
period of HANARO, a very small fuel defect which resulted in a much smaller signal than that 
required to trigger the fuel failure detection system could be confirmed. Therefore, it is 
confirmed that this method is very useful as one of the auxiliary measures for the fuel defect 
detection in research reactors. 
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ABSTRACT 
 
SAFARI-1, the Nuclear Research Reactor located at Pelindaba, has to meet a multitude of requirements 
relating to corporate policies, strategic planning, preventative maintenance , in-service inspection, plant 
ageing, quality, conventional and radiological safety, regulatory specifications, security, commercial and 
financial goals etc., which need to be incorporated into an overall Management System. The control of 
these various disciplines within the nuclear facility become quite complex if the procedures are to be 
coordinated, maintained and at the same time managed so as to achieve suitable levels of staff 
motivation, which will ultimately ensure appropriate implementation. Maintenance is one aspect that was 
a challenge over the last 12 years to identify, implement and optimize the various disciplines of 
maintenance. The objective was to ensure fewer plant stoppages as a result of an effective maintenance 
programme implementation. 
  
Although SAFARI-1 has achieved ISO 9001 and ISO 14001 Certification, it’s present commercial and 
operational schedule takes a very well coordinated operational and maintenance management system to 
achieve all stakeholder requirements and still function within the design and safety requirements. In order 
for SAFARI-1 to maintain an exceptionally high operational schedule of 305 out of 365 days it takes good 
planning and coordination to fit routine maintenance, upgrades and In-Service Inspection activities. This 
will ultimately ensure the success of the facility to maintain operation requirements.  
 
 The management system procedures incorporate an interdisciplinary approach, which can integrate all 
the above organizational requirements, with the emphasis on safety and at the same time encompass a 
more customer driven focus - this includes customers both internal and external to the SAFARI-1 
organization. The integration of a management system requires effective implementation at all levels such 
as operational schedules and procedures, maintenance procedures, project management, managing 
design changes, training, QHSE manuals, legislative and licensing requirements, work instructions, etc. 
All these activities have been satisfactorily achieved within SAFARI-1management system 
 
1. INTRODUCTION 
 
The nuclear installations at SAFARI-1 have already been designed, manufactured, erected, 
commissioned and licensed and have been operational since 1965. Ongoing programmes of 
development, improvement, upgrading and ageing management have characterized this past 
operation and are expected to continue for the remaining life cycle of the facility.  
 
It is SAFARI-1 Management’s policy to conform to all applicable codes, standards, practices, 
guidelines and regulatory requirements in the continued operation of the facility and in such 
ongoing development, improving and upgrading thereof. Safety is the most important issue 
considered by management and employees during the operation and utilization of the reactor. 
The requirements for conformity are set out in an integrated Quality Safety Health 
Environmental Management System (QHSE MS) and therefore are binding on all personnel and 
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all levels of management within SAFARI-1. Amongst others, effective maintenance is one of the 
most important specific activities to achieve safety and the intent of the design objectives.  
 
2. QUALITY HEALTH SAFETY MANAGEMENT SYSTEM 
 
The SAFARI-1 QHSE MS and Necsa organizational structure defines the organization in terms 
of management units, covering overall management, quality, health, safety and environmental 
management, project management, reactor operations, reactor engineering, training and 
authorization as well as the reactor utilization of SAFARI-1 Research Reactor. The SAFARI-1 
management has the primary responsibility for the safety of the facility, covering operation, 
utilization, maintenance and modification. To discharge this responsibility, management has 
implemented an integrated QHSE MS prescribing activities that shall: 
 

• Ensure that safety matters are given the highest priority; 
• Ensure that established safety policies of Necsa are adhered to; 
• Provide a clear definition of responsibilities and accountabilities with corresponding lines 

of authority, accountability and communication; 
• Ensure that sufficient staff at all levels are properly and unambiguously authorized to 

carry out safety-important work according to appropriate education, training and 
competence requirements; 

• Develop sound work procedures, based on good safety practices, and ensure that these 
are strictly adhered to and 

• Review, monitor and audit all safety matters on a regular basis and implement 
appropriate corrections where required. 

 
2.1 INTERNATIONAL CODES, STANDARDS, PRACTICES AND GUIDELINES 
 
ASME NQA-1:  Quality Assurance Requirements for Nuclear Facilities, ASME, New 

York. 
DS412: Draft Safety Guide “Ageing Management of Research Reactors”, IAEA, 

August 2008. 
NS-R-4: Safety of Research Reactors – Safety Requirements, Vienna, 2005. 
NS-G-4.2: Maintenance, Periodic Testing and Inspections of Research Reactors, 

IAEA Draft Safety Guide, Vienna, ca. 1996. 
SABS ISO-9001:2000: Code of Practice: Quality Management Systems – Requirements, SABS, 

Pretoria, RSA. 
SABS ISO-14001:2004: Code of Practice: Environmental Management Systems – Specification 

with Guidance for Use, SABS, Pretoria, RSA. 
SRS 1: Examples of Safety Culture Practices, IAEA Safety Report Series, 

Vienna, 1997.  
IAEA SS No. 50-C/SG-Q: Quality Assurance for Safety in Nuclear Power Plants and Nuclear 

Installations. 
SS 35 G1; G2; G6 Safety Assessment of Research Reactors and Preparation of the Safety 

Analysis Report, IAEA Safety Guide, Vienna, 1994. 
SS 35 P5: Operating Procedures for Research Reactors, IAEA Safety Practice, 

Vienna, 1994. 
SS 50 C/SG-Q: Quality Assurance for Safety in Nuclear Power Plants and Other Nuclear 

Installations, IAEA Safety Standard and Guides, Vienna, 1996. 
SS 75 INSAG-4: Safety Culture – A Report by the International Nuclear Safety Advisory 

Group, IAEA Safety Report, Vienna, 1991. 
TECDOC-TCM (Dec-98): Safety of Core Management and Fuel Handling for Research 

Reactors, IAEA draft TECDOC, Vienna, December 1998. 
TECDOC-967: Guidance for Considerations and Implementation of INFCIRC/ 

225/Rev.3, The Physical Protection of Nuclear Material, Vienna, 
September 1997. 

TECDOC-1263: Application of Non-destructive testing and In-service Inspection to 
Research Reactors, Vienna, December 2001. 
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3. SAFARI-1OPERATIONAL HISTORY 
 
The operating history of SAFARI-1 is summarized below. By March 2008 the reactor had been 
operational for 43 years and had produced a total of 261 GWh of thermal energy during that 
time. The main features are briefly discussed below: 

• 1965: First criticality in March 1965 - after which the reactor operated at 6.67 MW thermal 
power using HEU fuel of US origin with an enrichment of 93%. 

• 1968: The reactor was shut down for approximately 9 months to upgrade the heat 
removal train for 20 MW operation. 

• 1977: Due to the negative political climate at this time the US fuel supply to SAFARI-1 
was stopped, prompting a reduction in the nominal operation of the reactor to 5 
MW during weekdays only. 

• 1981: Locally manufactured Medium Enriched Uranium (45% Enriched) fuel was 
supplied for the first time. The reactor continued to be operated at 5 MW on a 
weekday schedule for the next 12 years. 

• 1988: The reactor was shut down for an extended period of "6 months to effect repairs to 
the pool liners. 

• 1993: The start of a commercially oriented utilization programme led, for the first time in 
16 years, progressively to reactor operation at powers higher than 5 MW, initially at 
10 MW but after 1995 towards 2000 increasingly higher powers, 18 MW average, 
and ultimately to  20 MW continuously until today. 

• 1994: Enrichment of locally produced fuel elements increased from MEU to HEU, with a 
235U content of 200g. 

• 1995: 1 Million MWh (1000GWh) total energy production since first start up. 
• 2000: The 235U content in locally manufactured HEU fuel elements was increased from 

200g to 300g. 
• 2003: 2 Million MWh (2000GWh) total energy production since first start up. 
• 2007: The first two LEU fuel elements (340g of 19.75% enriched 235U) of French origin 

were successfully irradiated in the core. 
• 2008: Core conversion to LEU started, currently 19 LEU fuel and 2 LEU Control rods 

loaded (core contain 26 Fuel Elements and 6 Control Rods) 
Table 1: SAFARI-1 AVAILABILITY 

*Note:  Failure of deminerilizer anion column bottom sieve and resin released into primary 
system. 

** Note: Two unreliable channels of the six safety channels caused sporadically the reactor to 
scram. 
***Note: Failure of Conical Strainer 
 
From Table 1, since 1996 the reactor power levels were progressively increased from an 
average of 16MW to 20 MW continuously and operate for the last nine years ~305 days a year 
at 20MW. Operating cycles are ~30 days with a 5 day shutdown and one extended 12 days 
shutdown per annum. 
 

Year 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 

a) Available time [hrs] 8760.0 8784.0 8760.0 8760.0 8760.0 8784.0 8760.0 8760.0 8760.0 8760.0 
b) Operational time [hrs] 
(a-c-d) 7393.3 7518.0 7607.7 7445.9 7540.8 7392.0 7501.0 6982.5 7167.1 7314.3 

c) Scheduled downtime 
[hrs] 1306.8 1183.4 1089.5 1278.2 1176.0 1279.1 1214.4 1328.7 1321.5 1331.0 

d) Unscheduled 
downtime [hrs] (e+f) 59.83 82.53 62.64 35.80 43.08 112.79 44.53 448.69 271.33 114.70 

e) Plant unreliability [hrs] 44.06 16.61 33.46 10.83 29.47 25.42 2.43 349.5* 239.3* 36.40** 
f) Beyond plant control 
[hrs] 15.77 65.92 29.18 24.97 13.62 87.3*** 42.10 99.13 32.00 78.30** 

g) Load factor [%] (b/a) 84.38 85.59 86.86 85.00 86.09 84.14 85.63 79.73 81.82 83.50 
h) Loss in load factor 
due to plant unreliability 
[%] (e/a) 

0.50 0.02 0.38 0.13 0.33 0.29 0.03 3.98 2.73 0.42 
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4. HISTORY OF UPGRADES AND MODIFICATIONS 
 
A continuous programme of improvement, over the life of the facility, has resulted in many 
upgrades and modifications to the reactor and auxiliary equipment. Many of the upgrades and 
modifications were aimed at improving safety or replacing obsolete safety related equipment 
with state-of-the-art equipment (such as neutron safety instrumentation, cooling system pumps 
etc). Other improvements focused on expanding the versatility and utilization of the reactor and, 
since ~1994, on providing greater operational flexibility for commercial irradiation programmes. 
 
A list of the more important upgrades and modifications undertaken during the life of the reactor 
is presented in Table 2 below. From Table 2 the following could be concluded: 

• More than 60% of refurbishment and upgrades were done during the last 12 years of the 
reactor life cycle of 43 years and increased steadily as the plant aged. 

• More upgrades were performed since 1994 to maintain the increasing operational 
schedule and to ensure reliability w.r.t. safety. 

• 1995 the 1 Million MWh (1000GWh) total energy production since first start up was 
reached and the 2 Million MWh (2000GWh) total energy production since first start up 
was reached in 2003. 

• During the period 1994 to 2000 the plant had a experience unscheduled stoppages due 
to minor failures such as old pumps, mechanical seals/bearings, electrical motors, 
ventilation fan bearings, water leaks in system cooling tower and heat exchanger 
efficiency, instrumentation and electrical systems. Since the implementation of a good 
QHSE MS and preventative maintenance program, ISI and competent personnel the 
plant systematically became more reliable towards 2008. A large amount of the above-
mentioned maintenance activities were performed over the last 12 years to replaced or 
modernized plant systems. All of this was done to ensure reliability and safety of the 
plant, personnel and environment. 

 
5. MAINTENANCE SYSTEM 
 
The SAFARI-1 research reactor maintenance programs are adopted ( with more emphasis on 
maintenance and personnel competency since 1996 than ever) to ensure that systems, 
structures and components (SSC) continue to operate as desired with capability to meet the 
design and safety objectives. The maintenance procedure forms an integrated part of the QHSE 
MS and prescribes the principles and controls established for periodic inspections and 
maintenance within the SAFARI-1 facility. This maintenance procedure ensures that plant 
equipment and related nuclear safety and safety critical equipment or systems, are correctly 
inspected and maintained in accordance with ISO 9001 and IAEA safety guidelines (SS 35 G7,    
SS 50C/SG - Q13 and NS-G-4.2) and regulatory requirements. 
 
5.1 MAINTENANCE PROGRAMS 
 
The SAFARI-1 Research Reactor, has since initial operation in 1965, applied a management 
system which was primarily focused on the technical design and safe operation of the plant. The 
informal system was never developed to comply with a specific code of practice. Since the early 
1990’s the challenge was to return to the international arena and to change the employees from 
a Monday to Friday research culture into a more complex commercial culture, operating the 
plant 24 hours a day at a fixed operating schedule so as to meet customer and stakeholder 
requirements. The finding of a government evaluation in 1997 was clear: “be commercially 
viable, at least 67% self-reliant or closedown”. Under the above-mentioned circumstances the 
decision was made, as part of a systematic strategic plan, to implement a formal quality 
management system in accordance with the ISO 9001. During this period the decision was 
made to implement all disciplines of the management system according to IAEA and national 
standards to ensure development of competency and support in all areas of the organization 
structure. One of the areas was to prepare new maintenance programmes requiring 
maintenance at regular intervals in order to reduce the probability of failure. New SSC and 
optimization of methods were included in the maintenance program systematically and still 
today programs are revised to change or add maintenance activities or revise frequencies. 
During 1997 and 1998 the Quality Management System was prepared and formal maintenance 
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programs for instrumentation, electrical, mechanical and reactor specific activities were 
prepared and include:  

• Routine maintenance (Preventative Maintenance). 
• Periodic inspections (Preventative Maintenance). 
• Ad-hoc maintenance – Request for Maintenance database (Corrective Maintenance). 
• Functional inspection (Preventative Maintenance). 
• Performance and functional tests (Predictive maintenance). 
• Operational checks and maintenance (Reactor pools and hot cells). 
• ISI procedure and ISI plan. 
• Training and authorization of maintenance personnel. 
• Control of equipment and spares. 
• Project management and design control. 
• Procurement control and release of items. 
• Work permits (Radiological and conventional safety and Authorization of personnel). 
• Record keeping of suppliers, SSC data and project file containing all information. 

 
The maintenance program lists responsibilities, frequencies, schedules (Daily Weekly, Monthly 
Yearly and 2;3;4;5;etc yearly schedules), criteria and controls for the maintenance operations, 
identify systems that can be isolated while the reactor is in operation, applicable restrictions for 
on line maintenance and records to be kept. It also prescribes or reference additional 
maintenance instructions that exist for the equipment (e.g. from manufacturer’s manuals), as 
well as any specific requirements for the training of the maintenance staff.  
 
5.2 INSPECTION AND MAINTENANCE OF PLANTS 
 
All maintenance procedures/activities are consistent with the Operating Technical Specification 
(OTS) and Safety Analysis Report requirements. Operating requirements of the OTS are vital 
and will not be compromised as a result of maintenance activities. 
 
5.3 MAINTENANCE SCHEDULES AND SHUTDOWNS 
  
The Reactor Manager is primarily responsible for maintenance planning of all routine and 
special maintenance. Approval of any project (Reactor Safety Committee or Regulatory) for 
installation is finally accepted by the Reactor Manager. In planning maintenance activities, due 
cognizance is taken of the reactor operational program, maintenance programs, ISI plan as well 
as the nuclear safety aspects pertaining to the maintenance work. A Maintenance Shutdown 
Plan is issued detailing all maintenance schedules and ad-hoc inspections or testing to be 
performed during a shutdown. After maintenance has been completed, post-maintenance tests 
and/or inspection, as applicable, are be performed. On completion of maintenance activities, the 
Shift Supervisor checked that the work is completed and perform re-commission the equipment 
or system and on completion of final checks and or adjustments, signs off the works permit. 
The completed operational check lists or maintenance check lists are used as the maintenance 
report. 
The Reactor Manager, Engineering Manager and relevant support managers/personnel, as 
applicable, jointly review all reports (including ISI reports) after each planned maintenance 
shutdown to verify that the plant is being correctly inspected and maintained in accordance with 
the OLC, OTS and maintenance schedules.  
On a regular basis the regulatory body reviews and assesses documents/reports relating to 
maintenance and periodic inspections/testing to ensure adequate control of maintenance 
activities. The regulatory body also conducts inspections to ensure conformance with the 
requirements for maintenance schedules. 
 
6.  CONCLUSION 
 
An integrated QHSE management system involving all aspects (various corporate, regulatory 
and international requirements) required to manage a nuclear facility safely and successfully 
must be developed in conjunction with other management systems and should include all 
disciplines from human resources to decommissioning and decontamination. Management 
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systems do not originate by themselves but must be carefully planned and implemented to 
ensure that they function satisfactorily. Such a management system supports maintenance and 
operational activities to ensure one of the most important objectives of a nuclear plant that is, 
“Plant Safety” but also ensures training of personnel, quality of behavior, quality of thinking and 
quality of decision making to enhance company QHSE culture. 
 
Table 2: SAFARI-1 Major Upgrade Projects Since 1994 
DATE DESCRIPTION DATE DESCRIPTION 

1994 Developed, designed and installed high-
density storage racks for spent fuel in 
storage pool. 

1999 Upgraded heat exchanger temperature and 
pressure measurements with own signal 
transmitters. Added signals to data log system. 

1994 Upgraded mechanicals (motors, drive shaft, 
gearboxes and fans) in cooling towers. 

1999/200
0 

Instrumented cooling towers in preparation for PLC 
control. 

1994 Installed power distribution mimic in control 
room. 

2000 Upgraded video surveillance system of reactor 
building. 

1994 Upgraded and re-cabled power distribution 
in process wing. Split the three safety 
instrument channels. Removed lead 
sheathed VIR power cables. 

2000 Upgraded ventilation control systems to PLC 
control. 

1994 Increased enrichment of SAFARI-1fuel from 
46% to 90%. 

2000 Installed Isotope production thimble in core 
position F6. 

1994 Replaced drift eliminators in cooling tower 
(wood to plastic). 

2000/200
1 

Installed access control system and turnstiles. 

1994 Installed Video Surveillance system of 
reactor building 

2000/200
1 

Cooling tower refurbishment: changed water 
distribution system and improved spray and rain 
density. 

1995 Fission Molybdenum production upgraded 
for reactor operations at 20 MW using 7-
plate holders. 

2000 Cooling tower automation: automatic valves; full 
PLC control for inlet/outlet valves, make up and 
blow down.  

1995 Isotope irradiation in 99Mo thimbles 
authorized. 

2000 Upgraded compressors (new standby compressor 
– old standby compressor converted to emergency 
compressor – old emergency compressor 
scrapped). 

1995 Upgraded lightning protection system. 
Added Dehnventil units, finials and additional 
earth points. 

2001 Further upgrade of Video Surveillance system of 
reactor building. 

1995 Replaced temperature and delta 
temperature transmitters for primary and 
secondary water. 

2001 Replaced sections of ventilation ducting. 

1995 Upgraded all differential and pressure 
transmitters to smart transmitters with Hart 
protocol. 

2001 Automatic TDS control added for cooling towers. 

1996 Replaced secondary pumps. 2001 Installed isotope production thimble in core 
position D6. 

1996 Modified anti-vibration skirt in reactor vessel 
to accommodate a thimble in core position 
B8 and 99Mo production positions expanded 
to six. 

2003 Commissioned an in-pool gammametry facility 
originally installed in ~1983 as part of a Jetpompe 
facility that was never utilized. 

1996 Developed and installed a hot-cell radiation 
monitor. 

2003/200
4 

Replaced the obsolete reactor primary coolant 
pumps with modern off-the-shelf equivalent. 

1996 Upgraded rabbit transfer system to PLC 
control 

2004 Installed isotope production thimble in core 
position B6. 

1996 Replaced secondary piping 2004/200
9 

Install security fence and perimeter monitoring 
camera network. Upgraded access and egress 
control throughout building 
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DATE DESCRIPTION DATE DESCRIPTION 

1996-
2000 

Upgraded all fluid drive couplings to soft 
starters, ventilation fans, cooling tower fans, 
pool pump. 

2007 Upgraded the standby compressor from a two 
stage piston compressor to a worm compressor 
with built in cooling and moisture removal. 

1996 High-density storage racks for spent fuel 
modified to overcome electrolytic corrosion 
problem. 

2007 Upgraded the air drier to a modern automated 
system. 

1997 Installed new 16N channel for testing. 2007 Stripped and re-coated the process wing floors 
with an industrial epoxy coating, This upgrade 
removed the need to polish and strip the floors 
regularly, thus reducing the quantity of chemical 
waste. 

1997 Installed a “Multilink” SCADA system. 2007 An industrial network on a fibre-optic backbone 
which is separated from the campus network was 
installed. This network will be commissioned in 
2008, and will consist of a fully redundant server 
system and will enable the automation of various 
manual tasks operations. 

1997 Installed a ring intercom system throughout 
the plant. 

2007 The Adroit Scada system was upgraded from a 
750 scan point license to unlimited scan points. 
This was required for the Industrial network 
installation and implementation. 

1997 Installed isotope production (IPR) thimble in 
core position B8.  

2002-
2006 

Stuck collimator in BT no 1. Equipment developed 
and collimator successfully removed. Deformation 
noticed in beam tube. BT still sound 

1998 Upgraded reactor hall crane to PLC control. 2003 ‘Filter house’ was erected over filter pits on top of 
exhaust fan yard to facilitate all-weather filter 
replacement and improved contamination control 

1998 Upgraded clock displays and synchronized 
all clocks and PC’s to national time standard. 

2006-
2007 

All accesses to radiological controlled areas fitted 
with automated full-body contamination monitors. 

1998 Instrumented primary pumps for temperature 
and pressure monitoring. 

2003 A second, back-up degasifier pump installed. 

1998 Upgraded water chemistry monitors. 2007-
2008 

Stuck collimator BT no 5 removed successfully. 
Deformation in beam tube noticed. Beam tube still 
sound. 

1998 Replaced Isotope Production Thimble in 
core position B8 with a 99Mo production 
Thimble. 

2008 Replaced control drives motors and refurbishes 
electrical panels. 

1998 Conducted qualification tests on 300g fuel 
elements. 

2008 Refurbishment of cooling tower fill and structure. 

1998 Upgraded cooling tower inlet/outlet valves to 
pneumatic actuators. 

2008 Replacement of two Neutron Safety Channel 
detectors and cables. Purchased spares 

1999 Upgraded “Multilink” data log system to 
“Adroit” system with remote access and up 
to 750 parameters. 

2008/9 Core conversion to LEU fuel started. Still in 
progress. 
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MICROSTRUCTURAL ANALYSIS OF MTR FUEL PLATES DAMAGED 
BY A COOLANT FLOW BLOCKAGE. 

 
A. LEENAERS AND S. VAN DEN BERGHE 

SCK•CEN, Nuclear Materials Science Institute, Boeretang 200, B-2400 Mol, Belgium. 
 

ABSTRACT 
 

In 1975, as a result of a blockage of the coolant inlet flow, two fuel 
plates of a fuel  element of the BR2 reactor of the Belgian Nuclear 
Research Centre (SCK•CEN) have partially molten [1]. This incident 
was included in the 1985 periodic safety analysis of BR2 and 
included in the IAEA database (Incident Reporting System Research 
Reactors). The element, consisting of HEU fuel plates (90 % 235U 
enriched UAlx fuel dispersed in an Al matrix), had accumulated a 
burn up of 21% 235U before it was removed from the reactor. 
Recently, the damaged fuel plates were sent to the hot laboratory 
(LHMA) for detailed PIE. In view of the scarceness of such datasets, 
the results of the microstructural analysis can provide valuable input 
for the research reactors community [2, 3]. 

 
 

1 Introduction  
In 1975, an 8 sector element  was irradiated in one of the 200 mm channels of the  BR2 
reactor at SCK•CEN.  
The fuel sector (ATR type) was made up of 13 rolled plates which were mechanically fixed by 
the roll swaging technique into solid grooved radial stiffeners.  
The Al cladded fuel plates consisted of high enriched uranium aluminide (90% 235U) 
dispersed in an aluminum matrix. The uranium aluminide was fabricated from a melting and 
casting operation and as a result usually contained a mixture of UAl3, UAl4 and UAl2. A 
typical composition would have been around 63% UAl3, 31% UAl4 and 6% UAl2 [4]. Such a 
composition is referred to as UAlx. As the UAl2 is fairly reactive, it would react with the excess 
aluminum during rolling of the plates, to form UAl3 and "UAl4" (∗). One can therefore assume 
that the finished fuel plates contain only UAl3 and "UAl4". 
 
A few hours after the start of the cycle, an automatic stop of the reactor occurred due to high 
activity of the primary water. Analysis of the activity indicated immediately that a significant 
part of a fuel element must have melted. Unloading of the core showed that the entrance of 
the fuel element was partly blocked by a foreign object. This object was later on identified as 
a screwdriver that had fallen in the fuel channel during loading [1].  
 
After three irradiation cycles of 20.8, 7.4 and 19.6 operating days respectively, the burn-up of 
the fuel element was calculated to be 21% 235U. 
After dismantling of the element, it was found that two of the 13 fuel plates in one sector had 
partially molten. Recently, those two damaged fuel plates were transferred to the Laboratory 
for High and Medium Activity (LHMA) at the SCK•CEN site for microstructural examination. 

                                             
∗ The phase UAl4 is not indicated in the binary diagram [8], but it has been shown in [10] that this phase does 
exist.   



 

 

2 Microstructural examination 
Visual inspection in the hot cell showed that for one of the plates (Fig. 1) almost 50 % of the 
meat zone has melted. In the center of this zone, part of the fuel plate is missing. This will 
have been released in the primary circuit but part of it might have been pulled out during 
transport and handling of the plates.  
 

Figure 1 Pictures of the two damaged fuel plates. 
 

 
A more detailed image (Fig.2) of the least damaged fuel plate  
shows that the affected region consists of 3 areas with different 
structural aspects : 

• Area 1  is the intact cladding  
• Area 2 : the cladding has a rough surface structure that 

might be the result of oxide flakes that peeled off  
• Area 3 has a very dark color and at some positions material 

is missing.  
 
 
 

A slice was cut from the least damaged fuel plate (Fig. 1) and subdivided in three samples 
(S1,S2,S3). The samples were embedded in such a way that the complete section of the fuel 
(meat and cladding) could be observed.  

 
Figure 3 The backscattered electron image covering the cross section of sample 1. 
 
In the backscattered electron image of the cross section of sample S1, different zones can 
be identified. The fuel and the cladding in zone A appear to be unaffected by the high 
temperatures and can be considered to be representing the intact fuel plate. 
In zone B, a transition in the meat is seen from dense to more porous fuel particles. The 
cladding is still intact but a slight increase in the plate thickness is observed. In zone C, large 
pores appear in the meat and in the cladding a precipitation is seen at the grain boundaries. 
The swelling in the fuel plate has increased even further. In zone D, the meat and the 
cladding can no longer be distinguished. The severe contraction in the plate thickness and 
the cracking throughout the cladding indicate that all fission gas was released at this position 
and the fuel plate was reduced to a melt.  

Figure 2 Optical image of part 
of the fuel plate. 



 

 

In sample S3, similar zones could be observed. In this article we will focus on sample S1 and 
give a more detailed microstructural analysis of each zone. Finally, the microstructure in 
sample S2 is analysed.  
 
2.1 Sample S1:   
 
Zone A : 
The collage of backscattered electron images (BEI) in Fig. 4a covers the complete plate 
cross section. A thick (± 15 μm) oxide layer on the outer surface (Fig. 4b) of the cladding can 
be observed. This oxide layer has cracked both perpendicular and parallel to the surface. 
The cracks parallel to the surface could indicate that the oxide consists of multiple layers, 
with slightly different compositions. The perpendicular cracks usually result from dehydration 
of the layer during the drying of the fuel plate in the hot cell [5]. 

 
Figure 4 BEI image across the plate section at zone A (a) and detailed BEI image of the oxide layer (b) and 
a fuel particle (c). The EPMA X-ray maps are contained within the red frame. 
 
The meat consists of ground fuel particles dispersed in an Al matrix. Most of the UAlx 
particles show cracks, demonstrating the brittle nature of the fuel. In a more detailed image 
of a fuel kernel (Fig. 4c) one can observe a layer around the particle which contains a lot of 
small bubbles. From the electron microprobe analysis (EPMA), (Fig. 4 within the red frame) it 
is seen from the U and Al X-ray mapping that this layer is more rich in Al than the particle 
interior. Local quantitative analysis confirms that it concerns a U0.9Al4 layer while the fuel 
particle is UAl3.  The U0.9Al4 layer is the result of the interaction between the UAl3 and Al 
matrix. These interaction layers are also found in other types of dispersion fuels. In several 
studies this interaction layer is, regardless of the composition of the fuel, characterised as 
amorphous. This was directly demonstrated for U(Mo) dispersion fuel in [6]. By reference one 
can therefore assume that the U0.9Al4 layer found in this study also is amorphous. This would 



 

 

explain why the fission gas bubbles are observed only in the interaction layer. In the fuel 
particle interior, the fission gas is probably still contained within nanobubbles.  
The fission gas retention is also confirmed by the EPMA results. The Xe and Mo X-ray maps 
all show the presence of all fission products inside the fuel kernel. In the interaction layer, a 
lower amount of fission products is measured, but this is, at least for Xe, partially related to 
the sample preparation (the bubbles get opened during polishing). Around the fuel particle, 
the typical fission product halo can be seen. 
 
Zone B 
In zone B, we can still distinguish the meat from the cladding (Fig. 5a). Most of the oxide 
layer on the outer surface of the cladding is spalling off, but a small layer is still attached to 
the cladding (Fig. 5b). 

Figure 5 BEI image across the plate section at zone B (a) and detailed BEI image of the oxide layer (b) and 
a fuel particle (c). The EPMA X-ray maps are contained within the red frame. 
 
Inside the meat, a transition in the morphology of the fuel particles is observed. At the right 
side of Fig. 5a still intact fuel particles are seen, while to the left, the fuel starts to contain 
large bubbles or pores and the particles get larger and more rounded.  
In a more detailed image (Fig. 5c) it is seen that in the intact part, the interior of the particle 
contains a lot of small bubbles. In the interaction layer, the size of the fission gas bubbles 
has increased, by coalescence with neighboring bubbles. This onset of fission gas release 
causes the fuel particles to swell and get a more rounded appearance. Consequently, the 
plate thickness at Zone B will also slightly have increased (Fig. 3). Simultaneously, with the 



 

 

increased temperature, the solid state reaction between the fuel kernel and the aluminum 
matrix will accelerate. 
This is confirmed in the EPMA X-ray maps. In the right part of the Xe X-ray map, fission gas 
is still measured in the particles while at the left side none is detected.  The Al and U maps 
show that the fuel particles at the left side are more rich in Al, indicating a complete 
interaction of the particles with the Al matrix. 
 
Zone C 

 
Figure 6 BEI image across the plate section at zone C (a) and detailed BEI image of the oxide layer (b) and 
a fuel particle (c). The EPMA X-ray maps are contained within the red frame. 
 
Also in zone C, the meat can still be distinguished from the cladding (Fig.6a).  Figure 6b and 
the O X-ray map (EPMA, top row) clearly show the presence of an oxide layer (thickness 
5 μm) on the outer surface of the cladding. 
In the cladding, a different phase is present at the grain boundaries (Fig. 6b). From the 
EPMA Al and U maps (top row), it is seen that it concerns uranium aluminide, which has 
diffused into the cladding via the grain boundaries.  
In the meat, it is no longer possible to differentiate the fuel particles from the matrix.  Also 
here, uranium is present on the Al grain boundaries (Fig. 6c and EPMA bottom row), while 
the observed particles can be identified as U0.9Al4.  
Further fission gas bubble coalescence has happened resulting in very large round pores 
seen in the former meat part of the plate. The swelling of the meat resulting from this is also 
reflected in the thickness of the fuel plate at this position (Fig. 3). No cracks running from the 
meat in or through the cladding are seen. 



 

 

Zone D 
In zone D (Fig. 7a), no clear difference can be made between the meat and the cladding. 
Pure Al grains are observed with on the grain boundary a uranium aluminide phase forming a 
eutectic microstructure. The U0.9Al4 particles can be found at several places but they seem 
more concentrated in the center of the plate (Fig. 7a,c). 
The EPMA measurements confirm these findings. They also show the presence of an 
approximately 5 μm thick oxide layer remaining on the outer surface (EPMA results, top row 
and Fig. 7b). This layer contains cracks perpendicular to the surface, indicating dehydration 
of the oxide sheet. Please note that no uranium is measured within this oxide layer, 
indicating that the layer was formed prior to the incident.  
Some smaller rounded pores, related to the fission gas release can still be seen but the 
thickness of the plate in this zone is severely reduced. Large cracks running through the 
meat and cladding (Fig. 3 and 7a) also indicate that the complete fission gas inventory has 
been released, leaving behind a pool of molten aluminum with small U0.9Al4 particles in it.  

 
Figure 7 BEI image across the plate section at zone D (a) and detailed BEI image of the oxide layer (b) and 
a fuel particle (c). The EPMA X-ray maps are contained within the red frame. 
 
2.2 Sample S2: 
 
The microstructure of the resolidified material in Sample S2 (Fig. 8a) nearly looks identical to 
zone D in sample S1. However, from more detailed BEI images (Fig. 8b) it is observed that 
large angular particles have formed, which can be identified as UAl3. The smaller, rounder 
particles (denoted by red circles in Fig. 8b) are the previously observed U0.9Al4 particles. 
More to the right in Fig. 8a (more to the center of the fuel plate), the formation of some 
dendrites is observed (Fig. 8c). In the area covered by Fig. 8d, almost solely dendrites are 
observed in the melt. These dendrites shown in fig. 8d consist of UAl3, while the small 
particles at the extremities of the branches contain only a few wt% U.  
 



 

 

 
Figure 8 BEI images covering Sample S2 (a). More detailed images reveal the microstructures observed 
(b,c,d,e)  

3 Discussion 
 
According to literature on this type of incidents, a first rapid release of fission gas will occur at 
temperatures around or below the blistering temperature. The release will increase upon 
reaching the solidus temperature of the cladding and at the U-Al eutectic temperature [7]. For 
the fuel plates under consideration this would be respectively 565 °C (blistering temperature), 
about 646 °C (solidus temperature for an 1100 grade cladding) and 660 °C (U-Al eutectic) 
Based on this information, the observed microstructure and the binary diagram (Fig. 9), it is 
possible to indicate the local temperatures in the different zones and samples. 
 
In zone A, the fuel plate shows microstructural features typical for fuel operated under normal 
conditions, that is, the temperature of the fuel would have reached around 200 °C if the 
reactor was at full power. Even at this low temperature a solid state reaction between the 



 

 

UAl3 fuel and the Al matrix takes places, resulting in the formation of an U0.9Al4 interaction 
layer. By reference, this layer is considered amorphous and hence will allow larger fission 
gas bubbles. The remaining fission gas is expected to be contained within nanobubbles lying 
in the UAl3 kernel.  
The zone A thus corresponds to Area 1, the intact fuel plate, in figure 2. 
 
In zone B, a clear onset for fission gas release is observed. This means that the fuel 
temperature was probably ranging between 200 and 550 °C. According to literature, fission 
gas release below 550 ° is negligible [7], but it does cause the fuel plate to swell. 
The higher temperature has also accelerated the solid state reaction between the UAl3 fuel 
particles and the Al matrix, as all the fuel is transformed into U0.9Al4 particles. 
The totally fractured outer oxide layer observed in zone B could be consistent with the 
observations on Area 2 in Fig. 2 where the oxide flakes appear to have spalled off from the 
cladding surface. 

Figure 9 Binary U-Al diagram [8]. 
 
The appearance of uranium aluminide on the Al grain boundaries in zone C indicates that 
incipient melting at the Al grain boundaries is likely to have occurred, giving easy access 
pathways for the uranium to diffuse. This means that the temperature in this zone must have 
been close to 646 °C, the solidus temperature of the cladding. 
Not only would the molten Al grain boundaries have been easy access paths for diffusion of 
the fuel but also fission gas will have been transported out of the fuel and through the 
cladding. This is consistent with the first fission gas release at the cladding solidus 
temperature as reported in literature. 
In the meat section, the elevated temperature causes the reaction between the U0.9Al4 
kernels and the partially molten Al matrix to form U0.9Al4 particles. Increasing fission gas 
bubble coalescence results in the formation of huge bubbles, which in turn cause a 
substantial increase of the plate thickness (Fig. 3). 
Zone C is not very large and probably can be located on the boundary between Area 2 and 3 
in figure 2. 
 
The transition from Zone C to D is characterised by necking of the fuel plate (Fig. 3). In Zone 
D, the plate thickness has substantially decreased and large cracks are running through the 
meat and cladding. No more large fission gas pores are seen so most likely full release of the 
fission gas inventory has occurred. The observation of a eutectic microstructure at the 
cladding grain boundaries points out that the temperature at the cladding went beyond 



 

 

660 °C, but since in the former meat section only U0.9Al4 particles are measured, we should 
conclude, based on the binary diagram, that the temperature in this zone stayed below 
731 °C.  
The fuel plate in this zone is thus reduced to a melt which is still covered by a small oxide 
layer on the outer surface. Zone D therefore corresponds to the start of Area 3 in figure 2. 
 
The microstructure of sample S2 seems at first very similar to the structure observed in Zone 
D of sample S1. However, local quantitative analysis (and by reference to literature [9]) 
shows that in the area of S2 following zone D of S1, the U0.9Al4 particles are still found in 
addition to large angular UAl3 particles. More towards the center of the fuel plate, UAl3 
dendrites are seen. At the extremities of these dendrites, eutectic droplets are observed 
(gray particles in fig. 8e). With these observations and the assumption that the average 
composition of the melt is around 72-75 wt% Al (supported by EDX and image analysis), one 
can see from the binary diagram (Fig. 9) that the temperature in this location has reached 
900 -950 °C.  
 
 

4 Conclusion 
 
A local coolant flow blockage caused the partial melting of two fuel plates. Detailed analysis 
shows that the microstructure of the melted plate is defined by full fission gas release, the 
complete reaction between UAlx fuel and the Al matrix and weakening of the cladding. All 
phenomena were triggered by the increasing temperature, which has probably reached in the 
center of the fuel plate, locally about 1000 °C before the reactor scrammed. 
The different stages of fission gas release and the thermodynamic evolution of the phases  
could be clearly identified.  
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ABSTRACT 
 

Ministry of Science and Technological Development of the Government of the 
Republic of Serbia initiated the Vinča Institute Nuclear Decommissioning (VIND) 
Program in 2004. The Program covers four integrated projects: Spent nuclear fuel 
preparation for shipment to the country of origin; Low level and medium level 
radioactive waste management at site; Decommissioning of the RA research 
reactor and Radiation Protection. The IAEA Technical Cooperation Department 
and European Commission (through IPA Program) support the VIND Program. 
This paper summarises the progress achieved in the last four years, presents the 
current status and underline future activities to be carried out at the Vinča Institute. 
. 

 
 
1. Introduction 
 
Nuclear and radiation safety situation in the Vinča Institute of Nuclear Sciences (Vinča 
Institute), elaborated at the end of the XX century, was found as inappropriate. Main 
problems were arisen as results of various nuclear programs carried out from 1958 to 1990 
in former Yugoslavia and strong economic crisis in the country during the last decade of XX 
century. International and Vinča’s experts have concluded that radiation safety conditions 
have to be improved ASAP. The major Vinča site’s problems, pointed out, were: 
 Condition of considerable amount of LEU and HEU spent nuclear fuel (SNF) 

accumulated during 25 years of operation of 6.5 МW heavy water RA research reactor 
(RR). After storage period from 20 to 40 years in water, aluminium cladding some of the 
SNF elements is degraded and fission products leak to the pool water; 

 RA RR was in an extended shut down since 1984, because it’s modernization was never 
completed due to technical, political and economic reasons; 

 Different low level (LL) and medium level (ML) radioactive waste (RAW) was collected 
from whole ex-Yugoslavia and stored in two storage hangers (H1 & H2) at the Vinča site 
since 1960. Records on RAW description are inadequate or are missing; the RAW is not 
stored and conditioned according to modern radiation safety standards, and 

 Significant amount of fresh HEU fuel elements were stored at premises of the RA RR. 
 
To solve the problems mentioned above, four new projects, known as the Green Vinča 
Program (GVP) were initiated in the Vinča Institute in August 2001. A proposal for support to 
these projects (SNF shipment, RAW management, RA RR decommissioning and RB reactor 
refurbishment) was announced at the International Atomic Energy Agency (IAEA) 2001 
General Conference. These projects were welcome by the IAEA and included in IAEA TCP 
support program from 2003. The Program is also supported, besides the Government’s 
funding, by donations from several foreign organizations and governments. Equipment and 
experts’ technical assistance are provided by IAEA.  
 
Proposal for solutions of the radiation and nuclear safety problems, mentioned above, was 
submitted by the Vinča Institute to the Government of the Republic of Serbia (GoRS) and to 
the Government of the Federal Republics of Yugoslavia (FRY), for consideration and 



support. Both Governments have evaluated the proposal and have supported it by 
appropriate decisions. The ‘opinions’ of the GoRS, brought in July 2002, were: 
 RR RA will be shut down permanently and decommissioning process should be initiated; 
 Fresh HEU fuel elements from RA and RB reactors shell be sent back to Russian 

Federation (RF) for uranium down blending; 
 Safety and storage conditions of SNF elements should be increased ASAP; 
 LL and ML RAW at the Vinča site should be properly managed and safely stored in new 

temporary storage at the site with the aim to ship it at the country final disposal site, to 
be determined and constructed in future; 

 RB critical assembly will continue operation with the Government’s support; 
 Ministry of Science and Technological Development (MSTD) and Ministry of Finance of 

the GoRS will be responsible to organise activities on the Program, and 
 The Vinča Institute was selected to be in charge of completion of the Program. 

 
2. VIND Program maturities in 2002 – 2008 
 
Negotiations on shipment fresh HEU fuel elements from the Vinča Institute’s RR back to RF 
were carried out in 2001 & 2002 among Ministries of the GoRS and FRY, USA DoS and 
DoE, MINATOM of the RF, representatives of the IAEA and USA NGO “Nuclear Treat 
Initiative” (NTI). Besides the Vinča Institute, experts of two involved countries (USA & RF) 
and the Safeguards Department of the IAEA were involved too. As a result, the shipment of 
fresh HEU fuel from the Vinča site back to the RF has occurred in August 2002 and, at the 
same time, the first considerably donation to the GVP was obtained from the NTI.  
 
The IAEA TCP has supported three projects of GVP, starting at 2003: 
• Safe Removal of Spent Fuel of the Vinča RA Research Reactor (SNF);  
• Safe Management of Waste in the Vinča Institute (WMV), and 
• Decommissioning of the Vinča RA Research Reactor (RADec). 
 
The FRY has changed name to the Serbia and Montenegro (SCG) in 2003. General attitude 
to the GVP has stayed unchanged. MSTD of the GoRS has appointed the Vinča Institute in 
charge of the GVP and established an independent the GVP Expert Committee with the main 
aim to monitor the Program progress and to propose optimal attitude to solutions for the 
problems treated. Unfortunately, funding of the Program was at very low level, so the IAEA 
support, through the service contracts and requested equipment, was the main driving force 
for the Program participants. GoRS, based on request and proposal of the Vinča Institute, 
has brought new decisions related to the Program in February 2004: 
• The only acceptable (‘the final’) solution for the GoRS is shipment of the SNF from Vinča 

Institute back to the RF for reprocessing, i.e., no long term storage of the SNF or high 
RAW at the country is foreseen in future; 

• The ‘immediate dismantling’ is accepted as the decommissioning strategy to be applied 
at the RA research reactor; 

• GoRS will establish funding for the GVP that will be managed by the MSTD, and 
• The Vinča Institute will be in charge of realization of the GVP. 
 
New GoRS was elected in March 2004 and has appointed the Ministry of Science and 
Environmental Protection (MSEP) to support the previous GVP through the Vinča Institute 
Nuclear Decommissioning (VIND) Program. IAEA supported such approach of the MSEP by 
appointing a special program manager officer (PMO) with primary task to monitor and 
support, through the TC projects, organisation structure and activities of the VIND Program. 
New VIND Program was accepted by the MSEP in September 2004 and funding of the VIND 
Program started October 1, 2004 for the following four projects: 
• Shipment of the spent nuclear fuel of the RA research; 
• Radioactive waste management at the Vinča Institute; 
• Decommissioning of the RA research reactor, and 



• Radiation protection. 
 
To carry out efficiently activities specified within the projects mentioned above, the VIND 
Program has established new integrated team (about 80 experts), lead by the Program 
manager and the Program Council assembled from Vinca Institute’s DG, the projects leaders 
and their deputies. The activities were carried out closely in cooperation with the Vinča 
Institute DG, officials of the MSEP and the IAEA TC PMO, IAEA TC country officer and IAEA 
TOs of each project.  
 
In 2006 Montenegro and Serbia are separated and the Republic of Serbia has accepted to 
continue to solve all radiation and nuclear problems arisen as a heritage from previous 
nuclear programs carried out in ex-Yugoslavia since mid-fifties of XX century. Four 
interrelated projects of the VIND Program are supposed to be completed by 2016 at the total 
cost estimated at 60 millions US dollars. 
 
Legal matters related to almost all activities of the VIND Program were identified at very 
beginning of the Program and pointed out to the GoRS to be properly solved ASAP. It was 
recognized that only rudiments of the full-power Regulatory Body exist in the country. 
Temporary Regulatory body (Committee for Radiation and Nuclear Safety of the MSTD of the 
RS) was established in the second half of 2004 as an advisory body of the Minister of 
Science. This body has obtained great support of the IAEA and Slovenian Nuclear Safety 
Agency. Work on country new Law on Nuclear Safety and Radiation Protection was initiated 
in 2003 and finished in September 2004. It is expected that this law will be accepted, after 
some delay, in the Parliament in spring of 2009. This law will establish a legal ground for 
introducing of full power Regulatory Body (Agency for Radiation and Nuclear Safety) in the 
country and is expected to increase the safety culture and regulative approach at all activities 
of the VIND Program. 
 
3. Status of the VIND Program in November 2008 
 
3.1 Safe Removal of Spent Fuel of the Vinča RA Research Reactor project has a main 
task to prepare all SNF of the RA RR for shipment back to RF. Heavy water RA RR was 
operated in the Vinča Institute since 1959 to 1984 using 2 % enriched metal U and 80 % 
enriched UO2 fuel elements. The SNF, stored in the Vinča Institute, consist of about eight 
thousands fuel elements with total mass of about 2.5 tons of uranium. TVR-S LEU and HEU 
fuel elements, of ex-USSR origin, have same shape and dimensions and approximately the 
same initial mass of 235U nuclide. SNF elements were stored in the SNF storage pool filled by 
ordinary water. Last 480 HEU fuel elements have been transferred from the RA reactor core 
to the SNF storage pool in late 2008. Due to non-suitable chemical parameters of water in 
SNF storage pool, corrosion processes have penetrated 1 mm thick Al cladding of fuel 
elements and 4 mm thick Al walls of storage containers during storage period long from 20 
years to 40 years. Activity of fission products (137Cs nuclide) is measured in samples of the 
pool water since 1996. Increased 137Cs activity in one third of storage containers is found. 
 
Actions to improve conditions in RA RR SNF storage pool and to prepare SNF for shipment 
to RF, carried out from 2004, include: 
 Consortium Mayak-Tenex-Sosny (MTS) from RF was selected, after the IAEA tender in 

2005/6, to develop a technology for RA RR SNF repackaging and shipment to RF. A 
contract IAEA-MTS-Vinča has been signed in Sepember 2006. SNF shipment has to be 
done by end of 2010; 

 Preparations for SNF shipment from Vinča has to be finished by mid-2009 and include 
• SNF nuclide and radiation characterisation and preparation, finished in 2007:  
• Underwater cutting of corroded carbon steel construction in the basin 4 (B4) of the 

SNF pool. Removal of construction elements from B4 and their store at the temporary 
LL & ML RAW storage at the Vinča site, finished in 2006/7; 



• Removal of sludge from the SNF storage pool, to be done in spring 2009. Purification 
of water in B4 by mechanical filtering is under way since 1996. It will be intensified by 
new water chemical control system (WCCS) with ion exchange resin (CGH-8) that is 
designed by SRNL, USA and which will be set in operation in B4 by mid-2009; 

• Increased physical protection of nuclear material at the site, and 
• A work on RS – RF Government-to-Government agreement for repatriation of the SNF 

from the RA RR is in progress since November 2003, to be signed in 2009. 
 
3.2 Decommissioning of RA Research Reactor project was initiated after 18 years of RA 
RR extended shutdown. Proposal for RA RR decommissioning, based on economical, 
technical and legislation reasons, was approved by decisions of the GoRS in summer 2002. 
Detail decommissioning plan, including site characterisation, is initiated in 2003 within IAEA 
TC project with the aim to select appropriate dismantling and decontamination techniques for 
RAW and to obtain all necessary licenses. It is supposed that SNF will be removed from the 
site by 2010 and D&D activities will be carried out in period 2011-2016. 
 
3.3 Safe Management of Waste at the Vinča Institute project has to establish the 
appropriate organisation structure for LL nad ML RAW management at the site, primarily 
during shipment of the SNF, decommissioning of the RA RR and treatment of historical RAW 
stored in the ‘Hanger 1 (H1)’. New RAW temporary storage facility (WSF, ‘Hanger 3’, H3) of 
large capacity and RAW processing facility (WPF) are under construction and will be set in 
operation in Spring 2009. Characterisation of large volume of RAW stored at the H1, it’s safe 
repackaging and storage at H3 will be done in parallel with the RAW flow from the RA RR 
SNF shipment and decommissioning activities. About 800 m3 of the liquid LL & ML RAW, 
stored at the Vinča site in four stainless steel underground tanks, will be safely conditioned. 
High intensity radioactive orphan sources at the Vinča site will be properly treated and safely 
stored in a well-protected storage facility within the RAW storage area. 
 
3.4 Radiation Protection project supports fulfilment of above mentioned VIND projects in 
aim to provide health physics and medical support, human and technical decontamination, 
environmental and metrology monitoring, instrument’s calibration services and emergency 
services. Activities of this project are supported by MSTD, EC and IAEA. 
 
4. Conclusion 
 
In spite of the complex structure and dependence of various influences, the VIND Program is 
on the schedule, what is important particularly for the SNF shipment project. 
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Abstract 
After almost three decades of operation of stationary TRIGA 14MW with systems 
provided and installed at reactor first start-up, it appeared obvious that an extended 
modernization program is required, both for enhancing the nuclear safety and to 
expand the facility lifetime. 
A first step has been achieved through complete HEU to LEU core conversion, 
meaning also core refuelling possibility for the future.  
Systems that have been subjected to the upgrading program are: control rods, 
radiation monitoring, data acquisition and processing, ventilation, irradiation 
devices, and above all, the outstanding modernization of the I&C system, including 
a brand new reactor control desk. 
Taking into account own and research reactors community operation experience, 
IAEA guides and recommendations, the basic requirement for the Instrumentation 
and Control System is the separation between safety and operation components, 
in order to decrease human error consequences and avoid common cause failures. 
Modernization did not cover any sensor replacement, but preserve the present 
scram logic and conditions (as given and approved in the Safety Report and 
Licensed Limits and Conditions) 
The entire modernization program is performed according to QA system.  
Out of intrinsic nuclear safety enhancement, enhanced population and environment 
protection is a concern and an expected result of the program. 
Upgrading the overall performances of the reactor and extending its operational 
lifetime, the Reactor Department of Institute will be able to perform competitive 
irradiation tests for nuclear fuel and materials, and to continue to develop nuclear 
investigation techniques or isotope production. 

 
1. Introduction 
TRIGA reactor from Institute for Nuclear Research Pitesti, Romania was commissioned in 
1980 (first criticality has reached on November 17th 1979). 
In fact, as it could be seen in the Figure 1, the TRIGA reactor consists in two reactors:  

 A Steady State Reactor, 14MW, initially loaded with HEU fuel (93% enrichment). 
 An Annular Core Pulsing Reactor of 20.000MW. 

 
Figure1 TRIGA reactor pool arrangement 

 
 
 
 
 
 



During time the experimental facilities were used to perform the following test types: 
- Loop A*:  

o overpower type tests on fuel element,  
o power ramp type tests on fuel element,  
o corrosion and mechanical behavior studies on structural materials used in CANDU 

pressure tubes,  
o LOCA type tests and on line and off line water chemistry control: pH - 6 ÷ 10,5; 

conductivity O2 – 20 ÷ 100ppB; H adition; solid residues. 
- Capsule C1, C2*: 

o Fuel element dimensional measurement 
o Fission products pressure – on line 
o Power ramp 
o Short-time irradiation for residual deformation of the cladding determination 
o Central temperature measurement in the fuel element 
o Fission gases release effects on the measured temperature during irradiation 
o Fission gases composition for fuel element 
o Densification - fuel element 

- Capsule C5*: 
o Structural materials irradiation tests in inactive environment: Zircalloy-4, steel 403-M, 

Zr-2,5%Nb until 2,3X1022 nvt 
o Irradiation and tensile test of Chorpy standard minisamples – maximum 30 samples 

per irradiation campaign 
- Capsule C6*,**,***: 

o Thermomecanical behavior of CANDU type fuel element in fast power transients 
o Analysis of fuel elements clad failure limits and mechanisms for pellet clading 

interaction 
o Determination of energy level for fuel element failure depending on its geometry and 

microstructural characteristics 
o Studies on clad-fuel mechanical interactions 
o Database development regarding fuel element behavior in transient regimes 

- Capsule C9*,**: 
o 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. 
TRIGA reactor core conversion that was completed in June 2006 allowed us to restore the 
standard configuration with 29 fuel bundles. The performance tests illustrate the parameters 
the Table1 and 2: 
 

Table1 TRIGA SSR parameters comparison between 29 HEU and 29 LEU bundles core: 
Parameter HEU LEU 

Fuel bundles 29 29 
Reactor Power 14 MW 14 MW 
Inlet Temperature 37°C 37°C 
Flow rate with one pump in 
primary cooling system 400 Kg/s 400 Kg/s 

Flow rate with two pumps in 
primary cooling system 700 Kg/s 700 Kg/s 

Safety limit for nuclear fuel 1150 °C 1150 °C 
Фmax (XC1 location) 2.9x1014 (cm2.s)-1 2.82 x1014 (cm2.s)-1 
PPFmax 2.5 2.14 
APFmax 1.30 1.313 
CPFmax 3.25 3.01 
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Parameter HEU LEU 
a 6.0x10-5 (°K)-1 5.5x10-5 (°K)-1 
Keff 0.00725 0.00730 
Tcmax 705 °C 617 °C 
Core life time 8000 MWD 

(29 fresh HEU fuel) 
4500 MWD 

(11 fresh and 18 burned LEU fuel)
 

Table2 Shim bundle removal 
Pmax 550 MW 500 MW 
TCmax 810 °C 773 °C * 
Note: 
* Temperature for 29 LEU is lower than for 29 HEU due to PPF(29 LEU)=2.14, which is lower 
than PPF(29 HEU) = 2.5 
Figure2 shows the dependency between Keff and MWD for the actual configuration with 29 
LEU fuel bundles: 
 

Figure2 – Dependency between Keff in MWD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The new reactivity control system consisting in 8 control rods assures reactor operation in 
comply with operational limits and conditions. The following figure illustrates the differencies 
between the B10 arrangement for old and new control rods: 
 

Figure3 – Geometrical differencies between the new and old control rod concepts 
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The worth difference between new and old control rods is shown in the following table and 
graphic: 
 

Table2 Worth difference between new and old control rods 
 

Worth ($) Control 
rod Old New Difference (%) 

1.  305,3 283,7 7 
2.  291,2 270,4 7,1 
3.  547,3 523,4 4,4 
4.  213,9 190, 11,2 
5.  90,7 76,3 15,9 
6.  91,7 93,2 - 
7.  48,9 45,2 - 
8.  26,4 23,8 10 

 
 

Figure4 – Worth difference between old (red) and new (blue) control rod #3 
 

 
 

 
 
The measured fuel temperature at full power (14MW) is a safety limit for TRIGA reactor. The 
comparative results are: 
Maximum temperature at 14MW in the most used LEU pin – burned fuel: 
- Central=6170C 
- Peripheral=2260C 
- Clad=1140C 
Maximum temperature at 14MW in the used LEU pin – fresh fuel: 
- Central=4390C 
- Peripheral=1700C 
- Clad=890C 
 



From 1992 until 2005 the TRIGA-SSR 14MW reactor with mixed HEU-LEU core was in 
operation for 1409.93 days. During this time the released energy was 11504.94 MWd. The 
following graphic illustrates the reactor function history: 

 
 
 

 
 
 

 
 
 
 
 
 
 
During 2006 – 2008 the reactor utilization was insignificant due to modernization program. 
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. 
Generic hardware architecture of all auxiliary control-command systems is represented in 
the following figure: 

 
Figure6 – Generic hardware architecture of the auxiliary control-command systems 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure5 - TRIGA SSR-14MW Reactor operation during 1992 - 2005

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

TIME  [ year ]

TH
E

R
M

A
L 

P
O

W
E

R
 [ 

M
W

 ] 

Switch

On-line data
displaying

FIELD

Safety
System 1

Control&monitoring
1

commands actions

Transducers

Measurement
Loop 1

Bridge

Safety
System 2

Control&monitoring
2

commandsactions

Transducers

Measurement
Loop 2

Bridge



0

50

100

150

200

250

300

350

400

450

08
:1

6:
48

08
:2

0:
24

08
:2

4:
00

08
:2

7:
36

08
:3

1:
12

08
:3

4:
48

08
:3

8:
24

08
:4

2:
00

08
:4

5:
36

08
:4

9:
12

08
:5

2:
48

08
:5

6:
24

09
:0

0:
00

09
:0

3:
36

09
:0

7:
12

09
:1

0:
48

09
:1

4:
24

09
:1

8:
00

09
:2

1:
36

09
:2

5:
12

09
:2

8:
48

09
:3

2:
24

09
:3

6:
00

TIME

FL
O

W
 R

A
TE

  [
l/s

ec
]

0,00

0,89

1,78

2,67

3,56

4,44

5,33

6,22

7,11

8,00

PTER
  [M

W
]

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

08
:1

6:
48

08
:2

0:
24

08
:2

4:
00

08
:2

7:
36

08
:3

1:
12

08
:3

4:
48

08
:3

8:
24

08
:4

2:
00

08
:4

5:
36

08
:4

9:
12

08
:5

2:
48

08
:5

6:
24

09
:0

0:
00

09
:0

3:
36

09
:0

7:
12

09
:1

0:
48

09
:1

4:
24

09
:1

8:
00

09
:2

1:
36

09
:2

5:
12

09
:2

8:
48

09
:3

2:
24

09
:3

6:
00

TIME

TE
M

PE
R

A
TU

R
E 

 [o C
]

0,00

0,47

0,94

1,41

1,88

2,35

2,82

3,29

3,76

4,23

4,71

5,18

5,65

6,12

6,59

7,06

7,53

8,00

PTER
  [M

W
]

The new data acquisition system allows fast data collecting and displaying thus enabling to 
the operators to evaluate the events that may occur in facilities operation. The following 
graphics illustrates the correlation between reactor thermal power and different parameters 
for a start-up sequence: 
 

Figure7 – Dependency between reactor thermal power (PTER), inlet flowrate (green) and 
outlet rate (red) 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 

Figure8 – Dependency between reactor thermal power (PTER), pool inlet temperature 
(green) and pool outlet temperature (red) 
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Figure9 – Dependency between reactor thermal power (PTER) and pool water 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
The new reactor protection and control/monitoring systems are illustrated by the following 
figure: 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 

Safety Channels
1, 2, 3

Fission
chambers 1, 2, 3

Control rods
(8)

Fuel temp (6)

Direct wired
indicators

Digital
indication

PLC

Final
Actuation

Logic

Data
Acquisition
Computer

ARPC

Log
Lin
Per

Signal
isolation

Wide Range
Channel

Log
Lin
Per

Fission
chambers Digital

display

CMS

RPS

FIELD



According to the requirements of the basic radiological standards which state the use of the 
measure units in the International System and the dose limits decreasing for personnel and 
public, the refurbishment of the dosimetry system has been imposed, through implementing 
a project that includes new configurations for fixed measurement system with capability of 
data transmission, on-line data processing and parameter evaluations. 
Also by taking account of Basic Norms for Radiological Safety and of international 
recommendations it was added new measurement locations. 
 
2. Conclusions 
By modernization program completion we expect to: 

 enhance the nuclear safety by physical separation between control and safety systems 
 decrease the possibility of human error occurrence 
 ease the maintenance activities by using the systems auto diagnosis through dedicated 

software 
 improve the operation system 
 enhance the possibility to increase reactor power from 14 to 21MW 
 expand the reactor lifetime with 20 years 
 increase the efficiency in decision taking by the system responsible by having the 

opportunity to see the acquired data in real time. 
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ABSTRACT 
 

The measurement of primary circuit water activity with gamma spectrometry 
method has been performed in the LVR-15 research reactor since 1986. In 
November 2006 volume activities of fission products and 239Np increased in the 
primary circuit water. To identify the reason of the increasing more precisely, next 
supplementary methods were used: sipping tests of all individual fuel assemblies 
presented in that time in the core were performed, concentration of uranium in 
primary circuit water was measured by neutron activation analysis method of 
evaporated samples and mass spectrometry method was used. The neutron 
activation method of evaporated samples is described in more detail in the paper. 
The possible reasons of the increasing of activities in primary circuit water are 
discussed. 

 
 
1. Introduction 
 
The LVR-15 reactor [1] is a light water moderated and cooled tank nuclear reactor with 
forced cooling. It is situated in Nuclear Research Institute, Rez near Prague. The maximum 
reactor power is 10MWth and it operates as a multipurpose facility. It offers services in many 
fields: material research, production of radioisotopes for medical and industrial purposes, 
irradiation of silicon monocrystals, neutron activation analysis, neutron capture therapy etc.  
 
The reactor core is composed of IRT-2M type fuel assemblies (made in Russia) with 
enrichment of 36 %. In the basic operation configuration, 28 to 34 cells contain fuel elements 
with the total mass about 5 kg of 235U. Reactor is cooled by light demineralised water. 
Coolant flows through the core downwards, with a maximum coolant temperature at the 
reactor output of 51 ˚C.  
 
The main purpose of the measurement of primary circuit water activity is early detection of 
a damaged fuel assembly in the reactor core. The measurement also gives information about 
radiation conditions near primary circuit and about radionuclide contamination of objects, 
which were in contact with primary circuit water. 
 
 
2. Measurement of primary circuit water activity with gamma spectrometry  
 
The radionuclide activity measurement of primary circuit water is made regularly since 1996 
[2]. The main purpose of the measurement is early detection of a damaged fuel assembly in 
the reactor core. The measurement can also give information for radiation protection 
purposes.  
 
During common conditions the samples of primary circuit water are taken every week (on 
Thursday) and the spectrometric measurement is made 4 days later (on Monday). In case of 
some non-standard conditions the frequency of sample taking is increased, usually to 3 times 
per week.  
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Originally the Marinelli beakers were used for the activity measurement. Since 1998 the 
same 0,5 l PET bottle has been used both for taking of the sample and measurement (no 
trapping of radioisotopes on the walls of the bottle used for taking of the sample and on the 
walls of the Marinelli beaker, minimum handling with the radioactive water). 
 
A spectrometric assembly (Canberra) with an HPGe detector with relative efficiency of 18 % 
and FWHM=1.8 keV for energy of 1332 keV is used for measurements. The detector is 
placed in a shielding box with 5 cm thick lead walls. For calibration special radionuclide 
standards of 0.5 l bottle have been used. The minimum detectable volume activity is 10 Bq/l 
for 137Cs and measuring time of 3600 s, which is sufficient for the measurements. The 
analysis is made for the library of about 100 radionuclides but only 26 radionuclides are used 
for standard evaluation. 
 
In Figure 1 the time dependence of 131I volume activity is given for the period from 1996 to 
February 2009. Similar data for 239Np are given in  Figure 2. The mass concentration of 235U 
and 238U was estimated with assumption that all source uranium contributed to the water 
activity was dissolved in the water [4].  
 
The theoretical values of mass were used as the input parameters for calculations of 
activities by ORIGEN 2.1 code. Then the ratio between the measured activity and the 
calculated activity allowed determining the volume mass of source element. The calculation 
was made for the following conditions: the effective fluence rate is 2.1x1016 m-2.s-1 and all 
fission products and 239Np are released into the water.  
 
The mean values of volume mass of 235U and 238U under these conditions for April 2005 are 
1.09 μg/l and 1.70 μg/l respectively, which correspond to enrichment of 39 % (next data see 
Table 1). 
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Figure 1 Time dependence of volume activity of 131I 
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Figure 2 Time dependence of volume activity of 239Np 

 
 
 
3. Neutron activation analysis of evaporated water samples 
 
0.5 l primary circuit water was evaporated on Al foil, and similarly demineralised water 
sample was prepared. Evaporated water samples were irradiated in the reactor core for 24 h. 
Then the induced activities were measured.  
 
Fission products activities for evaporated sample of primary circuit water were much higher 
then for demineralised water. Then source of fission products does not origin from 
demineralised water.  
 
The resulted mass concentrations for December 2006 are 0.25 μg/l for 235U and 1.00 μg/l for 
235U. Similar measurement was made in November 2008 and concentrations decreased (see 
Table 1). 
 
 
4. Data analysis 
 
Radionuclides in the water are produced by activation of stable nuclides and by fission of 
fissile nuclides, mainly 235U [3]. Demineralized water used for primary circuit water includes 
small concentration of natural uranium. Fuel assemblies include uranium with enrichment of 
36 %. Also uranium from surface contamination of fuel cladding has that enrichment. 
 
Increased activities of fission products in 1996 were due to a damaged fuel assembly in the 
reactor core. That assembly was removed from the reactor core and since that time the 
activities of fission products in primary circuit water decreased until November 2006. 
 
In 2005 more detailed analysis of data was made  [4]. From comparison of theoretical results 
and measured values of volume activities of fission products and 239Np the enrichment of the 
irradiated uranium was estimated. The resulted   39 % enrichment has high uncertainty due 
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to complicated chemical and physical processes inside of the reactor. Despite of this 
uncertainty (estimated of factor 2 to 5) the enrichment is much closer to value of fuel 
enrichment (36 %) than for natural uranium (0.72 %). 
 
In November 2006 next increasing of activities of fission products roughly by factor of 10 
appeared. Ratio of volume activities of fission products and 239Np did not substantially 
change therefore the source is probably related again with fuel. 
 
All fuel assemblies present in this time in the reactor core were tested by sipping test [5] and 
no indication of fuel assembly damage was detected. Then the source of increased activities 
can be uranium surface contamination of fuel assemblies or limited leakage through fuel 
cladding, which occurs only during reactor operation. 
 
In Table 1 mass concentrations of 235U and 238U are given. The value were gained by two 
method described in chapters 2 and 3. 
 

235U 238U

Dec. 2006 0.25 1.00
Nov. 2008 0.01 <MDC
Apr. 2005 1.09 1.70
Dec. 2006 9.64 2.01
Nov. 2008 4.84 2.72

 Water

Mass concentration (μg/l)Method Date

NAA

 
 

Table 1 Measured concentration of 235U and 238U 

 
<MDC   Less than the minimum detectable concentration 
NAA  Neutron activation analysis method (see chapter 3) 
Water Values are based on assumption that all source uranium contributed to the 

water activity was dissolved in the water (see chapter 2) 
 
From the table it can be estimated that after the event in October 2006 part of the source 
uranium was dissolved in the water and during the time the concentration decreased. 
 
 
5. Conclusion 
 
From 1997 to October 2006 the activities of fission products in primary circuit water in 
average decreased. In November 2006 increasing of activities appeared. Measured data 
indicate that the source of the increasing is related with fuel uranium but probably only from 
uranium surface contamination of fuel assemblies. 
 
Two methods of uranium concentration measurement were used. Measurement indicates 
that in October 2006 uranium was some way dissolved into the water and then deposited on 
the surfaces near reactor core. 
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ABSTRACT 
 

The initial LEU (IRT-4M fuel assemblies, 19.75% 235U) core of the new IRT, Sofia 
research reactor of the Institute for Nuclear Research and Nuclear Energy (INRNE) 
of the Bulgarian Academy of Science, Sofia, Bulgaria is jointly analyzed with the 
RERTR Program at Argonne National Laboratory (ANL) to evaluate its 
characteristics important to safety. Analyses are carried out for the fuel properties 
presented in the actual fuel Catalogue Description specified for IRT, Sofia research 
reactor. The initial configuration using 16 fuel assemblies (four 8-tube and twelve 
6-tube fuel assemblies) is analyzed at a critical core state preferable for BNCT 
tube operation. 
Results of detailed steady-state thermal-hydraulic calculations and transients for 
this initial core configuration are presented in this paper. These results show that 
one pump in the primary circuit is sufficient for safe operation at 200, 500 and 1000 
kW reactor power levels and that safety is maintained for all transients. 

 
 
1. Introduction 
 
A joint study concerning IRT, Sofia research reactor (RR) between INRNE and the RERTR 
Program at ANL was initiated in 2002. The initial steps studies [1-4] were mainly focused on 
neutronics properties significant for reactor application and safety analyses. The results of 
further neutronics thermal hydraulic and accident analyses significant for safety assessment 
of the LEU core for the critical state preferable for Boron Neutron Capture Therapy (BNCT) 
beam tube operation were presented too [5, 6]. The BNCT activity is considered nowadays 
as one of the most important for future IRT, Sofia application. However these results were 
based on the preliminary data for the LEU fuel assemblies (FA) [7, 8] that differed from the 
actual fuel data [9] which became available later. Presented here are results of the steady-
state and transient thermal hydraulic calculations using the actual LEU fuel assemblies’ data. 
The actual fuel data that are most significant for the safety assessment analysis and differ 
from the previously used include: the FA maximum inlet coolant temperature; the maximum 
admissible temperature on the fuel element (FE) surface; and onset of nucleate boiling ratio 
(ONBR). Moreover the hot channel factors (HCF) impact is not considered in the actual fuel 
passport. The actual fuel data include the temperature of ONB (118ºC) that was not 
presented in the previously used data. The actual catalogue description also defines the 
fraction of the reactor power generated in the FE equal to 95% whereas the value of 94% 
was used in our previous calculations. In the safety assessment it is important to remember 
that increasing this fraction leads to corresponding increase of the peak power density in the 
core; this needs to be included in the thermal-hydraulics analyses (steady-state and 
transients).  
 



2. Steady State Thermal Hydraulic Analysis 
 
Steady-state thermal hydraulic analyses were performed using the code PLTEMP/ANL V3.4 
(ANL) [10]. The fuel assembly with the peak power density (FA-C3, a 6-tube FA) [5] was 
used in these calculations. All the 6 tubes and 7-coolant channels are modelled and 15 axial 
segments are used. In PLTEMP, the fuel tubes were modelled as parallel plates. The 
calculations were performed for power levels of 200, 500, and 1000 kW.  
The PLTEMP analyses presented below were performed for the coolant inlet temperature 
equal to 50°C [9]. For power levels of 200 and 500 kW calculations were performed with one 
primary circuit pump and with both one and two pumps – for 1000 kW. Detailed power 
distribution obtained using MCNP [5] were used in the PLTEMP calculations. The hottest fuel 
assembly was modelled in PLTEMP using the power generated in the hottest segment of the 
FA. It was assumed that 95% [9] of the power is generated in the fuel meat and 5% is directly 
deposited in the coolant. 
 

Parameter Reactor Power, kW 
 200 500 1000 
Maximum power density in the fuel tube, MW/m3 
Maximum temperature of fuel meat, °С  
Maximum clad surface temperature (outer/inner), °С 
Maximum coolant temperature, °С 
Onset of nucleate boiling temperature at minimum 
ONBR (Bergles-Rosenhaw), °С 
Minimum onset of nucleate boiling ratio (Bergles-
Rosenhaw) 
Safety margin to flow instability 
Maximum thermal flux (outer/inner), kW/m2 
Critical heat flux (Mirshak), kW/m2 

87.0 
56.9 

56.8/56.8
53.7 

 
115. 

 
10.1 
14. 

31.9/29.0
3340 

217. 
66.8 

66.5/66.6 
59.2 

 
116. 

 
4.2 
5.6 

79.7/72.5 
3231 

435. 
82.4 

81.7/81.8 
68.3 

 
117. 

 
2.2 
2.8 

160./145. 
3051 

Tab 1:  Hottest channel PLTEMP results (one pump) 

The results of the thermal-hydraulics calculations are presented in Tables 1 (one pump) and 
Table 2 (two pumps), and Figure 1 for the three power levels considered (200, 500, and 1000 
kW). The dashed lines (Figure 1) describe the limiting power and flow rate values that 
include the scram level and power/flow rate uncertainty [11]. The vertical dashed lines are 
shifted by 11% to the left against the nominal flow rates corresponding to one or two pumps 
operation. This shift includes 8% coming from scram activation and 3% from flow rate 
uncertainties. The horizontal dashed lines are shifted upward from the nominal power levels 
of 500 kW and 1000kW by 30%; i.e. 20% from scram activation and 10% from power 
uncertainty 
 

Parameter Reactor Power, 
1000 kW 

Maximum power density in the fuel tube, MW/m3 
Maximum temperature of fuel meat, °С  
Maximum clad surface temperature (outer/inner), °С 
Maximum coolant temperature, °С 
Onset of nucleate boiling temperature at minimum ONBR 
(Bergles-Rosenhaw), °С 
Minimum onset of nucleate boiling ratio (Bergles-Rosenhaw) 
Safety margin to flow instability 
Maximum thermal flux (outer/inner), kW/m2 
Critical heat flux (Mirshak), kW/m2 

435. 
71.3 

70.7/70.8 
60.9 

 
116. 
3.35 
4.64 

159./146. 
3353 

Tab 2:  Hottest channel PLTEMP results (two pumps). 

 



The limiting solid lines in the Figure 2 correspond to: 1) the maximum clad surface 
temperature for the FA operation equal to 102°C [9], and 2) the minimum Onset of Nuclear 
Boiling Ratio (ONBR) equal to 1.3 [9] using the Bergles-Rosenhaw correlation. 
The major difference between results presented here and the previous analyses is due to the 
fact that in the new fuel data (present analysis) the HCF are not included. This difference 
allows for the use of only one pump even for operation at 1000 kW. 
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Fig 1.  Reactor power limits for achievement of ONBR=1.3 and of 102°C 

 
3. Transient thermal hydraulic analysis 
 
The following accident scenarios that have been analyzed for the new fuel data let us to 
assess the response of the reactor to the specified conditions, and specifically to determine if 
any fuel damage occurs as a result of the accident: 1) Insertion of reactivity by: uncontrolled 
withdrawal of a control rod from its critical position; disengagement of the aluminium follower 
of one control rod; ejection of a movable experiment; flooding of the air gap of one water 
“displacer” core element; cold water injection into the inlet of the core; and 2) Loss of forced 
flow (LOF) accident because pumps stop as a result of loss of the offsite electricity supply. 
The analyses of the reactivity induced transients were performed using the PARET (v7.3) 
code [12]. The PARET code uses a point kinetics model to calculate the total reactor power 
as a function of time after the transient initiation. Thermal-hydraulic feedbacks to the core 
reactivity due to fuel and coolant temperature changes, and coolant voiding are modelled 
using reactivity feedback coefficients [5]. Multiple fuel-coolant channels modelling ability is 
available in PARET. Multiple channels are used for a self-consistent description of different 
portions of the same core. In this analysis, the hottest fuel tube was modelled, along with the 
rest of the core modelled as the average channel; i.e. two channels were used in the PARET 
model. 
For all reactivity induced transients it was assumed that the reactor is normally operated at 
1000 kW power and with one pump in the primary cooling circuit. Also, the coolant inlet 
temperature was assumed to be 50ºC for all reactivity transients, with exception to the cold 
water insertion into the core. 
The reactor, at power, has a trip signal on period (less than 10 s) and on power level (20% 
above nominal operating power) [7]. In all the analyses it is conservatively assumed that the 
period trip does not work even if the set point is reached, and that the reactor will scram on 
power level. Note that the period trip is not reached for essentially all the transients analyzed 
below. After scram, all safety, shim, and automatic rods are inserted into the core after a 
signal delay of 200 ms and with an insertion time conservatively assumed to be 800 ms. 
Here, it is also conservatively assumed, in the analyses, that only the safety rods participate 



in the scram, and the respective reactivity insertion trace is calculated using safety rods 
cumulative worth dependence on the depth of insertion [5]. 
 
4.1 Reactivity insertion accidents 
 
The time dependence results for the reactivity insertion accidents is the same for both the 
present and the previous results [5]. The observed increase of about 5°C in all the 
temperatures is due to the new coolant inlet temperature provided in the new fuel data 
According to the results of the PARET analysis the highest values for the clad 
surface/fuel/coolant temperature for the hottest fuel tube and channel (Figures 2) are 
reached for the ejection of a movable experiment accident. In this transient it is assumed that 
the maximum reactivity worth of a movable experiment is equal to 0.5β (based on technical 
specifications). It is further assumed that this reactivity is practically instantaneously (0.05 s) 
inserted into the core; i.e. almost a step experiment ejection. 
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Fig 2. Ejection of movable experiment: Clad surface/fuel/coolant temperature 

 
The results show that the maximum temperature on the clad surface during this transient is 
98°C; this temperature is below the temperature for onset of nucleate boiling (117°C as 
shown in Table 1) and well below the clad softening temperature limit of 425°C. 
 
4.2 Loss of forced flow (LOF) accident 
 
The reactor is operating at 1000 kW with one pump in the primary coolant circuit. When 
electric power is lost the reactor the control system is activated with delay less than 200 ms 
and the control rods drop to the core after 800 ms. According to calculations [7] the 
downward coolant flow coasts down over a period of 6 sec. After the forced downward flow 
of the coolant stops the flow reverses to the natural convection mode. 
The results of the PARET analysis are shown in Figure 3 where the clad surface/fuel/coolant 
temperatures for the hottest fuel tube and channel are presented. These results show that 
the maximum temperature on the clad surface during this transient is 86°C; this temperature 
is below the temperature for onset of nucleate boiling (117°C) and well below the clad 
softening temperature limit of 425°C. Again as for other thermal hydraulic calculation the new 
fuel data impact is connected with the increase of the inlet FA coolant temperature. 



Loss of Flow (LOF)

50.0

55.0

60.0

65.0

70.0

75.0

80.0

85.0

90.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0

Time, s

H
ot

 C
ha

nn
el

 T
em

pe
ra

tu
re

, C

Fuel Clad Coolant

 
Fig 3.  Loss of flow: Clad surface/fuel/coolant temperature 

 
4. Conclusions 
 
The use of the new fuel data the steady-state thermal-hydraulic calculations demonstrated 
that for all reactor power levels considered one pump in the primary coolant circuit is 
sufficient for safe operation; contrary to the results of the previous analyses [5]. The 
recalculated results of the analyzed accidents again demonstrate the IRT, Sofia Safety 
System capability to work properly providing safe operation during the accidents. 
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ABSTRACT 

 
Chile has two MTR type research reactors, RECH-1 and RECH-2, and the spent 
fuel assemblies of both reactors are being stored in racks placed in the reactor 
pool. This paper shows the obtained results of a corrosion surveillance program in 
a period of 3 years for racks horizontally. Due to the RECH-1 reactor has two pools 
connected by a channel, an additional rack horizontally oriented was submerged 
with the purpose to study the effect of flow rate in the corrosion. The 
characterization techniques utilized were photography, microscopy and 
metallographic analysis. Additionally, some coupons were analyzed by SEM 
(Scanning Electron Microscopy) and EDS (Energy Dispersive Spectrometer). From 
the results, it concluded that pitting was the most important corrosion mechanism 
detected and the aluminum alloy coupons which received a pre-oxidation treatment 
shown to be better protected against corrosion. Additionally, the low flow rate of 
water in the neighborhood of the spent fuel racks could be an additional factor 
contributing with the pit corrosion mechanism due to the presence of sediments. 
When aluminum coupons is coming from areas where the flow rate is higher shown 
less sediments on the surface and a consequent reduction of pits in quantity and 
size.  

 
 

1. Introduction  
 
Chile has two MTR type research reactors, RECH-1 and RECH-2, and the spent fuel 
assemblies of both reactors are being stored in racks placed in the reactor pool. This paper 
shows the obtained results of a corrosion surveillance program making use of coupons 
submerged in the RECH-1 reactor pool. The program was developed in a period of 3 years 
for racks horizontally oriented. Due to the RECH-1 reactor has two pools connected by a 
channel, an additional rack horizontally oriented was submerged with the purpose to study 
the effect of flow rate in the corrosion. In order to study the effect of sediments in the 
corrosion, a sediment collector in each reactor was installed. 
 
2. Experimental Procedure 
 
With the purpose to validate the experimental results, the Corrosion Protocol [1] developed in 
the frame of the IAEA Regional Project RLA/4/018: “Management of spent fuel from research 
reactors in Latin America” was utilized. Coupons mounted in the racks were made of different 
kinds of aluminium alloys and stainless steel 304. The aluminium alloys are representative of 
the aluminium used in the MTR fuel assemblies and the stainless steel is representative of 
the reactor liner. 
 
The coupons were photographed before the immersion of the racks into the pools. After the 
racks were withdrawn and the coupons removed, the following characterization techniques 
were utilized: photography, microscopy and metallographic amongst the most important. 
Additionally, some coupons were analyzed by SEM (Scanning Electron Microscopy) and 
EDS (Energy Dispersive Spectrometer). Data of the water quality of the reactors pool during 



the period of time when the racks were immersed was asked to the reactor operator. This 
information is valuable due to its great influence on corrosion. 
 
Figure 1 and 2 shows the position of the racks in the reactor pool and in the storage pool of 
the RECH-1 research reactor.   
 
 
 
 
 
 
 
 
 
  
 
 
 
  
3. Results 
  
3.1.  Coupons analysis 
 
The results obtained from coupons immersed in the RECH-1 research reactor shown that the 
flow rate of water in the pool is an important factor on corrosion due to the sediments could 
be removed from the faces of the coupons depending on the speed of the water. Stagnant 
water increases the corrosion degradation by local pitting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6. Outer face   Al 
1050 coupon after 3 y in 
the storage pool. 

Fig 7. Outer face Al 
6061 coupon after 3 y in 
the storage pool. 

Fig 8. Outer face Al 1050, 
pre-oxidized and crashed 
after 3 y in the storage pool. 

Fig 3. Outer face of Al 
1050 coupon after 3 y 
in the reactor pool 

Fig 4. Outer face Al 
6061 coupon after 3 y 
in the reactor pool. 

Fig 5. Outer face of Al 1050 
pre-oxidized and crashed 
after 3 y in the reactor pool. 

Fig 1. Rack located in the reactor pool.   Fig 2. Racks located in the storage 
pool. 



3.2. Pitting corrosion of 1050 and 6061 aluminium alloys coupons 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
3.3.  Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS) 
 
Coupons withdrawn from the second pool were characterized by SEM and EDS. The results 
obtained from coupons which remain 3 years immersed in the pool showed aluminium oxide. 
Using X-Rays diffraction it was not possible to characterize the composition of the oxide; 
however, from coupons of Al 1050 previously pre-oxidized the presence of crystalline 
hydrated aluminium oxide phase of boehmite (Al2O3.H2O) and bayerite (Al2O3.3H2O) was 
detected (JCPDS N° 21-1207 and 20-11 diffraction pattern). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13. Aluminium surface 
1050, 1000X by SEM. 

Fig.12. Aluminium 
surface 6061, 1000X by 
SEM. 

Fig.14. Aluminium surface 
1050, 100X by SEM, 
shows the line crashed. 

Fig 9. Outer face Al 6061 coupon after 
3 y in the reactor pool. 

Fig 10. Outer face Al 1050 coupon after 
3 y in the reactor pool. 

Fig 12. Outer face Al 1050 coupon after 
3 y in the storage pool. 

Fig 11. Outer face Al 6061 coupon after 
3 y in the storage pool. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 and 2 show the results obtained for crevice of Al 6061 couple using the EDS 
technique. In the zone A the presence of oxygen is lower than in zone B, and elements of 
alloy of Al 6061 appear indicating the presence of the substrate of aluminium. The zone B 
mainly corresponds to aluminium oxide. 
 

Element Atom % Element wt % 
Al-K 32.03    44.24     
O-K 67.85    55.58     
Si-K 67.85    0.17     
     100.00 100.00 

 
 
 

Table 1. EDS Crevice Al 6061, zone A Table 2. EDS Crevice Al 6061, zone B. 
 
Al 1050 alloy was analyzed using EDS and the results are shown in Table 3 and 4. It was 
possible to identify only Al and oxygen in different percentages depending of the zone 
analyzed. 

    
 

Element Atom % Element wt % 
O-K 67.90 55.64 
Al-K 32.10 44.36 
Total 100.00 100.00 
 

Element Atom % Element wt % 
O-K 2.11 1.24 
Al-K 95.96 95.37 
Si-K 0.57 0.59 
Mn-K 0.19 0.38 
Fe-K 1.18 2.43 
Total 100.00 100.00 

   Element Atom % Element wt % 
O-K 53.25 40.32 
Al-K 46.75 59.68 
Total 100.00 100.00 

Crevice Al 6061 (A) Crevice Al 6061 (B) 

Table 3. EDS results Crevice Al 1050, 
zone A. 

Table 4. EDS results Crevice Al 1050, 
zone B. 

B

A

Fig. 15. Crevice Al 6061 
where (A) and (B) by SEM 
100X and EDS. 

A 

B

Fig.17. Aluminium surface 
1050 pre-oxidized by SEM 
1000X. 

Fig. 16. Crevice Al 
1050 where (A) and (B) 
by  SEM 100X and 
EDS.

A

B



4. Discussions 
 

This study shown that the coupons immersed in the reactor pool were more corroded that 
those immersed in the storage pool of the RECH-1 reactor. The Al 1050 alloy had the worse 
behavior with a great amount of pits. The Al 6061 alloy also presented pits but the amount 
and size were less than those presented in Al 1050 alloy. The pre-oxidation treatment of the 
coupons was highly beneficial, this was demonstrated by the reduce attack suffered by those 
sort of coupons made of Al 1050. 
 
Sediment was found in the reactor pools of the RECH-1 reactor, which could accelerate the 
appearance of pits. On the other hand, in the storage pool the flow rate of the water is higher 
than in the reactor pool, which benefits the circulation of water in the neighborhood of the 
coupons and reducing the corrosion attack. 
 
The severest corrosion mechanism that shown these studies was pit corrosion and galvanic 
corrosion, crevice corrosion was also found. Pits were found in galvanic couple as well as in 
the crevice couple. For those couple installed in racks horizontally oriented, the upper side 
presented more pits than the lower side. It was not observed significant changes in the pH 
values from water of the interior of the crevice in comparison the pH measured in the pool 
water. In both cases, the pH value was found in the range of 5 to 5.5. The crevice couple of 
6061 Al alloys shown a dark coloring on the aluminium due to the presence of Si in the alloy. 
Change of surface coloring was not observed in the Al 1050 alloy. 
 
The pH and conductivity of the pool water are within the range of the recommended values 
for having control of corrosion; however, occasionally it was found values out of the values 
considered normal. The amount of aggressive ions in the pool water of the reactor was 
considered acceptable, shown values below the maximum established by the CCHEN’s 
Norm regarding water quality control [2]. 
 
It was found that the sediment collected in the RECH-1 reactor pool at the beginning of the 
protocol was larger than the sediment collected one year after. The improvement of the 
ventilation system of the RECH-1 diminished the sediments. 
 
5. Conclusions 
 
Based on the results found in the reactor pools of the RECH-1, it concludes the following: 
a) The high flow rate of the water in the neighborhood of the spent fuel is an important 

factor that reduces the corrosion. 
b) Pitting corrosion was mainly observed in Al 1050 and Al 6061 and the shape is mainly 

semispherical. 
c) The pre-oxidation treatment protected effectively the aluminium alloys against corrosion. 
d) The sediments help the onset of pit corrosion. Additionally, the low flow of water in the 

neighborhood of the spent fuel racks in the reactor pool could be an additional factor 
contributing with the pit corrosion mechanism. 

e) The records of water quality control are showing that the pH and conductivity values 
have been maintained at the recommended level. The concentration of aggressive ions 
is low; however, it is necessary reduce the presence of sediment in the reactor pool. 
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ABSTRACT 
 

INR-Pitesti TRIGA research reactor is basically a pool type reactor with a special 
design in order to fulfil the requirements for material testing, power reactor fuel and 
nuclear safety studies. The safety evaluation involved a several design basis 
accidents. For training purposes, and to exercise our ability to conduct Level-3 
PSA studies, a severe accident scenario involving 14-MW INR-TRIGA research 
reactor has been developed. In this scenario is assumed that a large part of the 
reactor hall roof or a heavy object escaped from the crane hook is dropped over 
the 14-MW TRIGA-SSR core, resulting in mechanical damage of the core. It is 
assumed, also, that no core melting is occurring, but only fuel-cladding rupture 
being involved for several 25-pins fuel bundles. The paper evaluates the 
radiological consequences, both early and late consequences, from the emergency 
preparedness point of view. 

 
 
1. Introduction  
 
The Institute for Nuclear Research (INR) Pitesti is located at 20 km far from Pitesti city and 5 
km from Mioveni (NE). It is the largest Institute in Romania, whose main role is to develop 
research products and services to ensure technical support for nuclear power in Romania. 
The Research Reactor facility in Romania is a dual core TRIGA reactor containing a 14MW 
TRIGA for steady-state operation and an ACPR TRIGA for pulse operation until 20,000 MW 
pulses. Both reactor cores are installed in a large pool (see Figure 1). 

 
 

Fig 1. General view of Dual Core TRIGA Research Reactor 
 
The 14MW TRIGA R.R. is a unique design of TRIGA conception. Both reactor cores have 
individual Safety Analysis Reports, operational procedures, licensed operators and are 
authorized by the regulatory body, CNCAN, for continuous operation. 



The Steady State core was fully converted in May 2006 to use LEU fuel. The core contains 
29 fuel assemblies, 8 control rods and beryllium reflector, associated instrumentation and 
controls. The Annular Core Pulsed Reactor (ACPR) TRIGA is fuelled for life. This reactor is 
mainly used at a low power level, i.e., 500 kW max. for NAA, beam application and primarily 
in the pulse mode to simulate transients and accident conditions RIA and LOCA type, when 
fuel consumption is not significant. This reactor is also used for training, education and 
demonstrations. 
 
2. Accident scenarios 
 
For the Steady State core of TRIGA Research Reactor were identified [1,2] both internal and 
external events leading to an emergency situation. The accident scenarios considered for 
design basis accidents and beyond design basis accidents are presented in Table 1.  
 
Accident Description Release Conditions 
Anticipated 
release 

Single pin 
failure in water 
with 
experimentally 
determined 
release 
fractions from 
TRIGA fuel 

Fraction of core involved: 1 pin (0.14% of core) 
Fraction of fission products available for the release: 6.3 x 10-4 
Fraction of available fission products released to the pool:  
 - noble gases 100% 
 - halogens 25% 
Fraction of fission products released from the pool water: 
 -  noble gases  100% 
 - organic halogens 25% 
 - elemental and particulate halogens 
  (90% of total)   1% 
Condition of ventilation system: normal 
Exhaust rate from stack: 24,360 m3/h 

Design 
basis 
release 

25-pin failure in 
air with total 
release of 
volatile fission 
products from 
TRIGA fuel 

Fraction of core involved: single bundle (3.4% of core) 
Fraction of fission products released from fuel to reactor hall: 
 - noble gases  100% 
 - organic halogens 25% 
Condition of ventilation system: normal 
Exhaust rate from stack: 24,360 m3/h 

Modified 
design 
basis 
release (1) 

25-pins failure 
in water with 
experimentally 
determined 
release 
fractions from 
TRIGA fuel 

Fraction of core involved: 3.4% of core 
Fraction of fission products available for release from fuel: 6.3 x 10-

4 
Fraction of fission products released from pool water: 
 - noble gases  100% 
 - organic halogens 100% 
 - elemental and particulate halogens   (90% of total)  
 1% 
Condition of ventilation system: normal 
Exhaust rate from stack: 24,360 m3/h 

Modified 
design 
basis 
release (2) 

25-pins failure 
in water with 
total release of 
volatile fission 
products from 
TRIGA fuel 

Fraction of core involved: 3.4% of core 
Fraction of fission products released from fuel:  
 - noble gases  100% 
 - halogens  25% 
Fraction of fission products released from pool water: 
 - noble gases  100% 
 - organic halogens 100% 
 - elemental and particulate halogens 
  (90% of total)   1% 
Condition of ventilation system: normal 
Exhaust rate from stack: 24,360 m3/h 

 
Tab 1. The accident scenarios considered in Safety Report for the steady state core 

 
Beyond accident scenarios considered in Table 1, for training purposes, and to exercise our 
ability to conduct Level-3 PSA studies, a hypothetical severe accident scenario involving 14-



MW INR-TRIGA research reactor has been developed. In this scenario is assumed that a 
large part of the reactor hall roof or a heavy object escaped from the crane hook is dropped 
over the 14-MW TRIGA-SSR core, resulting in mechanical damage of 10 fuel assemblies 
(~35%) from the core. It is assumed, also, that no core melting is occurring, but only fuel-
cladding rupture being involved for several 25-pins fuel bundles. 
No credit is taken for filtering, washdown, or other engineered safety features that might be 
included in some designs. 
The consequences of failure of fuel assemblies were evaluated using the following 
assumptions: 

a) Experimentally determined [3] fission products release fraction from the 
fuel-moderator material; 

b) The fuel pins that fail have operated at an average power density of twice 
as great as the average power density in the core; 

c) The core has operated continuously for a total of  7700 MWd; 
d) During the accident evolution, the emergency ventilation system and 

charcoal traps are not available, so no fission products will be retained by 
traps 

e) The release height  is assumed to be 50 m above the ground level; 
f) The noble gases and halogen fission products inventory was calculated 

using ORIGEN-S from SCALE 5 computer codes family [4]; 
g) The radiological consequences assessment has been performed with PC-

COSYMA computer code [5,6], considering a site specific meteorological 
file and site specific databases. 

It is assumed that a fraction of the ith isotope from this inventory was released to the reactor 
hall instantaneously. This fraction wi is:  
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where: (p/N) = the relative power density in the failed bundle = 2/29, ei = the fraction released 
to the fuel-clad gap, fi = the fraction of the ith isotope released to the pool and gi = the fraction 
of the ith isotope released to the reactor room 
 For the anticipated release the value of ei is 6.3E-04, whereas for the design basis 
release, it is assumed to be equal to 1. For release in water, the values for fi and gi are 
shown in Table 2. 
 

Fission product fi gi 
Noble gases 1.00 1.00 
Halogens 0.25 0.109 =0.1+(0.1x0.9) 
Others 0.00 0.00 

 
Tab 2. Values for the fi and gi parameters 

 
The value of gi for the halogens arises from the assumption that 10% of the halogens form 
organic compounds, insoluble in water, and 90% of the halogens are in elemental or 
particulate form of which all but 1% are retained in the water. 
 
3. Results 
 
The fuel assemblies radioactive inventory evaluated with SCALE v5, show some important 
differences in isotopic content of the fuel after irradiation. Comparative results for noble 
gases and iodine are presented in Figure 2. 
 



0.E+00

2.E+05

4.E+05

6.E+05

8.E+05

1.E+06

1.E+06

1.E+06

2.E+06

2.E+06

2.E+06

kr 81 kr 83m kr 85 kr 85m kr 87

A
ct

iv
ity

 (C
i)

HEU
LEU

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

1.40E+07

xe127 xe129m xe131m xe133 xe133m xe135 xe135m

A
ct

iv
ity

 (C
i)

HEU
LEU

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

1.40E+07

i129 i130 i131 i132 i133 i133m i134 i135

Ac
tiv

ity
 (C

i)

HEU
LEU

 
Fig 2. Comparative results for HEU and LEU fuel content of noble gases and iodine 

 
It’s easy to see that the radioactive inventory in the fuel is considerably higher for the LEU 
fuel (with a factor of 10 to 103). Source term for the accident consequences evaluation was 
carried out based on the assumptions presented above.  
Were also performed calculation for doses and associated risks. The results for the mean 1-
day individual effective dose and mean 1-day individual thyroid dose are presented in Figure 
3 and figure 4 respectively. 
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Fig 3. Mean 1-day individual effective dose          Fig 4. Mean 1-day individual thyroid dose 

 
Comparative results for HEU and LEU fuel for organ doses are presented in Figure 5. 
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Fig 5. Mean 1-day individual organ dose 

 
As can be seen from above figures, the doses in the case of LEU fuel are approximately 
hundred times higher than for the HEU fuel. The maximum value of the dose (0.14 mSv for 
LEU fuel and 0.003 mSv for HEU fuel) is reached at approximately 2.8 km from the point of 
release. All the dose calculations were performed considering no implementation of 
protective actions. The values for radioactive concentrations in environment and doses to 
public are small, so even in this accident situation, the consequences for the public and 
environment will be very small. 



Unfortunately, data about the behaviour during accidents, fractions of fission products 
released from fuel to pool water and from pool water to air in reactor hall for the LEU nuclear 
fuel are not available; this is why in calculations we considered the same release factors both 
for HEU and LEU fuel.  
 
4. Conclusions 
 
The paper briefly presents the consequences of a hypothetical nuclear accident scenario for 
14 MW TRIGA Research Reactor from Institute for Nuclear Research Pitesti. A nuclear 
accident is a dynamic phenomenon in space and time, and its evolution can be predicted 
with a certain probability. Moreover, a real nuclear accident will require a realistic evaluation 
of the nuclear installations and safety systems status, leading to detailed information about 
the conditions before and during the accident and also the amount of the released 
radioactive contaminants. 
Unfortunately, more likely, such kind of information is not available in a short time after the 
accident initiation. For this reason, detailed analyses, based on various nuclear accidents 
scenario, obtained from the PSA studies, are needed. 
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ABSTRACT 
 

In this paper first results of the HDH process parameters and powder 
characteristics are presented. Addition of 7% wt% Mo was studied, and the 
preparation of the alloy was carried out by induction melting. After the conventional 
homogenization and conversion thermal treatments, samples were assembled in a 
closed vessel, where hydrogen was inserted up to a given pressure. The alloys 
were then subjected to new thermal treatment under hydrogen atmosphere, to 
allow the absorption of gas. The progress of the hydration was monitored by the 
pressure drop of the system during the experiments, and some conclusions about 
the fragmentation of the alloys were obtained. The powder was then characterized 
according to the traditional analytic techniques, mainly scanning electron 
microscopy. Thermo-gravimetric tests were also performed, to closely evaluate the 
alloy´s behavior under hydrogen in low temperatures. Powders with good quality 
and with composition nearly maintained under the experiments were obtained, and 
fragmentation could be possible in temperatures below the previously reported in 
the literature. 

 
 
1. Introduction  
 
Gamma UMo powders are widely recommended as the fuel phase in dispersion fuels, due to 
its good irradiation and fabrication properties, as a possible substitute for the silicide fuels. 
Several works carrying out during the past years points to atomization as the correct way to 
prepare the metallic powders of UMo [01,02], due to the minimization of problems like bubble 
formation, dog-bone and changing of particle size distribution during rolling, due to breakage, 
interaction layer between fuel phase and matrix, among others.  
 
Despite the above considerations, some good results in terms of performance during 
fabrication and irradiation were also obtained when plates were fabricated with HDH and 
HMDH powders [03,04,05]. Thus, to enable IPEN/CNEN to evaluate the behaviour in all the 
phases of the plates fabrication, our first choice was for the hydration-dehydration as a 
technique for the gamma UMo powder production.  
 
To produce γ-UMo powders, a group of operations has been used and are usually carried out 
in the following sequence. γUMo alloy casting operation is followed by an homogenization 
isothermal treatment, to ensure a good molybdenum distribution in the grains. The next step 
is carried out by two main routes. The first of them comprises a direct thermal treatment in 
the gamma plus alpha phase field to partially convert gamma into alpha, followed by 
hydration-dehydration. In the second, due to the observation that hydrogen can be easily 
incorporated by γ-U7Mo mainly in low temperatures, a previous thermal treatment is 
performed in temperatures from 120oC to 150oC for times varying from 1 to 3 hours, followed 



by another thermal treatment in the gamma plus alpha phase field. Also, the powder is 
obtained after the DH step.  
 
Following some of the steps above, in this paper the first experimental results in terms of the 
process parameters and characterization of the powders obtained by HDH route were 
presented. Unlike the previously reported tests [06,07], large amounts of U7Mo were also 
tested, allowing us to work with sufficient amounts of material to the production of the first 
UMo miniplates and its characterization. 
 
2. Experimental procedure 
  
Production of the γU7Mo alloys was carried out by induction. Thermal treatments of 
homogenization were performed at the temperature of 1000oC, for 3 days. To the HDH step, 
a conventional tubular horizontal furnace was used. Due to the experimental constraints, the 
option was for the work with a fixed amount of hydrogen, with pressure and temperatures 
ranges in order to avoid absorption by the reaction chamber.  
 
Small pieces of γ-U7Mo alloys, with masses about 150mg, were firstly characterized by 
means of a thermogravimetric / differential thermal analysis (TG/DTA). Under a constant flow 
of hydrogen, after some cycles of purge and vacuum, curves of mass gain and temperature 
with time were constructed, for times of 4 hours and temperatures of 100oC and 75oC. The 
data generated enabled us to set up experimental parameters to the work with 40 to 50 g of 
alloys, in another experimental assembly. 
 
After the analysis of the results in the TG equipment, experiments were carried out with 
alloys placed inside a tubular reactor, after being surface cleaned. With a level of vacuum of 
10-3 mbar, the system was purged with high purity hydrogen for several times, in order to 
remove residual air inside the chamber. Hydrogen was then inserted in the system, up to a 
fixed pressure, and a cycle of heating was programmed to the operation of the furnace. The 
progress of the reaction between hydrogen and alpha uranium was measured by the 
reduction of the pressure with time, converted to gain of mass by the UMo sample.  
 
The powder obtained was analysed by the help of a scanning electron microscope, its form 
and approximate composition could be obtained. 
 
3. Results and Discussions 
 
3.1. Synthesis 
 
The results of the TG /DTA experiments are shown bellow, in the Figure 01, where we can 
observe the increase in the absorption of hydrogen at some fixed value of temperature. This 
behavior confirmed the previously reported in literature [03,05], where it was mentioned that 
hydrogen treatments comprising expositions in temperatures between 120oC and 250oC 
allows the alloy to be more sensitive to the hydrogen action. 
 
Figure 01 show that, for 100oC and 4 hours treatment, mass absorption reached some 
limiting value, which keeps itself constant even after cooling, indicating complete reaction of 
the alloy with hydrogen. In absolute terms, the mass gain was of 1,177mg, corresponding to 
1,34% of the initial mass sample, very near of the theoretical value of 1,24%, needed to the 
complete hydration, by means of the reaction: 
 

2αU + 3 H2 → 2(αU)H3 (01) 
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Figure 01 – Mass variation with time, left: U7Mo, 100oC / 4 h, right: U7Mo, 75oC / 4h. 
 

At the end of the experiment, the sample presented itself totally fragmented; no dehydration 
was needed to first turn the metal into powder. It is reasonable to state that, for the 
experimental conditions adopted, a time of 2 hours was enough to complete the process. 

 
To the same alloy at 75oC, it is shown that there was the rupture of the structure in a 
temperature value very far from the previously reported in literature, 120oC. This fact is not 
necessarily related to complete hydration, or, in other words, complete hydration and 
dehydration is not a necessary condition for the start of the breakage phenomena of the 
alloys. We can observe that practically all the mass absorbed by the alloy was lost easily in 
the interval of (5363; 76,26; 0,601) ≤ (t;T;Δm) ≤ (5399; 76,27; 0,008), where t stands for time, 
T for temperature and Δm for gain of mass. The final mass of 0,008mg corresponds to the 
amount of hydrogen retained in the alloy after the new absorption step. The hydrogen 
release velocity was performed with a mean rate of 16,472μg/s.  
 
After the initial phase of mass fall, where all the hydrogen incorporated by the alloy and 
which di not react with alpha uranium was released, the fragments formed were responsible 
for the new growth in the gain of mass up to the end of the experiment. After the constant 
temperature phase, and similarly to the previous case, the maximum value stands in the 
coordinates (14744; 67,53; 0,723). Even working with a lower value than the previously 
reported, an amount of 0,54% of the initial mass was able to be retained. 
 
In the laboratory scale experiments, the behavior of the pressure drop with time, for 
hydration, and pressure increase with time, for dehydration, is shown in the next figures. For 
the previously sensitized γ-U7Mo alloys, in this experiments were introduced a mean value of 
1604 mbar of hydrogen in a pre-evacuated system of nearly 10-3mbar pressure (-902 mbar 
indicated above represents the measurement head indicator limiting value). It is observed in 
Figure 02 (left) that the absorption was instantaneous and, after 6 hours of experiment, all 
the gas inserted was absorbed.  
 
Dehydration is shown in Figure 02 (right), where we can observe also the great capacity of 
hydrogen retention by the alloy. In the marks A, B and C, the pressure of the system was 
forcedly reduced, for the safety of the system.  
 
Very similar results were early published by Balart et al. [03], for the hydration of γ-U7Mo. 
The progress of the reaction was followed also by pressure measurements. According to the 
authors, it was observed that at a specific point, pressure started to drop, indicating the start 
of hydrogen consumption by the samples. Pressure continues to fall but, after some time, it 



tends asymptotically to reach the value before hydrogen had been inserted into the reactor, 
indicating the end of the reaction or the process of hydrogen incorporation by the sample. 
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Figure 02 – Hydrogen absorption, γU7Mo (left); hydrogen desorption, γU7Mo (right). 

 
3.2  Characterization 
 
Typical images of the powders formed after the laboratory scale experiments are shown 
bellow. It is clear that an adjustment of the particle size was needed to attain the 
specifications of the dispersion fuels in the fabrication of the plates. The good quality of the 
powders was verified also visually, with a metallic grey color.  

 

  
 

Figure 03 – SEM image of γU7Mo powders . Left: after hydration, right, after dehydration.  
 

The semiquantitative results above were performed taking as principle that only U and Mo 
was presented in the sample, oxygen or other impurities were not considered in the 
calculation of the percentages. Despite of the precision of the method in this range of 
composition, we can conclude that it was maintained nearly constant during the fabrication 
of the powders.   



 

 
 
Element, Wt %, At %, K‐Ratio, Z, A, F 
      
 MoL,  6.27, 14.23, 0.0503, 1.1782, 0.6810, 
1.0000 
 U M, 93.73, 85.77, 0.9011, 0.9884, 0.9726, 
1.0000 
 Total, 100.000, 100.000    

 
Figure 04 – Semiquantitative analysis, UMo powder, after hydration step, γU7Mo. 

 
4. Conclusions 
 
For the γU7Mo alloy and lower, pre-treatment under hydrogen can be introduced at least at 
75oC, sufficient condition for the start of the fragmentation of the pre-sensitized alloy and 
above the previously temperature reported in literature, equals to 120oC. Obviously that, 
working with large amounts of alloy, times of fragmentation could be very different.  However 
with the reduction of the hydration temperature powders with good quality were also 
obtained. Full compositional and structural characterization was still in conclusion.  
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ABSTRACT 
 

In order to overcome the interaction problem between the U-Mo and Al matrix of 
U-Mo dispersion fuels for a research reactor, a monolithic multi-wire fuel was 
suggested and has been developed. Two kinds of 6 g U/cc U-7Mo multi-wire fuels 
were irradiated up to 40% at% U235 burn-up, and a post examination was done . 
The result of the irradiation test of this fuel showed a good performance, and the 
amount of swelling of it was about 8.3%, of which the swelling was less than the 
swelling of U-7Mo/Al dispersion fuels. The temperature of this fuel during the 
irradiation was estimated in that the maximum temperature was 332 oC, and the 
outside interface temperature between the boundary of the wire and the boundary of 
the Al matrix was 155 oC, of which temperatures are lower than those of a rod type 
dispersion fuel. 

 
 
1. Introduction  
 
In order to overcome an extensive interaction between U-Mo powder and the Al matrix of a 
dispersion fuel, in the RERTR program, two methods have been suggested, one of which is to 
add a third element into a matrix or fuel meat and the other is to make a fuel meat as a solid 
type instead of particles.[1-3] If a high density fuel over 8 g U/cc is needed for the replacement 
of HEU fuels, the best fuel type is considered to be a monolithic fuel type. In the RERTR-4 and 
RERTR 6 irradiation tests, a monolithic plate fuel showed a good irradiation result. [4] 
In KAREI, a new concept of a monolithic fuel was suggested for a rod type fuel for the 
HANARO research reactor. It was so called a multi-wire monolithic fuel, of which the 
configuration, is that four U-7Mo wires of about 2 mm in diameter are symmetrically arranged 
at the periphery in the Al matrix such as Fig. 1. [5]   
 

 
Fig. 1 The configuration of the multi-wire fuels with six fold wires (left) and fourfold wires (right) 
 

The previous KOMO-1 irradiation test of 6 gU/cc U-7Mo/Al dispersion fuels failed due to a 
severe interaction between U-Mo and the Al matrix. In the KOMO-2 and KOMO-3 irradiation 
tests of U-Mo fuels, the uranium density of the U-Mo dispersion fuels was decreased to 4.5 g 



U/cc, but the target uranium density of the monolithic fuels was set to 6 g U/cc, because of a 
conservative access of developing fuels due to a higher fuel temperature of them than a plate 
type fuel, even though the RERTR program was trying to test 8 ~ 9 g U/cc for a conversion of 
HEU to LEU fuel. [6] The diameter of the four fold multi-wire should be about 1.95 mm if the 
density of U-7Mo is about 17.5 g/cc. As the monolithic type fuel has a much smaller specific 
interface area compared to a dispersion fuel as shown in Table 1, it would be expected to be 
the one of alternatives to avoiding the U-Mo/Al interaction problems. Calculations of the 
specific interface area showed that the four fold multi-wire fuel is about 1/57 of the standard 
diameter of dispersion fuel particle. 
 
Table 1. Comparison of interface area between dispersion fuel and multi-wire monolithic wire 
 

     
 
 
 
U-Mo type  

Diameter of 
particle/ rod 

Number of 
particle/ rod 

area 
(cm2) 

Ratio to 
diameter 
of 1.95 

50 μ m 5,620,677 1393 56.8 
Dispersion 

100 μ m 702,585 697 28.4 

1.95 mm 4 24.5 1.00 
Monolithic 

3.85 mm 1 12.1 0.48 
 

 
In this paper, the fabrication process of the multi-wire monolithic fuel and the irradiation 
condition, and the results of the irradiation of it will be described. 
 

2. Fabrication process of multi-wire monolithic fuel 
 
In order to establish the fabrication process of a multi-wire fuel, an injection casting technology 
using quartz tubes was applied to fabricate a 1.95 mm in diameter U-Mo wire. As in Fig. 2 
U-7Mo wires and U-7Mo-0.2 Si wires were produced. In order to fabricate the fuel meat, a 6.9 
mm diameter Al rod was prepared and then four 2 mm round grooves were machined on it then 
the U-Mo wires were inserted into the grooves. After that, this assembled rod was enveloped 
by a swaging machine, of which the process is a sort of cold forging, which consists of 12 
hitting balls inside a roller and die, rotating the roller by 300 rpm, hitting and giving a 
compressive force to form a round fuel meat of 6.35 mm in diameter from 6.9 mm in diameter. 
After this, by using a co-extrusion method, the fuel element was fabricated after applying an Al 
cladding with a thickness of 0.76 mm around this fuel meat. The fuel meat lengths were about 
70, 98 mm, which is not a full size but a small size for the KOMO-3 irradiation test.  
 

 
Fig. 2 U-Mo wires, 1.95 mm in diameter, produced by an injection casting method. 

 



3. Irradiation Testing 
 
The third irradiation testing for the U-Mo fuels in the OR hole of the HANARO of KAERI is 
called KOMO-3, of which the specimens consist of 9 dispersion fuels,2 monolithic multi-wire 
fuels and 1 monolithic tube, loaded on February 8, 2006 and discharged on July 2 2007 after 
206 EFPD(effective full power days). [7] Fig. 3 shows the linear power histories, in which the 
maximum linear power of the U-7Mo multi-wire fuel is 73.9 kW/m, and the average power is 
56.7 kW/m. The burn-up of the U-7Mo multi-wire fuel is 39.63 at% U235, of which the fission 
density is about 3.27 x 1021 f/cm3, and the fission rate density is about 1.84 x 1014 f/sec-cm3.  
 

 
 
Fig. 3 Linear power histories of the bottom section of the 

U-7Mo multi-wire in the KOMO-3 irradiation test 
 
4. Results and discussion 
 
Visual inspection on the irradiated fuel rods, prior to the destructive examination, revealed a 
sound fuel surface without a break-away swelling. After gamma scans for the irradiated fuel 
rods, observations of microstructure on each fuel rod were carried out. Fig. 4 is panoramic 
views assembled with micrographs(x 80) of the U-7Mo irradiated multi-wire fuel and the 
U-7Mo-0.2Si irradiated multi-wire fuel respectively. Fig. 5 is a x 20 macroscopic view of the 
cutting section of U-7Mo-0.2 Si multi-wire fuel. 
 

 
Fig. 4 Panoramic views (x 80) of the U-7Mo (left) and the U-7Mo-0.2Si (right) multi-wire fuel 



 

 
 

Fig. 5 Macroscopic cutting view (x 20) of the irradiated U-Mo multi-wire fuel 
 
 
The amount of swelling was estimated by calculating the diameter changes between the 
diameter of the fabricated fuel meat and the diameter of the irradiated fuel meat measured for 
the picture Fig. 4. The amount of swelling was ~ 8.3% for the U-7Mo multi-wire fuel as shown in 
table 2, of which the swelling was less than the swelling of U-7Mo/Al dispersion fuels.[7] Also it 
was less than 8.3% for the U-7Mo-0.2 Si fuel. 
 

Table 2. Fuel meat swelling of U-7Mo multi-wire monolithic fuel.  

 

Diameter 
of 

fabricated 
fuel 

(mm) 

Diameter 
of 

irradiated 
fuel 

(mm) 

Area 
fraction of 
fabricatio

n 
(%) 

Area 
fraction of 
irradiated 

fuel 
(%) 

Area of 
fabricated 

fuel 
(mm2) 

Area of 
irradiated 

fuel 
(mm2) 

Swelling 
(%) 

U-Mo 
wire 1.95 2.11 36.8 40.2 11.95 14.13  

Al 6.43 6.69 63.2 54.1 20.52 19.02  
Interacte
d area    5.7  2.00  

Total     32.47 35.15 8.3 % 
 

The thicknesses of the interaction layers for the U-7Mo 4 wires are 35 , 54, 87, 88 μm 
respectively. The thicknesses of the interaction layers for the U-7Mo-0.2Si wires are almost the 
same at ~ 50 μm shown as Fig 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Thickness of the inside interaction layers of the U-7Mo wire (left) and the U-7Mo-0.2Si 

wire 

~53 μm ~38 μm 

~46 μm ~46 μm 



 
The thickness of the oxide layer on the fuel cladding is about 40 μm. The microstructures of the 
irradiated monolithic multi-wire fuel show no voids around the interaction layers and it looks to 
be a sound irradiation performance. In the U-7Mo of Fig. 4, there were differences in the 
interaction layers between each wire. During the fabrication two wires had a good contact, but 
the others had a poor contact. It was caused by a different heat transfer on the wires, so the 
thicknesses of those were different.  
The estimation of the temperature of them was calculated using finite element code ANSYS, of 
which input parameters were a maximum linear power of 74 kW/m, a U-Mo heat conductivity of 
15 kW/m, a Al heat conductivity of 120 kW/m, a heat transfer coefficient of a fuel rod in the 
HANARO reactor of 65,000 W/m2-K, and an oxidation thickness of 40 μm. The results are 
shown in Fig. 7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Temperature profile of the U-7Mo multi-wire fuel with irradiation conditions 
 
  
5. Conclusion 
 
The results of the irradiation test of a U-Mo multi-wire monolithic fuel showed a good irradiation 
performance and the amount of swelling of it was about 8.3 %, of which the swelling was less 
than the swelling of U-Mo/Al dispersion fuels.  
The temperature of this fuel during the irradiation was estimated in that the maximum 
temperature was 332 oC, and the outside interface temperature between the boundary of the 
wire and the boundary of the Al matrix was 155 oC, of which temperatures are lower than those 
of a rod type dispersion fuel.  
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ABSTRACT 
 

In Mexico, the nuclear regulatory body is the National Commission on Nuclear 
Safety and Safeguards (CNSNS), and there is one research reactor, a TRIGA 
MARK III, operated by the National Institute for Nuclear Research (ININ).  The 
main aspects of the Self-assessment of application of The Code of Conduct on the 
Safety of Research Reactor are given for the case of the TRIGA reactor.  
Furthermore, in this paper we give a brief description of the legal framework of the 
licensing process, for nuclear activities in a research reactor, there are also 
highlights of the major reactor features, the uses of the reactor for isotope 
production, the management and verification of safety, the radiation protection 
management program, the emergency planning and the training and qualification 
of the operation personnel. 

 
 
1. Introduction  
 
1.1 The regulatory body 
 
In Mexico, the nuclear regulatory body is the National Commission on Nuclear Safety and 
Safeguards (CNSNS), which is part of the Secretary of Energy.  The Commission is divided 
in four Divisions; one of them is the Nuclear Safety Division, in charge of regulating the 
nuclear installations such as research reactors, through the Evaluation Department, the 
Operational Verification Department and the Enforcement and New Regulations Department.  
The Evaluation Department has the following responsibilities: to review and asses the basis 
for: siting, design, construction, operation, modification, end of operations, final closure and 
decommissioning of nuclear installations; to lead and control the process of evaluation and 
authorization of nuclear installations; to develop safety evaluations reports and final decision 
in technical areas of its competence; to develop procedures, guides and technical 
documents used in the process of evaluation and authorization of nuclear installations; to 
coordinate and control the exchange of information between the Commission and the contact 
person of the utility, related to the process of evaluation and authorization of the nuclear 
installation; to collaborate with the Department of Operational Verification, in order to 
coordinate the processes of evaluation and authorization with the process of inspections.  
 
1.2 The operator and the reactor 
 
The National Institute for Nuclear Research (ININ), since 1968, is the operator of the 
Research Reactor Triga Mark III.  The reactor is located in the Institute’s grounds, 
approximately 37 kilometres to the west of Mexico City.  The reactor is a government 
property and gets its resources from the federal budget.  Its main objectives are:  To carry 
out training for personnel involved in research and operation of nuclear installations, and 



radiological protection activities; production of radioisotopes for different uses in the industry 
and medicine; use of the reactor for research activities in biological sciences, radiochemistry 
and material science.   
 
For radiological protection purposes, the national rule is the General Regulation for 
Radiology Safety, issued by the national regulatory body and approved as law in the national 
territory. For the TRIGA reactor, this is established in the Chapter 11 of the Safety Analysis 
Report (SAR) and it is complemented with specific procedures.  The main objective is to 
reduce the exposition to radiation of workers and public.  It Includes Administrative 
Organization, Qualifications, Training, Responsibilities, Radiological Control, ALARA 
Program, Monitoring and Control of Radiation, Dosimetry, Contamination Control, 
Environmental Monitoring, Waste Management. 
 
At the research reactor, there are two levels of action in case of an emergency: First, in any 
area of ININ applies the procedure “Plan of Emergencies of ININ”; the objective is to 
establish the organization and the basic actions to control or mitigate the consequences of 
an emergency.  Second, in case of an emergency inside the reactor building, there is the 
procedure “Reactor Emergencies Management”.  The ININ conducts annual drills on fire 
protection, drop of a spent fuel during handling and breeching of reactor boundary.  Also, the 
ININ has a course of handling reactor emergencies which is given every two years. 
 
For training and qualification of operating personnel, chapter 12th of the Safety Evaluation 
Report “Conduction of Operations” establishes the profile and training of reactor personnel, 
including researchers that are not part of this group.  The reactor senior operator has to 
prepare the annual Program of Training.  Medical examinations are done each 6 months for 
Operational Exposed Personnel.  Reactor operators are evaluated and licensed by the 
regulatory body and training programs are reviewed and audit by them. 
 
Technical features are: The TRIGA reactor is a research reactor with a nominal power of 1 
MW thermal power in steady state.  It reached first criticality in November 8th, 1968. The 
reactor is loaded with 2 different types of fuel elements: a. Standard elements made with 
20% enrichment in 235U and FLIP (Fuel Life Improvement Program) elements with 70% 
enrichment in 235U.   

 
The reactor core is immersed in a pool that consists of a metallic container (aluminum). The 
concrete structure has two main functions, one is to support the metallic container and the 
other is to provide an extra shielding against the radiation emitting from the reactor core. 
 
1.3 Reactor licensing process 
 
The licensing process has the following chronological sequence: In 1968 the Initial operation 
is authorized by the CNEN-INEN (former name of the regulatory body) after the review and 
assessment of the reactor’s safety.  In 1980, the ININ started the licensing process sending 
the information to CNSNS. In June 26th, 1986, ININ requested the operation license to 
CNSNS.  In 1989, new fuel elements are loaded, and there is a formal licensing process of 
the operators.  In 1990, CNSNS finished the evaluation of the SAR and granted the 
operational license for a ten year period.  In 2000, ININ requested a license renewal.  In 
2001, CNSNS authorized the reload of the reactor core after the execution of corrective 
action of the steel liner. CNSNS also authorized operational testing of the new core control 
console.  In 2002, ININ requested authorization for testing the reactor core.  In 2003, CNSNS 
informed ININ that the final technical assessment was positive.  In 2004 The Secretary of 
Energy granted the operational license for a ten year period. 
 
 
 
 



2. The Code of Conduct on the Safety of Research Reactors 
 
In December 2007, personnel from CNSNS participated in a meeting organized by the 
International Atomic Energy Agency (IAEA) with the following objectives: To identify areas of 
satisfactory application of the Code of Conduct and areas needing improvement; to highlight 
the status of management of safety of research reactors and identify needs for assistance; to 
identify opportunities for regional cooperation on safety of Research Reactors.  The status of 
implementation of the provisions of the Code was intended to be judged on the basis of four 
general levels: Level 3: The recommendation is fully implemented; Level 2: The 
recommendation is partially implemented with satisfactory progress.  ‘Partial’ means that 
substantial parts of the criteria, arrangements, regulations or capabilities recommended in 
the Code are in place, but that some work remains to complete implementation; Level 1: 
There is incomplete implementation, with significant difficulties or limitations.  ‘Incomplete’ or 
‘limited’ means that only minor parts of the criteria, arrangements, regulations or capabilities 
recommended in the Code are implemented, and that much work remains to complete 
implementation;  Level 0: The recommendation is not implemented; there is little or no 
progress towards implementation. For the case of Mexico the following are the result of this 
exercise.   
 
2.1 The role of the state 
 
For laws and regulations the classification is Level 2, because there is a Radiological 
protection rule established and a nuclear safety rule is in development stage. 
For the regulatory authority the classifications is Level 2; the criteria being: The regulatory 
body is established and functioning in the same organization as promoter and operator, but 
with independent authority and resources.  In our case, CNSNS, and ININ are under the 
Secretary of Energy, but the regulator has independence authority and resources. 
For resources for safe operation the Level assigned are 3; the criteria being: An adequate 
financing system is in place and sufficient resources are available.  In our case, the operator 
has more independence for budget use.  The regulator is more dependent on the Secretary 
of Energy. 
For government emergency response the Level assigned is 3; the criteria being: Fully 
structured emergency plans are available and exercised.  In our case there is an emergency 
response for Laguna Verde NPP and the drills are done with an established frequency; in the 
case of the research reactor there is need for improvement. 
For legal and infrastructure arrangements for decommissioning; the Level is 1: Incomplete 
decommissioning arrangements exist:  In our case the document for preparing the Safety 
Analysis Report (SAR) for the Triga Mark III reactor is NUREG-1537 [1], which states that 5 
years before decommissioning ININ has to submit to the regulatory body a detailed 
decommissioning plan.  The dates for these matters have not been defined yet. 
We did not classified for Safety on Research Reactor in extended shutdown because we 
considered non applicable. 
 
2.2 The role of the regulatory body 
 
The classification for implementation of the regulatory process was Level 2, the criteria is: 
Many parts of the process are in place, but some are lacking.  In our case many parts of the 
regulatory process are our own system, while others are adopted from the United States 
Nuclear Regulatory Commission (USNRC) [2]. 
For conduct regulatory inspections and evaluations, the Level is 3; the criteria are: 
Comprehensive inspections and evaluations are conducted regularly.  In our case, an annual 
inspections program is established. 
For assessment and verification of safety the Level is 3, the criteria is: The operating 
organization is required to prepare and maintain the SAR, obtain authorizations, and conduct 
periodic safety reviews, and the regulatory body has full capability to evaluate the SAR and 



results of safety reviews.  In our case, the last assessment of the SAR was done by the 
regulatory body in 2003. 
For assessment for safety management, the Level is 3; the criteria: The requirement is in 
place and the regulatory body has full capability to evaluate submittals from the operating 
organization.  
For assessment for training of personnel; the Level is 3; the criteria: The requirement is in 
place and the regulatory body has full capability to evaluate submittals from the operating 
organization. 
For assessment for quality assurance program; the level is 3. The requirement is in place 
and the regulatory body has full capability to evaluate submittals from the operating 
organization. 
For the requirement to take human factors into account: Level 3. The requirement is in place 
and the regulatory body has full capability to evaluate submittals from the operating 
organization. 
For the requirement for radiation protection, the Level is 3. The requirement is in place and 
the regulatory body has full capability to evaluate submittals from the operating organization. 
For the requirements related to design, construction and commissioning, the Level is 3. The 
requirement is in place and the regulatory body has full capability to evaluate submittals from 
the operating organization. 
For the requirements related to operations, maintenance, modifications and utilization.  The 
Level is 3.  The requirement is in place and the regulatory body has full capability to evaluate 
submittals from the operating organization. 
For the requirement for adequate emergency plans, the Level is 3: The requirement is in 
place and the regulatory body has full capability to evaluate submittals from the operating 
organization. 
For the criteria for intervention in emergencies, the Level is 3. The requirement is in place 
and the regulatory body has full capability to evaluate submittals from the operating 
organization. 
For the following criteria: for siting research reactors; for safety of research reactors in 
extended shutdown and for release from regulatory control of decommissioned reactors.  
The Levels are 0, because there are not requirements in place. 
 
2.3 The role of operating organization 
 
For management of safety, considering the status of management policies, the management 
structure and the safety culture in the operating organization(s), the Level is 3: The 
recommendation is fully implemented. 
For assessment and verification of safety, considering the status of the safety analysis 
report(s), periodic safety reviews and documentation thereof, conduct of operations and 
verification of the physical state of the reactor (s), the Level is 3: The recommendation is fully 
implemented. 
For financial and qualified human resources, considering the effectiveness of the financing 
system for operation of the research reactor, the availability of resources and the status of 
training programs for operating personnel and users of the facility, the Level is 3: The 
recommendation is fully implemented. 
For QA programmes, considering the level of development and scope of application of 
existing QA programmes, including those for experiments, the Level is 3. The 
recommendation is fully implemented. 
For human factors considering the level of development and scope of application of human 
factors in operations and with respect to experiments, the Level is 2. The recommendation is 
partially implemented with satisfactory progress towards full implementation. 
For radiation protection considering the status of radiation protection systems and measures 
for surveillance of exposure to personnel and the environment, the Level is 3: The 
recommendation is fully implemented. 



For emergency preparedness, considering the availability of documented emergency plans, 
performance of on-site and off-site drills and arrangements for external assistance in 
response, the Level is 3: The recommendation is fully implemented. 
For siting, considering the status of programmes for continuing site-related evaluation and 
surveillance to ensure continued safety acceptability during the operational life time of the 
research reactor, the Level is 0. The recommendation is not implemented; there is little or no 
progress towards implementation 
For design, construction and commissioning, considering the status of implementation of the 
recommendations in this paragraph, the Level is 3. The recommendation is fully 
implemented. 
For operation, maintenance, modification and utilization, considering the status of 
implementation of the recommendations in this paragraph, with attention to availability of 
safety related documentation, such as, operating limits and conditions manual, operational 
procedures, maintenance procedures, experiments clearance and approval, fresh and spent 
fuel management and surveillance procedures, waste management procedures, safety 
committees organization and functioning, technical documentation management procedures, 
the  Level is 3.  The recommendation is fully implemented. 
For extended shutdown, considering the availability and scope of a programme for 
management of the research reactors in this condition: fuel management and sub criticality 
assurance, waste management, surveillance on research reactors systems, personnel. the 
Level is 0: The recommendation is not implemented; there is little or no progress towards 
implementation. 
For decommissioning, considering the availability and scope of plans for decommissioning of 
the research reactor(s), the Level is 2. The recommendation is partially implemented with 
satisfactory progress towards full implementation. 
 
3. Conclusions 
 
Most of the results give a classification of Level 3 or Level 2, therefore, it is demonstrated 
that for the case of research reactors, Mexico has implemented an acceptable safety 
programme at the state, regulatory and operator level.  Most of the experience for this case 
was obtained from the regulation of the two nuclear power reactors that are operating in 
Mexico, and operated by the state owned Federal Commission of Electricity, which is also 
regulated by CNSNS, and to which ININ is a Technical Support Organization.  
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ABSTRACT 
In KAERI a large U-Mo particle dispersion fuel has been under development due to a 
smaller specific interface area and more inter-particle space in connection with solving an 
interaction problem in a high low enrichment U-density research reactor fuel. A difficulty in 
obtaining a homogeneous dispersion of large particle U-Mo particles in the Al matrix of a 
fuel meat occurred as an obstacle. Efforts for solving it have been made by applying 
various methods, which are manually regular arrangement of large U-Mo particles in the 
holes of one plate by suction air, large U-Mo particles by passing them through a multi-
stack of sieves, and a regular arrangement of large U-Mo particles by placing the 
particles into the openings of a sieve. Among them a regular arrangement of large U-Mo 
particles by placing the particles into the openings of a sieve was investigated to meet an 
acceptable dispersion homogeneity with a simple work. The variations of the 9 measured 
values are less than 6 %. The limit of the U-235 homogeneity for the fuel meat rod of 
HANARO fuel is +/- 8.5 %. When the mixed powder is extruded, it is expected that the 
homogeneity of the extruded fuel meat rod would be improved. If the method and 
experimental result is applied to the use of a large U-Mo particle powder for a rod type of 
fuel, extrusion work would be reduced from 5 times to only one time. 

 
1. Introduction 

 

In KAERI a large U-Mo particle dispersion fuel has been under development due to a smaller specific 
interface area and more inter-particle space, which enables a good thermal conductivity in spite of a 
thick interaction formation, in connection with solving an interaction problem in high low enrichment   
U-density research reactor fuel [1]. Some of the above fuel specimens were irradiated in the KOMO-3 
and the PIE results were revealed to be very promising [2]. However, it is very difficult to obtain a 
homogeneous dispersion of large particle U-Mo particles in the Al matrix of a fuel meat by some of the   
common blending methods. Two kinds of powders of U-Mo and Al have extremely different densities 
as well as particle sizes, which act as adverse effects for a homogeneous blending. Some common 
blending methods of on off axis rotating drum mixer, a spex mixer, and a V-shape tumbler mixer are 
considered not to be available for the above large U-Mo particles powder  and Al powder [3]. 
Previously a repetitive extrusion was used in order to obtain a homogeneous dispersion in fabricating 
fuel meats of large U-Mo particles dispersions in the Al matrix for some irradiation tests. In this work an 
acceptable uniform dispersion of larger U-Mo particles of about 300 μm in diameter required more 
than 5 extrusions. In order to overcome this difficulty unusual blending methods have been taken into 
considerations as follow. Firstly a consideration was taken on a manual regular arrangement of large 
U-Mo particles in the holes of one plate with a suction of air through fine nozzle for picking particles 
and turning over the plate with picked U-Mo particles. The picked particles were discharged into the 



inside of a compaction die by blowing air through the nozzles in the holes of the plate. Then an 
equivalent proper quantity of aluminum powder was loaded over the uniformly dispersed U-Mo 
particles and an evening work for a flat level can be done with a straight bar. In an actual experiment in 
this way the manufacturing of a plate with very fine holes for seizing U-Mo particles has been 
investigated to be almost impossible or very expensive for the estimated cost. Secondly a uniform 
dispersion of large U-Mo particles by passing them through a multi-stack of sieves was taken into 
account. In an experiment 10 sieves were stacked so that the height of the stacked sieves was 
relatively high such as about 25 cm. When some U-Mo powder was input into the top sieve, the large 
U-Mo particles with a high density and very spherical shape dropped freely with an accelerated 
velocity for passing then through the many sieves due to their spherical shape and smooth surface 
and then hit the bottom firmly. The U-Mo particles exhibited a tendency of penetrating into the 
accumulated aluminum powder. The 3rd method for a uniform dispersion of large U-Mo particles is a 
regular arrangement of U-Mo large particles by placing the particles into the openings of a sieve. In 
this paper, for the 2nd and 3rd ideas, some experimentation has been carried out and then some of the 
obtained results are described.  
 
2. Experiments  
Regarding the idea of a uniform dispersion for large U-Mo particles by passing them through a multi-
stack of sieves, experimental equipment was designed as shown in figure 1. 12 sieves were taken for 
enough dispersion from 12 distributions by hitting each sieve net. The sieve mesh is larger than the U-
Mo particle size. The container placed under the stacked sieves is a kind of die available for a   
compaction. The 10 stacked sieves are vibrated for efficiently passing not only U-Mo but also Al 
powder through them. But the receiving container is fixed without any influence from the movement of 
the sieve vibration for the two steadily accumulating kinds of powders. One layer of a close-packed 
dispersion for U-Mo particles is taken for one charge. The quantity of one charge for U-Mo is input into 
the top sieve and then the equivalent quantity of Al powder for the target fuel meat composition is input 
in turns. The blended powder is compacted with a 15 ton force, which corresponds to a pressure of 1.6 
ton/cm2 on the compact.  

 
 
 
 
 
 
 
 
 
 
Fig. 1 Experimental equipment for uniform dispersion of large U-Mo particles by passing through multi-

stack 

For the 3rd idea of a regular arrangement of U-Mo large particles by placing the particles into the 
openings of a sieve screening net, a jig was designed and manufactured as shown in figure 2. This 
system is much simpler than the above method of passing the particles through a multi-stack of sieves. 
A sieve screening net was taken with a little larger opening size of the sieve than the U-Mo particle 
size. The screening net was obtained by cutting it out from a suitable size of sieve. The bottom of the 
sieve screening net was assembled with a moving plate for blocking the regularly situated U-Mo 
particles.  The jig was designed so that the loaded powers can be pressed and sintered under 
pressure.  
A pressure-sintering system available for MTS was designed, manufactured, and then installed in the 
MTS equipment as shown in Fig. 3. A proper quantity of U-Mo powder, for situating the U-Mo particles 
in all the sieve screen openings, is loaded and a spreading work is done for situating all of the particles 
into the openings of the sieve. After checking for the right situation of all the U-Mo particles in the 
openings, an equivalent quantity of Al powder to U-Mo powder is charged over the arranged U-Mo 



particles. A flat leveling work is then done with a blade. The U-Mo power and Al powder with a uniform 
layer are dropped in to the container fitted with a plug at the bottom of the container. This kind of 
charge is repeated until the purposed height is achieved. The container is closed with a plug and 
charged in the pressure-sintering chamber of the MTS. A pressure-sintering was done for 4 hours at 
480 °C with a 2 ton pressing force. The pressure acting on the sample is estimated to be about 440 
kg/cm2. After a sintering, the sample is cut into several pieces and then observed using an optical 
microscope. Some density measurements by immersion methods were done for examining the 
homogeneity.   
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. A jig for dispersing U-Mo large particles with placing the particles into the openings of a sieve 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. A pressure-sintering system available for MTS 
 

3. Results and Discussion  

Fig. 4 shows a compacted and sintered lump for the mixed powder by passing them through a multi-
stack of sieves for a proper quantity of U-Mo powder and an equivalent Al powder, alternately. U-Mo 
particles are observed to be more densely dispersed at some local regions. This segregated        
phenomenon is presumed to be induced by an asymmetry during the vibration of the sieves. Also 12   
sievings for a homogeneous distribution seem not to be enough. The sintered lump was easily broken 
through a more densely U-Mo particle dispersion region due to a weak sintering bond. Especially the 
bottom part of the mixed lump showed that the U-Mo particles were severely and densely dispersed 
by the strong kinetic energy from the accelerated downward flowing velocity.  
Fig. 5 shows a pressure-sintered lump for the mixed powder by arranging U-Mo the large particles by 
placing them into the openings of a sieve. The lump seems to be sintered soundly. No pores can be 
seen. The shell of the pressure-sintering jig was observed to be atom-bonded with the sintered fuel 
meat. It was impossible to separate the fuel meat from the jig. Therefore the sample with the jig was 
cut into 9 pieces for 9 sample parts. An observation for particles dispersion was done as shown in 
Fig.5.  
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Fig. 4. A compacted and sintered lump for the mixed powder by passing through multi-stack of sieves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                Transverse section                 Vertical Section 
Fig. 5 Cross section of pressure-sintered sample 

 
 
 
 
 
 
 
 
 
 
 

  
Fig. 6. Cross section of a fuel meat fabricated by 5 times of extrusions in the KOMO-3 and KOMO-4. 

Fig. 6 represents a typical large U-Mo particle dispersion in the fuel meat fabricated by 5 extrusions in 
the KOMO-4. From the observation there is not much difference from the dispersion point of view for 
the two photos.  
The results in table 1 are density measurements for the 9 obtained parts. The variations of the 9 
measured values are less than 6 %. The limit of the U-235 homogeneity for the fuel meat rod of the 
HANARO fuel is +/- 8.5 %. The dispersion degree of the mixed powder is considered to be acceptable. 
When the mixed powder is extruded, it is expected that the homogeneity of the extruded fuel meat rod 
would be improved. The target volume fraction of the U-Mo powder for this dispersion experiment was 
30 %. The theoretical density of the above fraction is estimated to be about 6.99 g/cc. The average 
value of the measured densities for the sintered sample is 6.59 g/cc, which corresponds to 94.3% of 
the theoretical density. When compared to the density of the plate fuel fabricated by a rolling, the 
density obtained by the pressure-sintering is considered to be appropriate for forming the fuel meat.  
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In this experiment this pressure-sintering was chosen for a consolidated sample to be able to examine 
the dispersion homogeneity of the mixed powder. In an actual practice, the mixed powder in this jig will 
be pressure-compacted. And then the compacts will be heated and extruded from the fuel meat rods. 
Previously 5 extruding works were done in order to meet the dispersion homogeneity for the fuel 
requirements. If the method and experimental result is applied to the use of a large U-Mo particle 
powder for a rod type of fuel, only one extrusion work would be possible in the fabricating fuel process.    

 
Table 1. Measured Densities of cut pieces for pressure sintered sample. 

 
Part 1 2 3 4 5 6 7 8 9 

Density 
g/cc 6.99 6.42 6.55 6.49 6.69 6.42 6.59 6.57 6.56 

Variation 
(%) +6.0 -2.5 -0.6 -1.5 +1.6 -2.5 +0.04 -0.3 -0.4 

Deviation 
g/cc +0.40 -0.17 -0.04 -0.1 +0.1 -0.17 0 -0.02 -0.03 

Average 
g/cc 6.59 

Standard 
Deviation 

g/cc 
0.16 

 
4. Conclusion   

In order to simplify the process for an acceptable homogeneous large U-Mo particle dispersion, fuel 
meat rod several methods have been applied. Among them a regular arrangement of U-Mo large 
particles by placing the particles into the openings of a sieve screening net was investigated to meet               
on acceptable dispersion homogeneity. The variations of the 9 measured values were less than 6 %. 
The limit of the U-235 homogeneity for the fuel meat rod of HANARO fuel was +/- 8.5 %. In this 
experiment a pressure-sintering was done for 4 hours at 480 °C with about 440 kg/cm2. The average 
value of the measured densities for the sintered sample was 6.59 g/cc, which corresponds to 94.3% of 
the theoretical density. This would be appropriate for forming a fuel meat. In an actual practice the 
mixed powder in this jig will be pressure-compacted. And then the compacts will be heated and 
extruded from the fuel meat rods. When the mixed powder is extruded, it is expected that the 
homogeneity of the extruded fuel meat rod would be improved. If the method and experimental results   
are applied to the use of a large U-Mo particle powder for a rod type fuel, the extrusion work would be 
reduced from 5 times to only one time. The developed system is very simple. It is considered that this 
new dispersion fuel meat fabrication method by placing the particles into the openings of a sieve 
screening net would be effective in obtaining a good dispersion from the viewpoint of a fabrication 
economy.  
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ABSTRACT 

 
The IEA-R1 is the first research nuclear reactor in Brazil and since its inauguration 
in 1957, has been regularly used mainly for R&D, teaching and production of some 
radioisotopes for medical and other purpose. Until 1999 the IEA-R1 reactor 
adopted a Quality Assurance Program based on the Brazilian regulatory body 
standard (Brazilian Nuclear Energy Commission - CNEN) CNEN NN 1.16 and the 
IAEA Guide SS 50 CQ to control quality and safety requirements, quality 
procedures and records. In 2001 the Research Reactor Center (CRPq) has began 
to implement a Quality Management System (QMS) focused on “Operation and 
Maintenance of the IEA-R1 Research Reactor and Irradiation Services”. In 2002 
this facility obtained its first NBR ISO 9001:2000 certification on this scope.  The 
present work relates the stages involving the implementation of QMS of IEA-R1 
reactor since it started operation until now, reporting the mainly difficulties and 
results obtained. 

 
1. Brief Historical - Quality 
Since the start up, operational and managerial activities carried out in the IEA-R1 reactor has 
been controlled by the people in charge, but only in the latest years this process was done in 
a systematized way. During the period of 1957 to 1999, the facility adopted the concepts of 
Quality Control (1984) and Quality Assurance (1994) of the IAEA standards and guides and 
American standards.  
In 1997, following a world tendency, the Nuclear and Energy Research Institute (IPEN), 
adopted for one of its units, Radiopharmaceutical Center (CR), one of the unique suppliers of 
radiopharmaceuticals in Brazil, the NBR ISO 9002:1994 [1] model to Quality Assurance of 
this product, including Good Manufacturing Practices requirements and other regulatory 
requirements applicable to radioactive facility. In this way, IPEN obtained its first NBR ISO 
9002 certification for the scope “Radiopharmaceutical Production and Control”. 
The following step was to certify the internal suppliers of raw material for that Center. As  
IEA-R1 supplies samarium and iodine to CR, in 2001 has began the modification of the  
IEA-R1 Quality Assurance Program to a Quality Management System (QMS) based on ISO 
standards. 
As general guideline the IPEN designed a Quality Management System based on NBR ISO 
9004:2000 [2] to define the general directives to IEA-R1 reactor and other facilities and 
services comply with the CR requirements. This model is internationally recognized and 
allows a relative easy integration with requirements of other conformance standards 
(environmental, occupational health, safety and social responsibility) since some of them are 
common and others can be incorporated without compromise the system structure. To obtain 
and maintain the Quality Management Systems certification of each specific scope it was 
adopted the NBR ISO 9001:2000 [3]. 
As a general rule, the programs related with environmental, safety and radioprotection 
aspects to comply with legal and corporative requirements are implemented in an isolated 
way by few specialists that are no involved with the Management System. The result is a no 
integrated system to manage all important aspects in the organization. A way to solve these 
problems is to implement an Integrated Management System with the objective of identify 
and structure the legal and other subscripted requirements and to extend the system to 



environmental and safety issues. Figure 1 shows how these aspects are treated by IPEN 
and its departments, in a simple and schematic way. 
In this context, the IPEN through the Research Reactor Center (CRPq) since 2001 is 
implementing and maintaining a Quality Management System (QMS) based on NBR ISO 
9001:2000 to the activities related with “Operation and Maintenance of the IEA-R1 
Reactor and Irradiation Services”. This QMS was certified in 2002 and the certification 
was maintained or renewed in the following years. It is planned to adequate this QMS to new 
requirements of the NBR ISO 9001:2008 [4] (published in December 2008). 

Product and 
or service

Product and 
or service

Management Responsability

Management Process

Informations

Related or Support Process

Governmental
Demands

Customers
requirements

Statutory and
regulatory

compliance:
safety, quality, 
environmental, 

laboratorial

Working
environment
requirements

Ouput

S
A
T
I
S
F
A
C
T
I
O
N

Education Process

Products and Services 
Process

Learning Flow
Control Cycle
Main Information Flow

Input

Teaching

Products
R&D&EMacroprocess

Education

R&D&E

Products
Services

Resource Management

Product 
Realization 

Process Implementation

Measurement, Assessment , 
Analysis, and Improvement

P&D&E Process

The IPEN and CRPq senior managers define 
requirements for SGI based on the Process for:

The resources are determined through the Process for:

The results are measured, analysed and corrected
through the Process for:

Determination of customers and others
stakeholders needs and expectations

Process

Continual Improvement

Technical-scientifics
informations

Technical-scientifics
opportunities

C
U
S
T
O
M
E
R 
S

A
N
D

O
T
H
E
R
S

S
T
A
K
E
H
O
L
D
E
R
S

R
E
Q
U
I
R
E
M
E
N
T
S

Organizational Results

Management Review

Learning Process

STRUCTURES, SYSTEMS, COMPONENTS, PRODUCTS AND SERVICES THAT SATISFY ALL

SAFETY, HEALTH, ENVIRONMENTAL, QUALITY, ECONOMIC AND OTHERS REQUIREMENTS

FOCUS: 
SAFETY CULTURE

The Management System - IPEN
Corporative and Departamental Processes, applicable for CRPq

FOCUS:  STAKEHOLDERS

C
U
S
T
O
M
E
R 
S

A
N
D

O
T
H
E
R
S

S
T
A
K
E
H
O
L
D
E
R
S

The products and important
item quality is assured by the
Process for:

 
Figure 1. Process approach adopted by QMS-CRPq 

 
2. Main process involved and achieved results 
In the strategic plan development for IPEN and CRPq Mission, Vision, Values and Objectives 
were established, the main Policies were defined and a Business Plan was elaborated. This 
included the quality planning that culminated in the QMS implementation. The main phases 
of the QMS implementation were structure redefinition; reviewing, mapping, interaction and 
documentation of the main process; organization and responsibility redefinition considering 
the necessary competences to these processes; training and awareness; implementation of 
the policies and processes, independent assessment (internal and external audits; 
surveillance); management system review and continuous improvement in all phases. 
Although the activities have always carried out observing the established safety criteria, until 
the implementation of the QMS the records and controls (analysis, approval criterion) were 
not clearly defined and documented, they were depended on people experience and 
knowledge. IPEN and CRPq workers had no idea how they could influence in the processes, 
improving safe, time and cost. 
 
 
2.1 QMS structure definition 
Following the NBR ISO 9001:2000 proposal, the QMS was structure adopting the process 
approach showed in Figure 1. After several leadership meetings it was defined the interface 



between CRPq specific process and IPEN processes called corporative (sale, procurement 
and purchasing, document control, non conformance control, corrective, preventive and 
improvement actions, audit, management review) to assure the coherence between them. 
The QMS of CRPq follows two directive levels: corporative (established for all the 
organization) and sectorial (specific for requirements applicable to CRPq). It was also 
considered the regulatory, legislative requirements applicable to nuclear and radioactive 
facilities established by the regulatory body in the CNEN IN 001:1994 [5], CNEN NN 1.16 [6] 
and other applicable standards. 
The main difficulty found in these phase was to convince people and manager to change 
their own way of work and adopt the corporative directives. The challenger was to wear down 
the natural resistance of people to changes.  
 

2.2. Organization and Responsibility 
CRPq is part of the IPEN organizational chart and is composed by a managerial body formed 
by one General Manager and three Managers. It is advised by a Consultive Council (on 
technical matters), an Internal Safety Committee (on safety and radioprotection matters), a 
Management Representative - MR (on QMS matters) and assisted for several IPEN 
departments, responsible by corporative processes: sale, procurement and purchasing, 
costumer relationship, audit, training. It is also assisted by a resident Radioprotection Team. 
The Direction of CRPq responds to the Board of Directors of IPEN. All responsibilities are 
clearly defined and documented in procedure. 
Some difficulties were identified in relation to organization and responsibility definition: 

• Directors and Managers come from research areas and in some cases presents a 
lack of competence to lead with some managerial aspects of the QMS; 

• In some areas the managers are defined considering the people and no the process. 
This is a cultural aspect of the organization. There is resistance in organizational 
changes; 

• There is a reduced number of people directly involved in the QMS, considering the 
size and the activities developed by the organization; 

• Organization changes without analysis of the impact of these changes on processes 
and business, mainly related to Directors and Managers. 

 

2.3. Process Mapping and Documentation 
The definition, mapping, interaction study and documentation related to processes, mainly 
the corporative ones, were done by working groups composed by representative of each 
area involved in the processes. 
In the case of reactor operational procedures, the documentation was prepared by people 
that carried out the operations with the supervision of the MR, based on the documentation 
previously submitted to regulatory body to obtain the Operation Authorization (SAR – Safety 
Analysis Report based on IAEA Safety Series No. 35-G1 – 1994 [7]). 
The documentation system that supports the QMS is composed by approximately 150 
documents, including: Business and Action Plans, Quality Manual, Quality Assurance 
Program (focused in item important to safety), Safety Analysis Report and Procedures (in 
three levels: strategic, tactic and operational). Besides the documentation generated 
internally in CRPq, the QMS utilizes the documentation that supports the QMS of IPEN 
relative to corporative directives. The documentation structure is presented in Figure 2.  
The major difficult in this process is to identify the details to be included in order to comply 
with all requirements and to share this knowledge. 
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Figure 2.  QMS Documentation Structure 

 
2.4. Training and awareness 
During the implementation of the QMS people must be convinced about the advantages of 
the change, mainly in relation to follow procedures and to keep records. At the beginning 
people thought the QMS was only bureaucracy and paper generation. After that some people 
started to see the QMS as a tool to identify problems or improvements in the processes and 
become more involved in it. In an organization like IPEN people have different 
comprehension levels of the QMS, then it is necessary to maintain activities (formal and 
informal meetings, talking) to ensure that its personnel are aware of the relevance and 
importance of their activities and how they contribute to the achievement of the QMS 
objectives 
It was observed that though people were trained some of them continue no working as was 
established. It is looking for other forms to improve the training efficacy. 
 
2.5. Continuous Improvement 
A periodic review of the performance of the QMS is carried out by means of: 

• Independent assessment (internal and by external organisms and surveillance) and 
self-assesment (systematic and detailed review of the results obtained by the 
organization and CRPq, including results related to QMS). 

• Regular meetings of the Board of Director of IPEN and CRPq to assess the 
implementation level and performance of the QMS and its continuous improvement.  

 

2.5.1. Audits 
Internal and external audits (system and technical audits) are performed (as scheduled) to 
verify if the QMS comply with all requirements and to identify occasional non conformance or 
improvement aspects. They follow corporative procedure and are done by trained and 
independent people. Although internal audit process has been considered a strong point of 
the QMS by external auditors, there are some weak points in the process related to safety 



aspect audits, mainly in relation to SAR assessment, due to the lack of competence in safety 
concepts of the auditors team. 
The QMS of CRPq has been externally audit since 2002 by Fundação Carlos Alberto 
Vanzolini, a Brazilian Certify Organism. This QMS was NBR ISO 9001:2000 certified in 2002 
and the certification was maintained or renewed in the following years. It is intended next 
audit would be done based on NBR ISO 9001:2008[4], approved in December 2008. 
 

2.5.2. Management Review 
Results, weak points and improvement aspects have been systematically reviewed in two 
level meetings: IPEN to corporative processes and CRPq to specific process. Directors, 
Managers, personal in charge of the each process and direction representative (RD) 
participate of these meetings. 
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ABSTRACT 

 
In-core calorimetry is a valuable experimental technique for measurement of total 
nuclear heating rates. This technique is adopted in an experiment performed in the 
South African First Atomic Reactor Installation (SAFARI-1 reactor). The objective 
of the experiment is to provide experimental data of nuclear heating for materials: 
molybdenum and stainless steel (SS 304). The experiment was conducted in core 
channel B6 at low reactor power, 5 MW. 
 
This paper presents results of a Monte Carlo simulation of this experiment by 
comparison of the calculated (C) to experimental (E) nuclear heating values. 
Calculations were performed using a Monte Carlo N-Particle (MCNP5) code 
version 1.4. The amount of heat deposited in core channel B6 using the track 
length estimate of energy deposition in a cell (F6) in a neutron-photon coupled 
mode (mode n p) and as well using the pulsed height tally (*F8) which gives the 
energy distribution of pulses created in a detector. Below the core centreline, 
relative errors in nuclear heating values for stainless steel range from 11% to 16% 
compared to a range of 1% to 6% in molybdenum. Above the core centreline, 
stainless steel exhibits relative errors, from 1% to 19% whereas the relative errors 
in molybdenum range from 5% to 34%. 
 

1. Introduction 
For the purpose of material and fuel irradiations in a nuclear reactor core, it is essential to 
acquire very accurate knowledge of the neutron flux spectrum and the power distribution in 
the whole core, as well in the target core irradiation position. This work presents a 
benchmark of the in-core calorimeter experiment performed in SAFARI-1 reactor. This 
technique has been used to measure the amount of heat deposition along the axial length of 
the core in channel B6. The experiment was done at beginning of cycle (BoC) 0704-1, at low 
reactor power (5 MW) to facilitate instantaneous measurements. 
 
For benchmark purposes, the Monte Carlo N-Particle (MCNP5) code is used to simulate the 
experiment. The track length estimate of heat deposition (F6) tally in a coupled neutron-
photon mode and the pulsed height tally (*F8), which gives the energy distribution of pulses 
created in a detector are calculated. This work presents a comparison of the experimental 
and calculational results. 
 
2. The SAFARI-1 Reactor 

 
The SAFARI-1 reactor is a tank-in-pool type material testing reactor (MTR). The reactor is 
light water cooled and moderated. The standard core configuration as depicted in Figure 1 
below is configured in an 8×9 matrix. The core consists of twenty six fuel elements, six 
control elements, in-core and ex-core irradiation positions as well as reflector elements. This 
water cooled and moderated reactor is mainly used for production of medical isotopes and 
material irradiations. 

 
 
 



 
 

 

Figure 1: Layout of the SAFARI-1 Reactor Core 
 

2.1 The Calorimeter Experiment 
 

A calorimeter basically consists of two main regions: a core that is surrounded by an 
atmosphere of air and a leak tight jacket. This is required to keep thermal insulation and 
ensure isolation of the experimental sample from the surrounding. Thermocouples are 
embedded in the core and jacket regions to measure the temperature difference through 
signals sent to the monitoring device. Two cases are considered in this work: molybdenum 
core and a stainless steel core calorimeter. For the purpose of this work, a calorimeter was 
manufactured to the dimensions and specifications in Table 1. 

 

Region Material Diameter (cm) Height (cm) 

Core Molybdenum or SS* 304 1.143 4 

Jacket SS* 304 1.2 (inner) 
1.3 (outer) 6 

* Stainless Steel  

Table 1: Dimensions and Specifications of the Calorimeter 

 
The MCNP5 model of the calorimeter is presented in Figure 2. The model is simplified to 
exclude modelling of the thermocouples and other instrumentation coupled to the device, on 
the assumption that these instruments will not affect the neutronic calculations in terms of 
perturbing the neutron and photon flux spectrum in the channel hence also causing 
perturbations on the heat calculations. 
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Figure 2: (a) Top view of the calorimeter in core channel B6, (b) the calorimeter device with its core 
(purple), a gap filled with an atmosphere of air (blue) and a jacket. 

 
When the calorimeter device is inserted in the nuclear reactor core, the radiation flux 
deposits a power P in the calorimeter core of mass m. This causes a rise in temperature 
hence a heating curve is obtained. When the calorimeter is withdrawn from the reactor core, 
a cooling curve is obtained. Using the two curves and bearing in mind that the power or 
energy imparted in a sample of mass m due to exposure to a radiation field, the following 
relation is obtained: 
 

( )
0

c j

c

P C
m T

θ θ−
=      (1) 

 
The subscript c in equation (1) refers to the core of the calorimeter and j refers to the jacket 
of the calorimeter, therefore

c j
θ θ− , is the temperature difference between the core of the 

calorimeter and the surrounding shell (jacket) and cC  is the specific heat of the material in 
the calorimeter core. For this calorimeter, the temperature of the jacket is kept constant and 
is equal to the temperature of the surrounding water moderator in the core. The pseudo time 

0T can be obtained from the graph of ( )θ θ−log c versus time t  as the difference in the 
abscissa of two points. 
 
3. MCNP5 Calculations 
 
Calculations are performed in a coupled neutron photon mode (mode n p), to ensure 
transport of both neutrons and photons. True heating is then derived by summing up the 
track length estimate of energy deposition in a cell, F6:n and F6:p in a mode n p calculation. 
The *F8 tally gives the energy distribution of pulses created in a detector whereupon *F8:p 
gives the same result as *F8:e and *F8:p,e. 
 
The following sources of radiation are considered for energy transfer to materials. 
a) Heating due to prompt neutrons,  
b) Heating due to gamma rays produced during the fission process (prompt gamma), 
c) Heating due to gamma rays produced from decay of fission products (delayed gamma) 
d) Heating due to γ-rays and β-rays from induced interactions in the material (e.g. 
Bremstrahlung, Compton effect, Pair production and annihilation, etc.). 
 
 
 



 
MCNP5 is capable of calculating terms or sources a), b) and d). In this work, for the purpose 
of accounting for the lack of capability in MCNP5 to calculate heating due to delayed gamma 
from fission product decay, a correction factor of about 40% is used to multiply neutron 
heating, thereby adjusting the total nuclear heating value to incorporate the contribution of 
delayed gamma heating. 
 
4. Results and Discussion 

 
4.1 Stainless Steel Core Calorimeter 

 
The results of total nuclear heating in a stainless steel core calorimeter are presented in 
Figure 3 and Table 2 where the ratio (C/E) of calculated to experimental total nuclear 
heating values is determined. The total nuclear heating rates calculated using the pulsed 
height estimate and the track length estimate are in very good agreement. It is noted that 
below the core centreline, where C/E>1, both the *F8 and F6 tallies overestimates the 
nuclear heating values whereas above the core centreline with C/E<1, nuclear heating is 
underestimated.  
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Figure 3: Total nuclear heating in a Stainless steel (SS304) core calorimeter 

 
Since the experiment was performed at BoC, it is observed that the nuclear heating graph 
follows the same trend as the neutron flux profile, which is expected to peak towards the 
bottom of the core, due to the positioning of the fuel follower and the cadmium section of the 
control rods.  
 
While the amount of nuclear heating in positions 2.2 cm and 7.2 cm is still overestimated, it 
can be deduced from Table 2 that the relative error, calculated as (C/E-1) × 100 is does not 
exceed 6%. The relative error in the calculated to experimental values ranges from a 
minimum of 11% to a maximum of 16% below the core centreline. In the remainder three 
positions above the core centreline, the relative error ranges from 9% to 19%. 



 
 

 Calculated/Experimental (C/E) 

Axial Position *F8 F6 

-17.8 1.11 1.12 

-12.8 1.14 1.16 

-7.8 1.11 1.14 

-2.8 1.14 1.15 

2.2 1.04 1.06 

7.2 1.00 1.01 

12.2 0.96 0.96 

17.2 0.85 0.91 

22.2 0.81 0.82 

27.2 0.87 0.89 
 

Table 2: Ratio (C/E) of calculated to experimental total nuclear heating in Stainless steel (SS304) core 
calorimeter 

 
4.2 Molybdenum Core Calorimeter 
 
The heating of molybdenum is expected to be dominated by gamma heating since has a 
relatively high atomic number (Z) compared to stainless steel (Z~29). Figure 4 presents total 
nuclear heating rates for a molybdenum core calorimeter. The *F8 and F6 tallies are still in 
good agreement. Below the core centreline, there are large discrepancies between the 
calculated and experimental values. Better agreement is observed above the core centreline. 
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Figure 4: Total nuclear heating in a Molybdenum core calorimeter 



Similar to the case of stainless steel, the nuclear heating curve in molybdenum still follows 
the neutron flux shape. Below the core centreline at positions -7.8 cm, -12.8 cm and -17.8, 
where C/E>1, (except for the *F8 tally at -12.8 cm), nuclear heating is overestimated with 
relative errors not exceeding 4%, determined from Table 3. Positions -2.8 cm and 2.2 cm 
show an underestimation of the nuclear heating values, nevertheless, the relative error 
amounts to a maximum of 6%. 
 
Furthermore, above the core centreline, at 7.2 cm, 12.2 cm, 17.2 cm, 22.2 cm and 27.2 cm, 
an underestimation of nuclear heating is observed. This occur with relative errors ranging 
from a minimum of 13% (at 7.2 cm) increasing in magnitude as we proceed towards the 
upper section of the core up to a maximum value of 34%. 
 
 
 
 

 Calculated/Experimental (C/E) 

Axial Position *F8 F6 

-17.8 1.01 1.04 

-12.8 1.00 1.01 

-7.8 1.02 1.02 

-2.8 0.94 0.95 

2.2 0.95 0.96 

7.2 0.86 0.87 

12.2 0.78 0.79 

17.2 0.72 0.76 

22.2 0.67 0.67 

27.2 0.68 0.66 

Table 3: Ratio (C/E) of calculated to experimental total nuclear heating in Molybdenum core 
calorimeter 

 
4. Conclusions 

 
The total nuclear heating values calculated using the track length estimate and the pulsed 
height tally are in good agreement. Below the core centreline, relative errors in nuclear 
heating values for stainless steel range from 11% to 16% compared to a range of 1% to 6% 
in molybdenum. Above the core centreline, stainless steel exhibits relative errors, from 1% to 
19% whereas the relative errors in molybdenum span a wide range, from 5% to 34%. 
 
This variations in the calculated nuclear heating values compared to experimental, can be 
attributed to the Z numbers of the two materials being investigated (stainless steel 304 and 
molybdenum). For the relatively high Z molybdenum, gamma heating is the most dominant 
compared to stainless steel. 
 
While the shape of the nuclear heating curve follows the shape of the neutron flux, the 
observation of up to 34% relative errors in the molybdenum still has to be investigated. While 
considering all the sources of inaccuracy in both the experiment and the calculations, an 
exact agreement between the calculated and experimental values should never be expected. 
 



In future, the following aspects will be studied to better clarify the trends that are observed: 
the neutron and photon flux spectrum hence neutron and gamma ray kerma factors. The use 
of different cross section libraries will also be investigated, since the gamma ray production 
cross section of the library will make a difference in the gamma ray spectrum as well as in 
the gamma ray component of nuclear heating. 
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ABSTRACT 

 
This presentation concern the disposition of two irradiated pin-type experimental 
fuel assemblies , which were tested in PNPI WWR-M reactor in support of 
demonstration of high-density fuel. 
The non-standard design of experimental fuel assemblies As requires a revision of 
procedures for storage and further utilization. One way is preparation for 
transportation to recycling plant together with standard fuel assemblies  after 
cooling in wet spent fuel storage. Alternative is reloading to long-term spent fuel 
storage. 

 
 
Introduction  
The two pin-type experimental fuel assemblies were tested in PNPI WWR-M reactor in 
support of demonstration of high-density fuel for research reactors [1]. 
Pin fuel is considered as alternative variant for replacing of standard fuel based on tube fuel 
elements. In view of conversion purpose serious limitation of thin-wall tubes is small volume 
of fuel meat. Pin fuel technology provides additional volume for fuel. At the same time pins 
demand fuel assembly casing. It means that small core grid pitch result in the loss of power 
density.    
The experimental fuel assemblies with LEU fuel were delivered by VNIINM [2]. One fuel 
assembly contains fuel elements based on UO2 and other - UMo. Both types of fuel elements 
have an aluminium matrix and cladding. Each of fuel assemblies contains 37 pin elements 
(Fig.1) inside of hexagonal aluminium assembly casing .  
 
The volumetric contents of fission fraction in fuel elements in both cases are approximately 
identical (Table 1).  
 

No        Fuel 
composition 

Average 
uranium-235 
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 

 
Table 1. Features of fuel 

 
Features of fuel assemblies are presented in Table 2. 
 
 
 
 
 



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 flats dimension, mm 32 32 

 
Table 2. Features of fuel assemblies 

 

 
 

Fig.1.  Pin-type fuel element 

The design of tested assemblies is represented in comparison with standard fuel WWP-M2 in 
Fig.2. 

 
Fig.2. Design of EFA with pin-fuel in comparison with standard fuel   

 

 

 



Tested fuel assembles are load in the core in chosen position and are reloaded few 
times for supporting permissible specific power. One of it is presented in fig. 3. 
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Fig.3.  Arrangement of experimental channel of water loop and FA during 
irradiation in a core

 
 

2. Irradiated fuel characteristics 
 The reached energy release is approximately identical for both irradiated assemblies 
with different uranium density in fuel meat. The UO2. fuel was irradiated to 60% burn-up and 
UMo fuel to  ≈30 %.  

During the irradiation in the core the maximal power density of 277 kW/l in fuel cell (or about 
370 kW/l in fuel element space) has been obtained. It is a typical parameter for research 
pool-type reactor.  
The test programme included measurements in reactor loop after irradiation.  
Leakage parameter (1.3⋅10-5) for pin fuel with UO2 has remained lower than permissible 
value (2⋅10-5) according with test program. However, this result 2,6 times more as WWR-M2 
results in case of maximum WWR-M2 energy release. 
In WWR-M reactors, the Leakage parameter is used as the operational indicator of fuel 
elements non-integrity is the criterion (β), defined as the ratio of the number of fission 
fragments leaking out in the coolant to the number of fission fragments generated in the fuel 
[3,4]. For stable equilibrium conditions: 
     V 

β =  ---     , where 
     q 
                V - is the leakage out rate of nuclide from the fuel element into the coolant, and 
                 q - is the rate of nuclide generation in the fuel. 
 
 
The equilibrium activities of five nuclides: 85mKr, 87Kr, 88Kr135Xe, 138Xe are used for 
determination of leakage rate (β-value). 
  PNPI experience shows that the β-increasing from 10-7 to several units of 10-6 is normal 
effect for aluminium dispersion fuel elements during fuel burnup process. 



 Both types’ experimental fuel assemblies have acceptable parameters of fission products 
leakage. But the test in reactor loop demonstrates some increase of leakage of fission inert 
gasses in comparison with similar data for WWR-M2 fuel assembly. This difference can be 
relevant for maintenance during long-term storage. Besides of this factor the cladding 
thickness of experimental fuel element is less than one of WWP-M2 fuel too. 
The parameters of discharged EFAs are presented in Table 3 before final reloading into 
spent fuel pool. 

#FA Average 
burnup, % 

Maximal 
power density 
in a core, кW/l

Maximal   
thermal flux, 
W/cm2 

Leakage  
parameter 
β, related 
units (max.) 

Operating 
time 
at power, days 
 

#11 59.3 252 55 1.3⋅10-5 321 
#22 31.9 277 61 6.7⋅10-6 372 

 
Table  3. Irradiation characteristics of discharged EFAs 

The reached energy release are approximately identical for both irradiated EFAs with 
different uranium density in fuel meat. The UO2. fuel was irradiated to 60% burn-up and UMo 
fuel to  ≈30 %.  
 

3. Utilisation Concept  
The non-standard design of fuel requires a revision of procedures for storage and further 
utilization.  

In spite that thees fuel assemblies are of the same outer shape as  standart WWR-M5 and 
WWR-M2 the transportation and storage of it is out of  approuved by Regulator  standing 
specifications as for integrity fuel or for demaged fuel. 
The irradiated experimental fuel assemblies can not be included in the fuel nomenclature that 
suitable for transportation at present time. 
One way of utilization of experimental fuel assemblies is preparation for transportation to 
recycling plant together with standard one after cooling in wet spent fuel storage. Alternative 
is reloading to long-term spent fuel storage.  

It is planned to develop special equipment for control of safe storage conditions and MC&A 
procedures for experimental fuel assemblies.  

More economic way for experimental fuel assembly’s utilisation is the train transportation to 
reprocessing plant together with other standard WWR-M spent fuel. Thus utilisation costs will 
be included in total amount of transportation costs for standard fuel. In case of small amount 
experimental  fuel costs for document preparation and transportation can be unacceptable. 

In both cases it is necessary to support indispensable procedures on maintenance nuclear 
and radiation safety. We consider a capability of development of channel structure, which will 
supply a storage and coolant control for experimental fuel assemblies separately from other 
spent standard fuel during long-term storage.  
 
For develop new specification or to adopt the standing one for tested fuel assemblies we  like 
to perform some actions: 
1 Safety cooling under radiation  control of experimental fuel assemblies for some years  
(3 years.) 
2. Development of conceptual plan for utilization. And  approve  this plan by proper Authority. 
3. Fabrication special equipment for utilization of tested fuel. 
 
 



The PNPI experience of tests with WWR-M fuel demonstrates a possibility of a reloading 
standard fuel from spent fuel storage into reactor core with purpose of prolongation of its 
exploitation after storage during till 15 years in water pool, if the indispensable quality of 
coolant is supported. The acceptable limit of storage for experimental fuel should be 
updated. Thus, decision on dry storage can be pending before decision making on train 
transportation to reprocessing plant.  
 
We are grateful to Argonne National Laboratory as the customer of this test intend to support 
this work.  
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ABSTRACT 
 

The Finnish TRIGA reactor, FiR 1, started operation in 1962. From early on the 
reactor created versatile research to support the national nuclear program as well 
as generally the industry and health care sector. Production of short-lived 
radioisotopes is still a basic service. Education and training play a role in the form 
of university courses and training of nuclear industry personnel in the Baltic region. 
In the 1990’s a BNCT cancer treatment facility was build. Over 200 patient 
irradiations have been performed since May 1999. FiR 1 is one of the few facilities 
in the world providing these treatments. A long term strategy is being worked out 
for FiR 1 by VTT supported by an independent survey. The survey recommends 
operation of the reactor at least till 2016 to enable continuation of the promising 
development of BNCT in parallel of developing accelerator based neutron sources 
for this treatment. 

 
 
1 Introduction 
 
The Finnish TRIGA reactor, FiR 1, has been in operation since March 1962. It belonged first 
to the Department of Technical Physics at the Helsinki University of Technology. The 
activities of the reactor were defined as training in nuclear technology, research and 
production of radioactive isotopes. In 1972 the reactor was transferred under the 
administration of the Technical Research Centre of Finland (VTT). 
 
From its early days the reactor created versatile research to support the national nuclear 
program as well as generally the industry and health care sector. The volume of neutron 
activation analysis was impressive in the 70’s and 80’s the reactor operating close to daily 
only for activation analysis. For uranium prospecting yearly some 30 000 mineral samples 
were counted for delayed neutrons with an automated system. Now other analysis methods 
have nearly totally replaced neutron activation analysis. In isotope production a small 
research reactor is competitive only in producing short lived isotopes for local markets.  
 
In the 1980´s FiR 1 had a major role in the Finnish radiopharmaceutical research and 
development. Till mid 1990’s samarium-153 was produced for bone cancer treatment and 
dysprosium-165 for treatment of arthritis. The spin-off company established at the reactor at 
that time, MAP Medical Technologies, has been successful but relies now on other sources 
for its radioisotopes, the accelerator at the Jyväskylä University in central Finland and 
traditional international radioisotope producers. 
 
In the 1990´s an epithermal neutron irradiation facility was constructed for boron neutron 
capture therapy (BNCT) of cancer patients [1,2]. FiR 1 has made already now a major 
contribution in the research and development of BNCT. Internationally important 
breakthroughs have been achieved in the application of BNCT for cancer treatment [3,4]. 
BNCT treatments dominate the current utilization of the reactor: two days per week are for 
BNCT purposes and the rest for other purposes such as radioisotope production, neutron 
activation analysis and education/training. 



 
Fig 1.  The BNCT facility at FiR 1. 

 
2 Boron Neutron Capture Therapy and Medical Physics 
 
Boron neutron capture therapy is an experimental radiotherapy used in clinical trials in 
Europe, Japan and the Americas. In BNCT the highly lethal radiation (α, 7Li*) released in 
thermal neutron capture of boron-10 atoms is used. The dose is targeted to the tumour using 
a boron carrier substance that is selectively taken up by the cancerous tissue. In epithermal 
BNCT epithermal neutrons penetrate deep into the tissue thermalizing at the same time. The 
epithermal neutrons (0.5 eV – 10 keV) are produced from the fission neutrons by a 
moderator block consisting of Al+AlF3 (Fluental™) developed and produced by VTT. The 
material gives excellent beam values both in intensity and quality and enables the use of a 
small research reactor as a neutron source for BNCT purposes. 
 
2.1 Clinical trials 
 
Three clinical trials sponsored by the Boneca Corporation have been running at the FiR 1 
BNCT-facility. Since May 1999 over 200 patient irradiations have been performed (table 1). 
The patients have been with glioblastoma, an until now incurable brain tumour, with recurring 
or progressing glioblastoma or with recurrent inoperable head and neck carcinoma [3-5]. The 
irradiation procedure typically lasts for about one hour. 
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Table 1. Number of BNCT patient irradiation yearly at FiR 1. 
 

Recently the Finnish group working at FiR 1 was able to report that most head-and-neck 
cancers that recur locally after prior full-dose conventional radiation therapy respond to 
BNCT [4]. The scientific director of the research program Heikki Joensuu, professor of 
radiotherapy and oncology at the University of Helsinki, considers the results clinically 
significant [5]. The successes in the BNCT development have now created a demand for 
these treatments, although they are given on an experimental basis. The Helsinki and 



Uusimaa hospital district decided to purchase in 2008 about 50 BNCT treatments annually to 
Finnish patients. Additionally foreign patients are treated. 
2.2 Medical physics research and education 
 
Due to the BNCT project FiR 1 has become an important research and education unit for 
medical physics. Since the early 1990’s several graduate and postgraduate students from 
the medical physics program of the University of Helsinki have been working at the FiR 1 
BNCT facility and are credited up to one year of required hands-on experience for the 
hospital physicist exam. In research projects dosimetry, radiation transport modelling, 
treatment planning, prompt-gamma imaging and other medical physics aspects of the BNCT 
have been studied and developed. Over 10 academic theses and dissertations have been 
produced in these projects, along with over hundred scientific publications.  
 
3 Radioisotope production 
 
Typical radioisotopes produced at FiR 1 for tracer studies in industry are Br-82, Na-24 and 
La-140. The applications are calibrations of liquid or gas flow meters [6] and analysis of 
disturbances in chemical or other processes. The most popular carriers for Br-82 are either 
KBr or ethylene bromide. Typical activity of one irradiated Br-sample is 20 - 80 GBq. 

 
  2004 2005 2006 2007 2008 
Number of deliveries      
 - all  196 156 213 159 225 
 - for outside customers 61 87 92 91 82 
  - science 4 6 10 5 1 
  - industry 57 81 82 86 81 
Total activity produced 
(TBq)      
 - all  1,6 2,8 3,1 4,6 3,0 
 - for outside customers 1,6 2,8 2,9 4,5 2,9 

Table 2. Yearly radioisotope production figures at FiR 1. 

 
4 Nuclear engineering education and training 
 
Helsinki University of Technology has yearly at least two courses for technical physics and 
energy technology students in reactor and neutron physics that utilize the reactor. Reactor 
physics demonstrations are also organized for the students of the Lappeenranta Technical 
University. The KTH (Stockholm) uses FiR 1 as the site for student reactor exercises. FiR 1 
is utilized also in the continuing education and training of the personnel at nuclear power 
companies, both in Finland and in Sweden, and other organisations connected to nuclear 
power. These are typically one day intensive courses with hands on exercises, or 
demonstrations and excursions in connection to longer lecture courses. On the average 
there are yearly over 20 days dedicated for education and training. 
 
5 Cost of operation 
 
The basic cost for maintenance and operation of the reactor is about 400 000 euros per year, 
including licensing administration. The operational costs of the reactor are moderate as one 
operation shift includes only the reactor operator and the shift supervisor and they are not 
fully occupied by the reactor operation. The radiation protection has one duty officer.  
 
The aim is to cover a substantial part of the reactor costs with the income from the services. 
Currently two thirds of the turnover comes from the services. Still financial support from VTT-
basic funding or other government sources is required. New funding possibilities from the 
administrative sector of the Ministry of Education and from different science funds are looked 



for. Together with the increasing income from the BNCT treatments this would balance the 
economy of the reactor. 
6 Long term strategy 
 
A long term strategy is being 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. 
According to the survey [7] most actors in state administration, education and research 
consider 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 year 2016. As part of the consultant survey a SWOT analysis for 
the future of the FiR 1 was performed. An adaptation of that analysis is presented in table 3.  
 
 
Strengths 

The reactor is in good condition and is for the 
moment the best facility in the world suited for 
BNCT treatments. 

Skilled personnel. 

Operational licence now valid till end of 2011 and 
can be easily extended till 2016. 

Enough fuel to operate 50 years more. 

Funds exist for nuclear waste management and 
decommissioning of the reactor. 

The efficacy of BNCT has been demonstrated in 
the treatment of head and neck tumours 
(published in 2007).  

Weaknesses 

The Finnish nuclear power utilities do not directly 
use the research reactor. 

The future of the reactor depends strongly on the 
developments in BNCT. 

Lack of international collaboration especially in 
the field of BNCT. 

Part of personnel retiring in the coming years. 

Operation and maintaining of the reactor are 
loss-making requiring financial support from the 
VTT infrastructure funds and/or elsewhere. 

Opportunities 

Development of BNCT to an established 
treatment for several cancers requires FiR 1 as a 
demonstration and reference facility. 

The likely closing of the BNCT activities by the 
European commission at Petten gives new 
possibilities for FiR 1. 

Increasing interest of venture capitalist in BNCT. 

Development of linear accelerators to substitute 
reactors as a neutron source for BNCT has 
started internationally. 

New funding possibilities from the national 
research infrastructure program and from the 
new Health and Welfare Strategic Centre for 
Science, Technology and Innovation. 

Threats 

The goals set for the contribution margin at VTT 
are not met in the next 2 to 3 years. 

Slow progress in receiving international 
recognition and significantly increasing 
international collaboration in BNCT. 

Risks involved in the financing and in the 
schedule of the development of the accelerator 
based BNCT concept. 

Table 3. SWOT-analysis for the future of the FiR 1, adapted from [7].  
 
 
The current operating license 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 2010. In 2009 the main 
parameters of the application for a new operating license will be decided. Due to the age 
structure of the personnel most of the reactor key persons have changed and will change 
during the years 2008 to 2010 due to retirements. 



 
FiR 1 has an important regional role in producing short lived isotopes as well as in education 
and training as there are only a few research reactors in the Baltic region suitable for these 
tasks (Fig 3.). FiR 1 is participating the IAEA Baltic Research Reactor Initiative where the 
main objective is to evaluate availability and potential of the research reactors in the region to 
provide services for neighbouring countries, in particular in the area of education and 
training. 
 

 
Fig 3.  Research reactors in the Baltic region. 
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ABSTRACT 

 
It is one of fundamental problems in the sphere of the study of construction 
materials for nuclear reactors to create a radiation-resistant material fit for long-
term operation under high-dose neutron radiation conditions. At present, SAV-1 
and AMG-2 aluminum alloys are used at the WWR-M reactors as fuel elements 
which differ from other alloys with their physical and mechanical properties, 
specifically, super-durability, corrosion resistance and high reserve of creepage. 
This work is devoted to a study into the influence of neutron radiation on the 
elemental composition and structure of the SAV-1 and AMG-2 alloys. With this aim 
in view the samples of these alloys were exposed to neutron flux at the WWR-SM 
reactor at the Institute of Nuclear of Physics AS RUz, using the fluencies of ≈1019 
neutron/cm2. 

 
1.1. Measurement of neutron flux spectrum 

 Monitors Au, Co, Ni, Ti, Fe have been made from thin roll flat metal foil, and Y and Mg 
were taken in the form of their connections MgO and Y2O3.  

 Two sets of monitors have been weighed, packed into polyethylene packages, 
wrapped in aluminum foil and soldered in quartz ampoules. One of ampoules has been 
soldered in Cd glass for cut-off by component thermal flux in the course of irradiation of 
monitors. Irradiation of both containers was carried out consistently for 2 hours in the 
second channel of the reactor general neutrons flux. Measurement of samples’ gamma 
activity was carried out in 3-10 days after irradiation. Registration of samples gamma 
spectrum was carried out on HP Ge detector with multichannel analyzer DSA1000 of 
Canberra firm, processing of gamma spectrum was carried out by means of standard 
software package Genie 2000. 

 
 % Еthreshold, MeV T1/2 Е, KeV M, mg 

197Au (n, γ) 198Au 100  2,7 d  5 
58Ni (n, p) 58Co 67,88 2,6 71,3 d 810,8(99) 12,25 

24Mg (n, p) 24Na 78,7 6,3 15,05 h 1368,5(100) 1.1457 
48Ti (n, p) 48Sc 73,94 7 1,83 d 1312,1(100) 

1037,4(100) 
983,5(100) 

15.15 

46Ti (n, p) 46Sc 7,93 4.5 83,89 d 889,2(100) 
1120,5(100) 

15.15 

54Fe (n, p) 54Mn 5,84 3 312,6 d 834,8(100) 9,05 
89Y (n, 2n) 88Y 100 12 108,1 d 898(92) 

1836,1(100) 
5.9842 

60Ni (n, p) 60Co 26,23 6 5,26 y 1173,2(100) 
1332,5(100) 

12,25 

Table 1. Description of monitors 
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Fig. 1. Neutron flux density in reactor channel in energy interval 0,025 eV - 12 MeV 

 
# Channel # 58Ni, 10-12 Optical absorption 
1 7-1 1,89 0,4 
2 4-1 4,78 0,65 
3 5-1 6,39 0,9 
4 6-1 4,15 0,96 
5 3-7 10,12 1,18 
6 7-3 10,02 1,15 
7 2-4 4,98 1,52 
8 4-2 17,52 1,44 
9 6-2 12,03 1,57 

10 6-7 10,36 1,65 
Table 2. Experiment results of fast neutron flux in the reactor 

(Ni-58, optical absorption) 
 
Results of neutron flux spectrum calculations using MCNP4C are shown in table 3. 
 

Channel # Energy, MeV Flux, n/cm2×s 
0 - 6,2500E-07 1,33244E+14 

6,2500E-07 - 8,0000E-01 3,95490E+13 
8,0000E-01 - 3,0000E+00 7,47058E+12 
3,0000E+00 - 2,0000E+01 1,81057E+12 

1-4 

Total 1,82074E+14 
0 - 6,2500E-07 1,97076E+14 

6,2500E-07 - 8,0000E-01 1,36796E+14 
8,0000E-01 - 3,0000E+00 3,20508E+13 
3,0000E+00 - 2,0000E+01 8,09698E+12 

2-5 

Total 3,74019E+14 
0 - 6,2500E-07 1,54672E+14 

6,2500E-07 - 8,0000E-01 1,33735E+14 
8,0000E-01 - 3,0000E+00 3,31201E+13 
3,0000E+00 - 2,0000E+01 8,57388E+12 

6-2 

Total 3,30102E+14 
Table 3. Neutron flux spectrum calculation results 
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Definition of crystal structure and parameter of lattice of alloys was spent on X-ray 
diffractometer DRON-3М (l =0,15418 nanometers). 
According to the radiographic analysis, as expected, initial alloys SAV-1 and AMG-2 have 
face-centered cubic arrangement with lattice parameter, a = 4,066 ± 0,003 Å and a = 
4,0726±0,003 Å, accordingly. Small increase of alloys’ lattice parameter in comparison with 
the reference aluminum sample (4,0414 Å) is result of the presence of impurity in them.  
To determine the elemental composition and structure of the samples, the latter were studied 
with the help of the micro analyzer “Jeol” JSM 5910 IV- Japan. Tables 4 and 5 summarize 
contents (%) of the elements Mg, Al, Fe, Si и Cu for the alloys SAV-1 and AMG-2, 
correspondingly, before and after the samples were subjected to 1019 n/cm2 fluencies. It is 
worth noting that data in table 4 coincides with published data for the SAV-1 and AMG-2 
samples. In addition, the tables contain the measurement data only for those points which fail 
to appear in the area of local formations of insoluble intermetal phases. Tables 4 and 5 
present screened illustration of the samples SAV-1 for elements Mg, Al, Fe и Si before and 
after irradiation with the fluence of 1019 n/cm2, correspondingly. Fig. 2 shows local formations 
by way of white stains of insoluble inter-metal phases of Al-Mg-Si-Fe type with the size of 1 - 
≥10 μm (for example, see Fig. 2 for Si). The measurement of the element content at these 
two points has given the following result: Point I: Al − 66,72%; Mg − 11,06%; Si − 15,80%; Fe 
−5,96%. Point II: Al − 69,70%; Mg − 4,88%; Si − 13,37%; Fe −11, 63%. 
It is seen in Fig.3 that after being irradiated, the surface of the sample is oxidized and the 
local insoluble intermetal phases of the Al-Mg-Si-Fe type are broken up and scattered over a 
large volume of the sample becoming actually evenly distributed over all the volume. It is 
especially well-seen on the pictures (Fig. 3) of the elements Fe and Mg. Such a breaking up 
of the local insoluble intermetal phases in the final analysis has caused a considerable 
change in the elemental composition in the three points measured which is seen in Table 5. 
It seems that a considerable change in the size of the local insoluble intermetal phases 
causes a change in the thermal conductivity, specific resistance, as well as microhardness of 
the samples when the latter have been subjected to irradiation. The further investigations will 
be devoted to determination of the above-mentioned characteristics of the samples. 

Sample Analysis # Mg Аl Si Mn Fe Сu Total 
SAV-1 1 1,00 98,42 0,45 0,00 0,14 0,00 100,00
SAV-1 2 1,04 98,24 0,54 0,00 0,13 0,06 100,00
SAV-1 3 1,15 98,12 0,51 0,02 0,14 0,06 100,00

Average  1,06 98,26 0,50 0,01 0,14 0,04 100,00
AMG-2 4 2,81 96,72 0,00 0,21 0,27 0,00 100,00
AMG-2 5 2,77 96,65 0,00 0,27 0,25 0,07 100,00
AMG-2 6 2,82 96,72 0,00 0,24 0,23 0,00 100,00

Average  2,80 96,70 0,00 0,24 0,25 0,02 100,00

Table 4. Elemental composition of the main admixtures (%) 
in the SAV-1 and AMG-2 samples before being irradiated with a neutron flux 

 
Sample Analysis # Mg Аl Si Fe Сu Total 
SAV-1 1 0,48 96,33 2,72 0,44 0,04 100,00 
SAV-1 2 0,57 97,42 1,77 0,25 0,00 100,00 
SAV-1 3 0,55 97,054 1,66 0,27 0,00 100,00 

Average  0,53 97,09 2,05 0,32 0,01 100,00 
AMG-2 4 1,230,57 97,51 0,58 0,68 0,00 100,00 
AMG-2 5 1,56 97,204 0,56 0,68 0,00 100,00 
AMG-2 6 1,71 97,32 0,57 0,31 0,09 100,00 

Average  1,50 97,34 0,57 0,56 0,03 100,00 
Table 5. Elemental composition of the main admixtures (%) 

in the SAV-1 and AMG-2 samples after being irradiated with the fluence of 1019 n/cm2 
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Fig. 2. Microstructure of SAV-1 initial alloy (before irradiation) 
 

 
 

Fig. 3. Microstructure of SAV-1 alloy after irradiation with 1019 n/cm2 fluence 
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Microhardness measurement shows, that it is observed strong enough dependence Нμ from 
weight to value F≈3N. On weights F>3N microhardness practically does not depend on 
weight. As depth of penetration of diamond pyramid depends on weight, it is possible to draw 
a conclusion, that in surface layer of samples at microhardness definition, apparently plays 
essential role. 
 

 
Fig. 4. Neutron irradiated SAV-1 alloy 

samples’ microhardness dependence from 
loading on indentor: not irradiated (1); 

irradiated by fluences 1018 cm-2 (3) and 1019 
cm-2 (2) 

Fig. 5. Neutron irradiated AMG-2 alloy 
samples’ microhardness dependence from 

loading on indentor: not irradiated (2); 
irradiated by fluences 1018 cm-2 (2) and 1019 

cm-2 (3) 
 
Essentially increase of size after irradiation fluence 1017 n/cm2 and rather poorly linearly 
grows at the further increase fluence almost in all range of loading F>3N, that microhardness 
essentially increases at the first irradiation. Essential reduction of the sizes (smashing) and 
dispersion of local insoluble intermetallic phases on big volume of alloys after irradiations and 
radiating defects, on the visible lead to additional fastening of dispositions that causes 
increase in microhardness of samples. 
 

Fig. 6. AMG-2 ( ) and SAV-1 ( ) 
alloys microhardness dependence 

form neutron fluence. Points marked 
for comparison  corresponding to Hμ 
values of not irradiated AMG-2 ( ) 

and SAV-1 ( ) 
 

 
Conclusion 

 Influence of reactor irradiations various fluences (1017-1021 n/cm2) on a microstructure 
and microhardness of alloys SAV-1 and AMG-2 is studied. It is revealed, that reactor 
irradiation leads to practically uniform redistribution of the basic impurity on all sample, 
before irradiation there was non-uniform distribution in initial samples because of 
natural ageing. 

 In the interval we have found fluence swelling is insignificant. 
 It is established, that under the influence of irradiation microhardness of alloys 

essentially increases at primary irradiation before fluence 1017 n/cm2 and linearly grows 
at the further increase fluences to 1021 n/cm2. The microhardness increase results from 
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smashing and dispersion local insoluble intermetallic system Al-Mg-Si-Fe phases on 
great volume of alloys and growth of concentration of radiation defect with increase of 
fluence. 
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ABSTRACT 

 
The Dalat Nuclear Research Reactor is a pool type research reactor which was 
reconstructed from the 250 kW TRIGA-MARK II reactor. The spent fuel storage 
was newly designed and installed. Next to the reactor pool in the same concrete 
shield structure, there is another pool for storage of spent fuel assemblies. It was 
the old bulk-shielding experimental tank, kept from the former TRIGA reactor. For 
the present reactor, this tank is coated with stainless steel and filled with 
demineralised water. The capacity of the storage is to contain 300 spent fuel 
assemblies. Fuel reloading has been executed by using LEU FA on 12 September, 
2007. In the fuel reloading, the 8 HEU FAs with highest burnup were removed from 
the core and put in the interim spent fuel storage in reactor pool. After cooling, the 
spent HEU FAs will be transported to spent fuel storage. The spent fuel storage 
will be used for storage of all spent HEU FAs when full core conversion will be 
executed. This paper presents spent fuel storage and handling at the Dalat Nuclear 
Research Reactor.  

 
1. Introduction 
 
The Dalat Nuclear Research Reactor (DNRR) is a pool type research reactor which was 
reconstructed from the 250 kW TRIGA-MARK II reactor. The reactor core, the control and 
instrumentation system, the primary and secondary cooling systems, the spent fuel storage 
as well as other associated systems were newly designed and installed. The vertical section 
of the reactor is shown in Figure 1. 
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Fig 1. Vertical section view of the reactor 



The core was loaded with WWR-M2 fuel assemblies with 36% enrichment. The fuel 
assembly is shown in Figure 2. The reconstructed reactor reached its initial criticality in 
November 1983 with 69 fuel assemblies and attained its nominal power of 500 kW in 
February 1984.  
 

Fig 2. Fuel assembly type WWR-M2 

600  

865mm 
 32mm   22mm 

 11mm 

2.5mm 

0.9 0.7 0.9 

Al U+Al Al 

35mm



2. Interim storage of spent fuel 
 
On the horizontal aluminium slab of the supporting base located at the end of upper 
cylindrical shell, there are 24 piercing holes provided to hold 24 pits for interim storage of 
irradiated or spent fuel assemblies as well as of other objects removed from the core. Each 
pit can contain 3 fuel assemblies placed vertically. This storage rack is immersed in the 
reactor pool at a water depth of about 3 m and is capable of containing 72 fuel assemblies 
[1]. There is a bigger hole for interim storage of larger irradiated substance. At present, this 
hole is used to keep the irradiated instrumented fuel assembly. The interim storage is shown 
in Figure 3. 
 

 
 

Fig 3. Interim storage of spent fuel 
 
 
3. Permanent storage of spent fuel 
 
Next to the reactor pool in the same concrete shield structure, there is another pool for 
storage of spent fuel assemblies. It was the old bulk-shielding experimental tank, kept from 
the former TRIGA reactor. For the present reactor, this tank is coated with stainless steel and 
filled with demineralised water. The spent fuel storage pool has 300 cells distributed in a 
square lattice with a pitch of 65 mm. Each cell has a diameter of 42 mm and a length of 688 
mm and designed to keep one fuel assembly. Thus the capacity of the storage is to contain 
300 fuel assemblies. To prevent from dust, a light metallic cover is provided on top of this 
pool, which is divided into a number of sections with their doors. Water purification for this 
pool is maintained by a system consisting of a pump, two filters and an ion-exchanger. The 
permanent storage is shown in Figure 4. 
 
 



 

 
 

Fig 4. Permanent storage of spent fuel 
 
4. Transportation cask and handling tool 
 
A 2.5-ton lead cask is provided to contain a spent fuel assembly for transferring it from the 
interim storage to the permanent storage pool. The transportation cask is shown in Figure 5. 
 

 
 

Fig 5. Transportation cask  



 
A rotating bridge crane of 3.6-ton load is used to transport the cask. Handling of fuel 
assemblies is provided with a special handling tool. This fuel handling tool consists of outer 
and inner hoses of stainless steel. It has two connected parts with a total length of 6.6 m, but 
it can be shorten to 3.8 m by disconnecting the upper part. With this handling tool, personnel 
are able to trap a header of a fuel assembly at the tool’s lower end, hold and move the fuel 
assembly and then release it at a new location. 
 
5. Fuel reloading and conversion  
 
In April 1994, after more than 10 years of operation with 89 fuel assemblies, the first fuel 
reloading was executed. The 11 new fuel assemblies were added in the core periphery, at 
previous beryllium element locations. After reloading the working configuration of reactor 
core consisted of 100 fuel assemblies. The second fuel reloading was executed in March 
2002. The 4 new fuel assemblies were also added in the core periphery, at previous 
beryllium element locations. After reloading the working configuration of reactor core 
consisted of 104 fuel assemblies. The third fuel reloading by shuffling of fuel assemblies was 
executed in June 2004. The shuffling of 16 fuel assemblies with highest burn up in the centre 
of the core and 16 fuel assemblies with low burn up in the core periphery was done. The 
working configuration of reactor core kept unchanged of 104 fuel assemblies. The fourth fuel 
reloading was executed in November 2006. The 2 new fuel assemblies 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 fuel assemblies [2]. 
Contracts for reactor core conversion between Russia, Vietnam, USA 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. The 35 fresh HEU FAs were sent back to Russian Federation. We have 
received 36 new LEU FAs from Russian Federation. Fuel reloading has been executed by 
using LEU FAs on 12 September, 2007. 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 
placed in the interim storage [3]. After being cooled for about one year at this interim storage, 
the spent fuel assemblies will be transported and kept in the permanent storage. In the May 
2009 next refuelling will be executed by using LEU FAs. About 8 HEU FAs will be replaced 
by LEU FAs. Now we are studying full core conversion. The spent fuel storage will be used 
for storage of all spent HEU FAs and then transported to Russian Federation when full core 
conversion will be executed.  
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ABSTRACT

The irradiation performance of RERTR dispersion fuels depends on the radiation stability of the various 
phases that comprise a fuel plate.  Transmission electron microscopy was performed on a sample taken 
from an irradiated U-7Mo dispersion fuel  plate with Al-2Si matrix to investigate how the presence of Si in 
the fuel  meat matrix impacts the radiation stability of the U-7Mo/matrix interaction layer phase(s). A 
similar interaction layer that forms in irradiated U-7Mo dispersion fuels with pure Al matrix has been found 
to exhibit poor irradiation stability.  This behavior seems to be due to the fact that it cannot adequately 
retain fission gases that are generated during irradiation.  For the sample from the irradiated U-7Mo/
Al-2Si fuel plate, the interaction layer was observed to be amorphous, like was case for the layer in  
irradiated U-7Mo/Al  dispersion fuel. However, unlike the U-7Mo/Al fuel, this amorphous layer was found 
to effectively retain fission gases in areas of high Si  concentration.  The fission gases were observed to 
be distributed as small  (< 2 nm diameter) fission gas bubbles throughout the interaction layer, which were 
not observed in the interaction layer in irradiated U-7Mo/Al fuel.  The presence of these fission gas 
bubbles seems to correlate to the Si concentration within the interaction layer.  When the Si concentration 
becomes relatively low, the fission gas bubbles agglomerate into fewer large pores.  Within the U-7Mo 
fuel particles, a bubble superlattice was observed where the bubbles were 2 to 4 nm in size.  

1. Introduction

Low-enriched uranium (LEU) fuels are being developed by the United States Reduced 
Enrichment for Research and Test Reactors (RERTR) program to enable research and test 
reactors to discontinue the use of highly-enriched uranium (HEU) fuel [1].

A big part of the development of LEU fuels has involved using the Advanced Test Reactor (ATR) 
to test different fuel types to investigate irradiation performance.  The first experiment that was 
run to test dispersion fuels with Si-containing Al alloy matrices was the RERTR-6 experiment 
[2].  Si is added to the matrix of  a U-Mo dispersion fuel to enable the formation of stable U-Mo/
matrix interaction layers that behave well during irradiation.  Similar interaction layers in U-7Mo 
dispersion fuels with only Al as the matrix do not exhibit good irradiation performance  [1].  TEM 
characterization of  the layers in an irradiated U-7Mo/Al dispersion fuel showed that the 
interaction layer that was present around the U-7Mo fuel particles was amorphous and did not 
retain fission gases as stable bubbles [3].  Instead, the fission gases migrated to the interaction 
layer/matrix interface, where they developed into relatively large pores that could link up and 
cause fuel plate failure.  By adding Si to the matrix of  a U-Mo dispersion fuel, it is predicted that 
a more stable interaction layer will develop that can better accommodate fission gases [4].





In order to investigate the performance of  U-7Mo/matrix interaction layers in an irradiated 
U-7Mo/Al-2Si fuel plate, transmission electron microscopy (TEM) characterization was 
performed on a sample taken from fuel plate R2R010, which was irradiated as part of  the 
RERTR-6 experiment.  Characterization of this same fuel plate using scanning electron 
microscopy (SEM) is reported in [5].  This paper will discuss the findings of  this TEM 
investigation in terms of the observed microstructures of  the irradiated U-7Mo particles and  
U-7Mo/matrix interaction layers.  Behavior of the fission gases within the U-7Mo and the 
interaction layers will also be described.

2. Experimental
2.1 Irradiation Testing

For the RERTR-6 experiment, fuel plates were tested to medium burn-up under moderate flux 
and moderate temperature conditions. The fuel plates were positioned edge-on to the core, and 
as a result had a neutron flux across the widths of  the fuel plates.  For fuel plate R2R010, the 
calculated peak cladding temperature was 109˚C; the plate average fission density was 3.2 x 
1021 fcm-3, the average fission rate was 2.7 x 1014 fcm-3s-1; and the peak heat flux for the entire 
plate was 148 Wcm-2.

2.2  Microstructural Characterization

A TEM sample was prepared for characterization from a 1-mm-diameter, cylindrical sample that 
was taken from the high-flux side of  the fuel plate in a hot cell.  The irradiation conditions for a 
sample taken from this side of  R2R010 had approximate average fission density, average 
fission rate, and peak heat flux values near 4.5 x 1021 fcm-3, 3.8 x 1014 fcm-3s-1, and 148 Wcm-2, 
respectively [5].   In the Electron Microscopy Laboratory, the sample was glued to a 3-mm-
diameter Mo ring using epoxy, which was in turn mechanically polished, electrochemically jet 
polished, and finally ion polished to perforation.  More details about preparing a TEM sample 
from irradiated dispersion fuel is discussed in [6].  The finished sample was then characterized 
using a JEOL2010 TEM at 200KV.   Bright and dark field imaging was performed, along with 
electron diffraction for identifying phases.

3.  Results
3.1 Optical Metallography

Optical metallography images from a full transverse cross section taken at the mid-plane of 
R2R010 are presented in Fig. 1 to show  the overall as-irradiated microstructure from which the 
TEM sample was produced.   From the higher magnification images, it can be seen that narrow 
interaction layers are present around the U-7Mo particles.





(a)

(b) (c)

Fig. 1. A low magnification optical micrograph (a) of the R2R010 fuel microstructure, where the high-flux 
side is to the right, and a higher magnification image at the (b) low and (c) high flux side of the fuel plate.

3.2 Transmission Electron Microscopy 
3.2.1  Characterization of the U-7Mo particles

When producing TEM images of the U-7Mo particles, it was found that in some cases oxide 
particles were present on the fuel particles, due to the exposure of  the sample to air before it 
could be inserted into the TEM.  However, many areas of  the U-7Mo particles were found where 
oxide particles were not a problem and high-quality TEM images could be obtained.  TEM 
images and a selected area diffraction (SAD) pattern of a U-7Mo particle that was characterized 
in the R2R010 sample are presented in Fig. 2.   It was observed that the U-7Mo was crystalline 
gamma phase after irradiation.  Within the  U-7Mo structure, an ordered superlattice of fission 
gas bubbles was observed.  The average size of the bubbles was ~ 3 nm.  The bubble spacing 
was between 6.5 and 8.3 nm depending on the crystal orientation of  the fuel particle.   Another 
TEM image that shows the fission gas bubbles present in a U-7Mo particle is presented in Fig. 
3, along with an electron diffraction pattern. Satellite spots are present in the electron diffraction 
pattern that indicate the presence of a bubble super lattice at zone [113].  A final TEM image 
generated from a U-7Mo particle is presented in Fig. 4 to show  some relatively large fission gas 
bubbles that were observed in some areas of  U-7Mo particles.  Based on SEM analysis that has 
been performed on irradiated RERTR-6 fuel plates, relatively large fission gas bubbles can be 
observed at the cell boundaries of U-7Mo particles [7].





 (a) (b)

Fig. 2. (a) low and (b) high magnification TEM images of the ordered bubbles observed in a U-7Mo 
particle at zone [135].  The inset in (a) is a selected area diffraction (SAD) pattern that contains rings due 
to the presence of oxides that formed at the U-7Mo fuel particle locations of the sample. 

 (a) (b)

Fig. 3. TEM image (a) and electron diffraction pattern (b) produced from a  characterized U-7Mo 
particle.  The inset in (b) shows the satellite spots that indicate the presence of a bubble super lattice at 
zone [113].  





Fig. 4. TEM image showing relatively large fission gas bubbles present in a U-7Mo fuel particle.

3.2.2  Characterization of the U-7Mo/matrix interaction layers

TEM micrographs of the interaction layer are presented in Fig. 5.  A weak beam dark field image 
using the diffused ring was generated to show the extremely fine microstructural features 
present in the interaction layer, and a SAD pattern was generated to show that the interaction 
layer was amorphous.   In addition, bright field images in focused, under-focused and over-
focused conditions were generated to show the high density of < 2-nm-sized bubbles that were 
present in the interaction layer.  These bubbles are likely the fission gas bubbles.  A final low-
magnification TEM image is presented to show the interaction layer between the Al-2Si matrix 
and the U-7Mo fuel particle. 

Compositional analysis was performed in different areas of the interaction layers to determine 
the variability of  the Si content within the layers.  Figures 6 and 7 shows the areas within the 
interaction layers where compositional analysis was performed, and Tables 1 and 2 enumerate 
the results of  this analysis.  From this data it can be seen that there is a variability in the Si 
content within the interaction layer, along with the U, Mo, and Al.  The highest concentrations 
measured in the interaction layer for U, Mo, Al, and Si were approximately 19, 9, 90, and 12  at
%, respectively. It appears that the areas of the interaction layers with the fewest small fission 
gas bubbles were also the most enriched in Si.  This may indicate a higher fission gas solubility 
of the material when Si concentrations are higher, which would result in less fission gas bubbles 
precipitating out.  At some locations fission product Zr could be detected.

 
   





 (a) (b) (c) (d)

 
 (e) (f)
Fig. 5. TEM micrograph (a) showing a weak beam dark field image of very fine microstructural 
features in the interaction layer.  (b) is a bright field (BF) image of the layer at focus; (c) is a BF image 
slightly under focus; and (d) is a BF image slightly over focused. The images in (b-d) seem to show the 
presence of fine fission gas bubbles within the interaction layer. In (c) the bubbles appear as white spots, 
and in (d) they appear as dark spots. (e) is a SAD pattern where a ring is observed, which indicates the 
interaction layer is amorphous. (f) is a lower magnification TEM image showing the fuel, interaction layer, 
and Al alloy matrix.  





Fig. 6. TEM micrograph showing locations where composition analysis was performed.

Table 1. Measured compositions, in at%, at various locations in the interaction layer shown in Fig. 6.

Spot Al Si Mo U Zr

A1 78.2 9.9 2.5 9.4 -

A2 74.5 9.2 5.5 10.7 -

A3 75.4 8.9 4.8 10.9 -

b 79.6 8.4 3.0 8.9 -

c 93.8 4.7 0.7 0.7 -

C1 89.1 5.7 1.6 3.5 -

near C1 85.5 5.5 3.0 3.4 2.6

d 91.2 7.2 0.7 0.2 0.8

E 91.6 5.2 1.1 0.2 1.7

F 91.8 6.3 0.6 0.3 1.0

Interaction 

Al

layer 





Spot Al Si Mo U Zr

G 90.6 7.8 0.6 0.2 0.8

H 87.9 6.8 2.2 0.4 2.7

I 89.7 5.6 2.1 2.6 -

J 82.8 4.2 3.3 9.7 -

Fig. 7. TEM micrograph showing locations where composition analysis was performed.
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Table 2. Measured compositions, in at%, at various locations in the interaction layer shown in Fig. 7.

Spot Al Si Mo U

A 77.8 11.4 1.9 8.9

B 66.9 12.1 4.7 16.3

C 68.7 5.1 6.9 19.3

D 40.1 3.8 12.1 44.0

E 20.9 0 23.9 56.7

F 50.7 4.4 8.8 36.0

G 84.1 7.3 0 9.7

H 93.7 6.0 0 0.2

4.  Discussion

With respect to the observed crystallinity of the γ-phase U-7Mo particles and the presence of an 
array of fission gas bubbles, the TEM characterization results reported in this paper showed 
good agreement with what was reported for irradiated U-7Mo samples in [3].  Overall, the 
U-7Mo remained γ-phase and did not become amorphous during irradiation, and the average 
size of the fission gas bubbles was ~ 3 nm, with a bubble spacing between 6.5 and 8.3 nm 
depending on the sample orientation 

For the Si-rich interaction layers that originated between the U-7Mo particles and the Al-2Si 
matrix during fuel fabrication and contained crystalline phases, they became amorphous during 
irradiation. This was analogous to the irradiated U-7Mo/Al dispersion fuel reported in [3] where 
the interaction layers also became amorphous.  However, with respect to the fission gas 
behavior in the interaction layers, the behavior seems to be quite different for the U-7Mo/Al-2Si 
fuel  compared to the U-7Mo/Al fuel.  The interaction layers in the irradiated U-7Mo/Al 
dispersion fuel did not retain fission gases during irradiation [3] while it is likely that the 
interaction layer in the U-7Mo/Al-2Si fuel did.  These fission gases appear to be retained in the 
layers as small, stable fission gas bubbles up to moderate burnup.  For irradiated U-7Mo 
dispersion fuels with pure Al as the matrix, the fission gases do not remain in the interaction 
layers during irradiation but instead migrate to the interaction layer/matrix interface, where they 
agglomerate into large pores that can ultimately interconnect and cause failure of a fuel plate.  
Based on OM and SEM analysis of  fuel plate R2R010 [5], no large fission gas bubbles can be 
observed at the interaction layer/matrix interface, and since the fission gases have to be present 
somewhere, it appears, based on this work, that they are contained in the interaction layer.  In 
fact, SEM analysis has also been able to resolve fission gas bubbles in the interaction layer.  In 
some Si-depleted regions of the interaction layer, the fission gas bubbles had agglomerated and 
become large enough that they could be resolved using an SEM. Future work will be performed 
to identify what, if  any, effects the ion polishing or presence of oxides had on the information 
generated from the present TEM sample. 

The presence of  Si in the amorphous interaction layer seems to affect certain properties of the 
material (e.g., viscosity) such that there is a propensity of the layer to retain the fission gases.  It 
has been proposed that for uranium-silicide fuels, which also go amorphous during irradiation,  
the additional Si bonds in U3Si2 relative to U3Si results in an improvement in irradiation 
performance [8].   These additional bonds reportedly have a large effect on the amount of  free 





volume in the material, which affects the fluidity of  the fuel and as a result the fission gas 
diffusivity and swelling behavior.  For the U3Si2, which behaves well during irradiation, the 
increase in free volume during amorphization is negligibly small, and for U3Si, which behaves 
poorly during irradiation, the increase in free volume during amorphization is relatively large.  
This means that just because a material goes amorphous it is not a given that there will be a 
large swelling increase unless there is a significant increase in free volume.   The morphology of 
fission gas bubbles in actual irradiated uranium-silicide fuels have been discussed in 
References 9 and 10.  In [9], it is reported that irradiated USi and U3Si2 fuels develop uniform, 
round, very small fission gas bubble, while U3Si displays bubbles that have no uniformity and 
show  signs of migration and interlinkage. In [10], it is reported that the size of the fission gas 
bubbles in irradiated uranium-silicide fuels is related to the composition of the fuel particles.  
Many very small (100-300 nm) fission gas bubbles are observed in irradiated USi, while 
irradiated U3Si2 has fewer bubbles with areas that contain larger fission gas bubbles (up to 1 
µm).   The bubbles observed in these two fuels were perfectly round and showed no indication 
of bubble coalescence.  However, like was the case in [9], the U3Si fuel exhibits unstable fission 
gas behavior in that the fission gas bubbles vary in shape and exhibit signs of interlinkage.  

For the case of  the Si-containing interaction layers in fuel plate R2R010, the Si may be having a 
similar effect as it did for the uranium-silicide fuels.  For areas of the interaction layers where the 
Si content is relatively high, the amount of free volume increase is small when the material goes 
amorphous during irradiation, and for cases where the Si content is relatively low  the free 
volume increase is larger and the fission gas bubbles can grow  and become more mobile.  In 
the R2R010 punchings that were analyzed using SEM [5], it was actually observed that the 
fission gas bubbles significantly increased in size in some interaction layer regions where the Si 
concentration was relatively low.   This would suggest that the properties of the interaction layer 
had changed because of the lower amount of  Si (perhaps the free volume), which resulted in a 
lower viscosity of the amorphous material and a resulting growth of  the bubbles and an increase 
in the mobility of  the fission gases.  However, since the fission gas bubbles were still contained 
in the interaction layer and had not migrated to the interaction layer/matrix interface, there still 
seemed to be enough Si present in the layer to keep the viscosity high enough to keep the 
bubbles in the layer.

5.  Conclusions

Based on the TEM characterization of a U-7Mo/Al-2Si dispersion fuel plate irradiated to 
moderate burnup in the RERTR-6 experiment, the following conclusions can be drawn:

1. U-7Mo fuel particles irradiated to medium burnup retain their crystallinity and contain small 
 fission gas bubbles distributed on a super-lattice.  

2. The Si-rich interaction layers that originally develop around U-7Mo particles during fuel 
plate fabrication and are present when a fuel plate is inserted into the reactor become 
amorphous during irradiation.  These layers exhibit stable irradiation behavior probably 
due to the fact that they appear to retain fission gases as small, <2-nm-diameter bubbles 
that are distributed uniformly in high density in the interaction layer.  The local Si content 
within the interaction layer seems to affect the size and morphology of these bubbles.
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ABSTRACT 
 

A stable behavior of U-Mo/Al dispersion fuel under irradiation conditions of research 
reactors depends on a U-Mo alloy ability to keep hold of gaseous products of U-235 
fission. Numerous investigations of irradiated U-Mo alloys show that a quantity and 
size of gas pores in the alloys increase with a fuel burn up. However, up to the 
present time changes in the size and quantity of gas pores were mainly analyzed by 
their metallographic sections [1, 2]. 
In paper the results of the stereometric analysis of the volumetric distribution of the 
pores of gas fission products in the U-Mo fuel particles irradiated to different burn up 
as well as in the sampling areas with abnormal swelling of a fuel meat are described. 

 
1. Introduction 
An unstable behavior of dispersion U-Mo/Al fuel under irradiation conditions is the main 
problem preventing this fuel from usage in research reactors. When a fuel fission rate and 
burn up, dependent on a fuel irradiation temperature, exceed a certain critical threshold, gas 
pores are observed to form in a fuel meat and it finally leads to uncontrollable swelling of fuel 
elements. This phenomenon seemingly is related to the metal U-Mo fuel, which is unable to 
keep hold gaseous fission products (GFP), which can release into the Al matrix. In order to 
understand the phenomenon and solve the problem of the uncontrollable swelling rate of fuel 
plates the data on the interaction of irradiation parameters with the quantitative 
characteristics of the U-Mo fuel GFP pores are required as well as the data on the changes 
in these characteristics in the fuel meat areas with a normal and abnormal behavior.  

In this paper the data on the volumetric distribution of the gas pores in the U-Mo fuel 
irradiated to ~50 and ~97 % burn-up are provided as well as the data on the gas pores 
distribution in the abnormal swelling areas located near the fuel meat cracks.  
 
2. Materials and test methods 
The fuel element assembly designated “КМ004” was irradiated in the research reactor  
IVV-2M, Zarechny. The test specimens were cut out of different areas of a fuel element (FE) 
of КМ004 (Table 1).  

Specimen 
number 

Sampling area 
in fuel element  

L1) TBOL
2), 0C ϕ3), 1014  

f.cm-3.s-1  
Ψ4), 1021 

f.cm-3  
Bu5), %  

135 Top - 48.6  3.80  4.57  49.5  
73 Center  - 80.2  5.92 7.12  97.3 

74-1 Near the center ~5 mm 82.6  5.86  7.06  96.4  
74-2-1 Near the center ~1 mm 82.6  5.86  7.06  96.4  
74-2-2 Near the center ~300 µm 82.6  5.86  7.06  96.4  
74-2-3 Near the center ~30 µm 82.6  5.86  7.06  96.4  

1) – a distance from a swelling crack mouth 
2) – a fuel cladding temperature at the beginning of tests  
3) – a fuel fission rate 
4) – a fuel fission density 
5) – an equivalent burn-up 

Tab. 1: Characteristics of test specimens 



The distribution of gas pores of fission products in the fuel particles was studied with the 
scanning electron microscope with magnification х3000. The distribution of the gas pores in 
the fuel particles volume was analyzed by the stereometric metallography methods, 
developed by S.A. Saltykov [3]. 
 
3. Results and Discussion 
The dependence of the volumetric distribution of pores quantity in fuel particles on a pore 
size is shown in Figure 1. 
The fuel particles of specimen #135 with Bu=49.5 % have pores of the smallest size and their 
diameters are within 90 to 700 nm (Fig. 1а). A mean diameter of these pores is equal to 255 
nm. The dependence of the distribution of pores over sizes has one maximum, which 
corresponds to a diameter of ~180 nm and equals to 1.53·109 mm-3. It means that the entire 
pore amount in the fuel particles of specimen #135 makes one poly-dispersed system 
characterized by function Ni=f(Di), which is close to the normal Gauss distribution. In the fuel 
particles of specimen #135 the concentration of pores is equal to 4.70·109 mm-3, and the total 
pore volume is 5.57·10-2 mm3, which corresponds to a volume portion of pores of 5.57 %. In 
the fuel particles of specimen #135 a maximum volume of pores is provided by sizes 350 and 
455 nm making a portion of 22.9 and 22.7 % in the total pore volume, respectively (Fig. 2а). 
An average velocity of porosity growth in the fuel particles as a function of a fuel burn-up 
development rate is ΔVGFP/ΔBu=5.57/49.5≈0.11 % per 1 % fuel burn up. 
The different manner of a pore size distribution is observed (Fig. 1а) in specimen #73, which 
was sampled from the center of the FE and whose burn up was twice as large as that of 
specimen #135. The first difference is that the curve of specimen #73 is shifted to the region 
of larger sizes of pores, the pore diameters cover a wider range, which is from ~180 to 1400 
nm. A maximum pore concentration is 3.54·108 mm-3, which corresponds to sizes ~555 nm. 
A mean diameter of pores is equal to 455 nm, that is by 200 nm larger than that in specimen 
#135. The second difference is that there are two maxima on the curve of the dependence 
Ni=f(Di). Hence the pores in the fuel particles of the specimen can be attributed, at least, to 
two poly-dispersed systems. This dependence can be possibly explained by an occurrence 
of pores in a grain body at high burn up, where the conditions of growth differ from those at 
the boundaries, i.e. there would be two groups of pores: the one corresponding to the 
boundaries and the other corresponding to the grain body, whose pores would have different 
sizes due to the different time moment of their occurrence. This phenomenon may be also 
explained by a more accelerated growth of pores of the larger size, which absorb the pores 
of a smaller size. There are two circumstances capable to prove the above explanation.  
The first one is that in the fuel particles of specimen #73 there are practically no pores of the 
size Di<220 nm, while in specimen #135 a maximum quantity of pores has a size of ~200 
nm. The second one is an increase of pore concentration by ~3.2 in the fuel particles of 
specimen #73 as compared to specimen #135; their concentrations equal to 1.49·109 and  
4.70·109 mm-3, respectively. However, for specimen #73 a total volume of pores equals to 
0.108 mm3/mm3 and is higher than that for specimen #135 by a factor of 2, because the fuel 
burn up in specimen #73 is almost two times higher than that of specimen #135. In specimen 
#73 a maximum contribution into a total volume of pores is made by pores of sizes 455 and 
~700 nm, whose portion in the total pore amount is 29.8 and 30.2 %, respectively. 
An average rate of porosity development in the fuel particles of specimen #73 depending on 
fuel burn up speed rate is ΔVGFP/ΔBu=10.8/97.3≈0.11% per 1% fuel burn up, i.e. it has the 
same value as in specimen #135, whose irradiation parameters: temperature, fission rate 
and burn–up are lower (Tab. 1). Thus, a nucleation and growth of pores depend only on fuel 
burn-up and therefore it can be concluded that the gas porosity development speed is 
independent of other irradiation parameters, at least, in the parameter range of specimens 
#135 and #73 under study (fuel fission rate from 3.7·1014 to 5.9·1014 f/(cm3·s), and fuel fission 
density from 4.6·1021 to 7.1·1021 f/сm3, initial temperature of fuel cladding from ~49 to  
~80 оС, fuel burn up from 49.5 to 97.3 %). Specimen #74-1 was taken from the fuel area 
located in the close proximity of pillowing (at the distance of ~5 mm from the top  



of the crack of pillowing). It showed a 
different distribution of pores over 
sizes as compared to #135 and #73 
(Fig. 1.b). The difference is in two 
maxima available there, which are an 
evident proof of the presence of two 
poly-dispersed systems of pores in the 
fuel particles of specimen #74-1. The 
first maximum corresponds to the 
pores quantity of 4.86·108 mm-3 and is 
related to a pore size of ~280 nm. The 
second maximum is related to size  
445 nm and equals to 4.19·108 mm-3. 
However, a volumetric distribution of 
size group pores has one maximum on 
its curve and it is located close to the 
maximum of specimen # 73 (Fig. 2a). 

A pore size in specimen #74-1 
changes in a manner similar to that of 
#73 but it changes in a wider range, 
i.e. from 180 nm to 1400 nm. At the 
same time a mean size of pores in 
specimen #74-1 equals to 415 nm and 
is ~10 % less than that of #73. A 
specific pore volume in fuel particles of 
#74-1 is 0.12 mm3/mm3, which is  
~10 % more than that of #73. Besides, 
in fuel particles of specimen #74-1 the 
concentration is even higher, it is equal 
to 2.11·109 mm-3, which is ~1.4 times 
more than that in specimen #73.  

Depending on the rate of attaining 
burn up the average speed of the 
porosity development in fuel particles 
of #74-1 equals to ΔVGFP/ΔBu= 
=12.0/96.4≈0.12 % per 1 % burn up, 
which is by ~10 % higher than that of 
specimens #135 and #73 and is likely 
to be within the uncertainty limits of 
both the determination of a pore 
volume and the calculation of a burn 
up value. 

Specimen #74-2 was cut out of a 
swelling area to study its three regions 
i.e. the first was at a distance of  
~0.5 mm from the crack, the second 
was next to the crack, at a distance of 
~300 µm, and the third was directly at 
the crack mouth, at a distance of  
~30 µm. The dependence of the pore 
quantity and volumetric distribution on 
the size is shown in Figures 1b and 2b. 

 

 
Fig. 1. Size distribution of gas pores in the areas of 

normal swelling (а) and near the pillowing (b 

 

 
Fig. 2 Volume distribution of gas pores in the areas 

of normal swelling (а) and near the pillowing (b)



In this case the size of pores in all the regions is within a range of 140 nm to 1100-1400 nm, 
this means that all the regions of specimen #74-2 (taken from the pillowing area) have pores, 
whose smallest size is by ~40 nm less than that in #74-1. The data obtained for all the 
regions of #74-2 obey the poly-extreme dependence Ni=f(Di) and the corresponding curves 
have some maxima, i.e. two are in the areas remote to the crack, two are at the crack mouth 
and three are in the area near the crack. This may imply that the pores in the fuel particles in 
the regions remote from the crack can consist of two poly-dispersed systems with their own 
distribution over sizes and even three such systems can exist in the regions close to the 
crack. This manner of the distribution over sizes can be either a cause or a predecessor of a 
crack formation as well as a consequence of its formation in the fuel meat matrix. 

All different patches of specimen #74-2 reveal a common peculiar feature, i.e. the changing 
of pore parameters (a mean size, a total quantity and a volume) while approaching the crack 
(Fig. 3). This feature distinguishes specimen #74-2 from specimens #73 and #74-1 in spite 
of the fact that their burn up values are close. According to these data the mean size of 
pores decreases from 455 to 390 nm, the total amount increases from 1.18·109 to  
1.96·109 mm-3 and the volume grows from 0.103 to 0.129 mm3/mm3 when approaching the 
crack (from a distance of 5 mm to ~300 µm). 

With further moving towards the crack (to a distance of ~30 µm), the mean size is still 
decreasing and the total amount increases by ~10 %, while the volume reduces by ~20 % to 
reach a value 0.109 mm3/mm3.   

 

 
Fig. 3. An influence of a fuel particle position relative to a fuel meat crack on a mean size  

 (d), volume (V) and quantity (N) of pores in fuel particles 
 



One gets the impression that during a crack formation, i.e. breaking the integrity of the fuel 
meat to form a gas cavity, and, consequently, destroying the heat removal, there occur the 
processes related to a redistribution of pores, which have already formed, and a formation of 
new pores from the gas fission products present in the solid solution of the U-Mo alloy, and 
to a partial gas release from the pores into the crack volume. 
 
4. Conclusion 
The volumetric distribution of the GFP gas pores in the fuel particles of the U–Mo fuel 
irradiated to ~50 and ~97 % burn up was investigated. The investigations were made in the 
normal swelling areas of the fuel meat and in the region near the crack of pillowing. 

The characteristics of the GFP pores in the areas of normal swelling of the fuel meat were 
found to be as follows: 
At burn up    Bu=49.5 % 

• the pore diameter changed within 90 to 700 nm, 
• the mean diameter was 255 nm,  
• the concentration of pores was 4.70·109 mm-3 , 
• the total volume of pores in 1 mm3 of fuel was 5.57·10-2 mm3, 
• the size distribution of pores consisted entirely of one poly-dispersed system of pores. 

At burn up    Bu=97.3 %  
• the pore diameter changed within 180 to 1400 nm, 
• the mean diameter was 455 nm, 
• the concentration of pores was1.49·109 mm-3, 
• the total volume of pores in 1 mm3 of fuel was 10.8·10-2 mm3, 
• the size distribution of pores consisted entirely of two poly-dispersed systems of 

pores. 

It was found that in the FE area with normal swelling the mean velocity of porosity growth in 
the fuel particles did not depend on the fuel operation parameters (temperature, fission rate 
and burn up) and was equal to ~0.11 % per 1 % fuel burn up.  

It was observed that the manners of the gas pores formation in the fuel particles near the 
crack of pillowing and in the areas of normal swelling of the fuel meat were different. The 
differences revealed themselves while moving from the areas of normal swelling of the fuel 
meat to the crack mouth of pillowing and were the following: 

• the pore diameter range became wider due to the occurrence of pores of small size 
(Di = 140 to 1400 nm), 

• the mean size was decreasing monotonously from 455 to 360 nm, 
• the concentration of pores was increasing from 1.18·109 to 2.15·109 mm-3, 
• the total volume of pores increased to reach its maximum of 0.129 mm3/mm3 at a 

distance of 300 µm from the crack and then decreased to 0.109 mm3/mm3 near the 
crack, 

• the manner of changing the mean velocity of the porosity growth in the fuel particles 
was similar to that of the total volume of pores, whose maximum was 0.13% per 1% 
fuel burn up, or by ~20% higher than that in the area of normal swelling.  
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ABSTRACT 
 

In order to estimate the possibilities for transmutation experiments at the Jules 
Horowitz Reactor several ideas for neutronic and fuel behaviour studies are 
investigated at CEA Cadarache. Naturally an exact replication of the burning of 
minor actinides in fast reactors, as expected in most transmutation scenarios, is 
impossible, but some key transmutation parameters can be investigated in a MTR 
neutron spectrum. In this paper a parametric study regarding fuel damage by He 
and fission products in AmUO2 is presented. By varying flux level, uranium 
enrichment and americium content of the sample in the JHR [2] reflector a He 
production to fission ratio comparable to reference samples in the core of a SFR [1] 
can be achieved. The calculations were done with the depletion code DARWIN2.2 
[3] using JEF2.2 data and spectra from a TRIPOLI model of JHR and an ERANOS 
model for the SFR respectively.  

 
 
Introduction 
 
For at least the next decade the availability of the preferred experimental fast reactors for 
transmutation studies will be limited and so the most should be made out of the far more 
numerous thermal MTRs available. Naturally an exact replication of the burning of minor 
actinides in fast reactors, as expected in most envisaged transmutation schemes, is 
impossible, but some key transmutation parameters can be accessible in a MTR neutron 
spectrum. In order to estimate the possibilities for transmutation research at the Jules 
Horowitz Reactor [2] several proposals for neutronic and fuel behaviour studies are currently 
investigated at CEA Cadarache. One of proposals concerning the increased He production in 
MA fuels and the resulting fuel behaviour is presented here.  
 
Concept 
 
Basically the concept rests on the fact that the main drivers for fuel behaviour at a given 
temperature are damage caused by fission products and swelling caused by gas production. 
Because fast neutrons carry less than 2.8% of the energy of fission products, the neutron 
spectrum has only an indirect impact by the way of different fission and capture rates. So the 
key parameters from the neutronic point of view would be the He production to fission ratio 
vs. time and the burn up vs. time for a given sample. The actual processes producing the He 
and fission to reach those parameters need not necessarily be the same as long as the 
different chemical composition does not change the fuel behaviour and the sample is 
homogeneous enough. Homogeneous enough in this case means that the isotopes of 
interest are homogeneously distributed to each other to well below the mean path length of 
fission products (~10 µm). So an inert matrix fuel with identical fuel particles would qualify but 
one with distinct Am and U fuel particles would not. By modifying the flux level, enrichment 
and small changes in the chemical composition of a sample, the changes induced by a 



switch from a fast to a thermal spectrum in the parameters above can at least be partially 
counteracted.   
 
Methodology 
 
For this preliminary parametric study it was decided to use the depletion code DARWIN 2.2 
[3] to handle both the JHR [2] case and the SFR [1] reference sample with the same program 
and data files. As a reference sample serves Am0.1U0.9O2 because it’s a likely candidate for 
the actual experiment and has plenty of margin to change the fission rate by 235U enrichment. 
Additionally similar compositions have already been investigated as transmutation/fertile 
blanket in the SFR core [3]. Starting from the reference sample U enrichment, neutron flux 
level and Am content, but not isotopic composition, were modified in the JHR spectrum to 
approach the behaviour of the same sample in the SFR. Table 1 shows reference case for 
both reactor spectra. 
 

 SFR core JHR reflector 

max flux [n/s/cm²] 2.4667x1015 5.1267x1014 

spectrum ERANOS 
33 gr. 

TRIPOLI 
172 gr. 

reference sample Am0.1U0.9O2 

density [g/cm³] 10.3 

U mass composition 0.25% 235U, 99.75% 238U 

Am mass composition 95% 241Am, 5% 243Am 

Tab 1: Reference cases for JHR and SFR 
 
The necessary neutron spectra were provided by existing detailed TRIPOLI4.4 and ERANOS 
models for the JHR, SFR and PHENIX and are shown below in figure 1. 
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Fig 1: Neutron spectrum used in the calculations 



 
Results 
 
The burn up calculations were done in 100 steps with 45 days duration but the results get 
continuously more uncertain after the first third of the total burn up period especially for the 
thermal spectrum due to limited self shielding capabilities of DARWIN. This was considered 
acceptable for the preliminary study in preparation for more detailed and time consuming 
calculations with HORUS code package. Nevertheless the results demonstrate that matching 
He to fission ratio and burn up vs. time is possible between fast and thermal spectra. The 
following three graphs show the behaviour of selected sample and flux combinations.  
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Fig 2: He content in the sample. Please note flux percentage given for JHR samples refers to 

the JHR reference flux. 
 
Because the reaction chain 241Am (n,γ) 242Am (d,β) 242Cm (d,α) 238Pu is responsible for most 
of the He production, the He content is only dependent on the neutron flux level and Am 
content of a sample for a given neutron spectrum. This means U enrichment can be used to 
shift the He to fission ratio curve given in figure 3 up or down without changing its shape. 
While allowing for a very good match between for example the SFR reference and the JHR 
10% enriched sample at 33% max. flux, the energy and He deposition per time differ 
considerable and the difference is burn up dependent. To speed up an experiment from 10 
years irradiation time to 5 years for the same burn up is not inconvenient, but the higher 
power also effects fuel behaviour. On other hand the He contends and burn up curves for the 
JHR 20% enriched sample with 10% max. flux are individually far closer to their counter parts 
of the SFR but the He to fission ratio in figure 3 is actually worse than most other examples.  



He production to fission ratio vs time
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Fig 3: He to fission ratio for various samples. Please note flux percentage given for JHR 

samples refers to the JHR reference flux. 
 

Burn up vs time
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Fig 4: Please note flux percentage given for JHR samples refers to the JHR reference flux. 

 



 
Conclusions 
 
It has been shown that He to fission ratio and burn up vs. time for an AmU sample can be 
managed in a quite wide range of values, including ones typical for fast reactors, in the JHR 
reflector spectrum. Given the relative lack of data for high He production fuels and the 
flexibility offered to experiments in the reflector to cover various compositions, the trade offs 
between power level and He to fission ratio accuracy might actually be helpful to cover a 
wider range of operation parameters. As a next step more detailed calculations are 
necessary with HORUS, a code package dedicated to JHR. Additionally studies for in core 
experiments will be carried out to check if the harder spectrum improves the results. 
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ABSTRACT 
 

The development of high density nuclear fuel (U3Si2-Al) with 4,8 gU/cm3 is on going 
at IPEN, at this time. As Brazil doesn’t have hot-cell facilities yet for post-irradiation 
analysis, an alternative qualifying program for this fuel is proposed based on the 
same procedures used at IPEN since 1988 for qualifying its own U3O8-Al (1,9 and 
2,3 gU/cm3) and U3Si2-Al (2,3 and 3,0 gU/cm3) dispersion fuels. Fuel miniplates, 
partials and integral fuel assemblies’ irradiation should be performed at IEA-R1 
core. The fuel characterization during the irradiation time should be made by 
means non-destructive methods including periodical visual inspections with 
underwater video camera system, sipping tests for fuel elements suspected of 
leakage and, underwater dimensional measurements for swelling evaluation, 
performed inside the reactor pool. This work presents some basic features of the 
available systems for non-destructive tests at IPEN as well the inspection 
experience with IEA-R1 spent fuel assemblies. 

 
 
1. Introduction 
 
The IEA-R1 research reactor at IPEN/CNEN-SP in Brazil is a pool type research reactor of 
B&W design, cooled and moderated by demineralised water and having beryllium and 
graphite as reflectors. In 1997, the reactor received the operating licensing for 5 MW. Since 
1988, IPEN has been producing and qualifying its own LEU (19,9% of 235U) MTR fuels for 
use in the IEA-R1 research reactor core. MTR fuel elements had been constructed with 
U3O8-Al dispersion fuel plates with densities of 1,9 (from 1988 to 1996) and 2,3 gU/cm3 (from 
1996 to 1999). Since September 1999, IPEN has been manufacturing U3Si2-Al dispersion 
fuel with uranium density of 3,0 gU/cm3 [1].  
 
Fuel performance evaluation and nuclear fuel qualification require a post-irradiation analysis 
of this fuel. As IPEN have no hot cells to provide destructive analysis of the irradiated nuclear 
fuel, non-destructive methods have been utilized to evaluate irradiation performance of the 
fuel elements. The non-destructive analysis techniques have been an important part of the 
qualification program of the fuels manufactured at IPEN. Today, for utilization in the IEA-R1 
reactor core, the U3O8-Al fuel is qualified up to a uranium density of 2,3 gU/cm3 and the 
U3Si2-Al fuel up to a uranium density of 3,0 gU/cm3. In the last years, some high densities 
nuclear dispersion fuels (U3Si2-Al and U-Mo) are being studied at IPEN aiming future 
utilization in the IEA-R1 reactor core. Although, the dispersion type fuel (U3Si2-Al, with the 
density of 4,8 gU/cm3), that is already internationally qualified by the RERTR program and 
widely used since 1984 [2, 3] was defined to be used at the IEA-R1 core. Then, the 
development of high density nuclear dispersion fuel (U3Si2-Al) with 4,8 gU/cm3 is on going at 
IPEN, at this time. For this fuel, it is proposed an experimental program based on the 
experience acquired at IPEN during the qualifications programs of the U3O8-Al (1,9 and 2,3 
gU/cm3) and U3Si2-Al (3,0 gU/cm3) dispersion fuel. The proposed experimental program 
includes: (1) the manufacturing of fuel miniplates and irradiation at the IEA-R1 reactor core; 



(2) performing post-irradiation evaluations by means periodical tests and examinations based 
on non-destructive methods, during the irradiation time; (3) manufacturing of partials fuel 
elements with (i) two external fuel plates and, (ii) ten fuel plates, both cases completed with 
“dummy” aluminium plates and, (4) manufacturing of an integral (standard) fuel element for 
irradiation at core reactor and evaluation of the fuel performance. 
 
The complete fuel element evaluation consists of two items: (i) monitoring the fuel 
performance during the IEA-R1 operation, concerning the following parameters: reactor 
power, time of operation, neutron flux at the position of each fuel assembly, burnup, inlet and 
outlet water temperatures in core, water pH, water conductivity, chloride content in water, 
and radiochemistry analysis of reactor water; and (ii) periodic underwater visual inspection of 
fuel elements and eventual sipping tests 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 [4]. The IEA-R1 fuels follow rigorous technical specifications that were developed 
after a careful bibliography revision, comprising the world experience in the project, 
fabrication and fuel performance of dispersion fuels [5]. 
 
 
2. Qualification of the MTR fuel elements manufactured at IPEN-CNEN/SP 
 
In 1988, MTR fuel elements begun to be produced in IPEN-CNEN/SP and since September 
1997, the IEA-R1 research reactor employs only fuel elements manufactured at IPEN. The 
qualification of these fuel elements is made in-use, which means that is based on their 
irradiation in the IEA-R1 research reactor followed by the use of non-destructive analysis 
techniques, mainly visual inspections performed regularly with a radiation-resistant 
underwater camera as well as sipping tests carried out eventually. Fuel performance 
evaluation can be summarized by the fuel element average burnup at the end of its whole 
irradiation period in the reactor core. Regarding the qualification in-use of the MTR fuel 
elements manufactured at IPEN-CNEN/SP, by the end of January 2009, the highest average 
burnup achieved in the IEA-R1 research reactor for each type of LEU (19,9% enrichment) 
dispersion fuel already employed is presented in Table 1. 
 

Average burnup [%] at. 235U Dispersion 
fuel 

Uranium 
density 
[gU/cm3] 

Fuel 
element 

Status 

Calculated Measured 
U3O8-Al 1,9 IEA-130 Spent 36.10     [6] (36.8 + 5.1)     [7] 
U3O8-Al 2,3 IEA-166 Spent 40.50     (*) - 
U3Si2-Al 3,0 IEA-169 Spent 43.50     (*) - 
  (*)  According data supplied by the IEA-R1 reactor operator. 

Tab 1:  Highest average burnup achieved in the IEA-R1 research reactor by MTR fuel 
elements manufactured at IPEN-CNEN/SP (end of January 2009) 

 
 
3.  Systems Description 
 
3.1. Visual inspection of irradiated fuel elements at IEA-R1 
 
Irradiated fuel elements have been visually inspected by an underwater video camera 
system inside the IEA-R1 reactor pool, to verify its integrity and its general surfaces 
conditions. Basically, the available visual inspection system is composed by: (1) Underwater 
radiation resistant video camera (Black and White) equipped with zoom, auto-focus, iris, pan 
and tilt motion and, light intensity remotely controlled. (2) Non-radiation resistant colour video 
camera system (IST Colour Underwater Outstation – model R982) equipped with zoom and 
auto-focus system. (3) Endoscopy (optical fibre probe type) coupled with a small colour 



camera system, received from IAEA in August 2007, which allows the visualization and 
obtaining images from internal fuel plates surfaces, along the fuel plate’s length. It is planned 
to use this equipment for visualization (in order to identify) the nature of the defect in the fuel 
element IEA-175, discharged recently from the IEA-R1 core, with a very low burnup. The 
video images obtained from the camera systems can be recorded by a videocassette 
recorder or a DVD recorder. 
 
3.2. Sipping tests of irradiated fuel assemblies 
 
Sipping test is a non-destructive technique employed to evaluate the structural integrity of the 
cladding of irradiated nuclear fuels, which is based on the detection of radioactive fission 
products leakage to the reactor coolant, usually by means of gamma-ray spectroscopy. 
Basically, the test consists in the storage of the fuel element suspect of leakage inside a 
recipient, called here as sipping tube, which contains water demineralised. After an initial 
homogenization it is collected the first water sample, characterized as background (BG) 
sample. After a given time in rest (four hours), compressed air is injected to promote a better 
water homogenization. The second water sample is collected from the sipping tube and 
characterized as the “sipping sample for that in test FE”. Additional data collection are: water 
temperature from inside the sipping tube, the sample collection time and the reactor power 
during the sipping test; as well the demineralised water characteristics used in the washing 
(pH, conductivity, chlorides). Radiochemistry analyses are made on the collected samples. 
The presence of chemistry elements fission products at the samples indicates the existence 
of some defective part in the fuel element cladding. A detailed description of the sipping tests 
performed at IPEN is presented at reference [8]. 
 
3.2.1. Choice of failure monitor 
 
For sipping tests on irradiated fuel elements stored for many years inside spent fuel pools, 
the most suitable fission product for use as a failure monitor is 137Cs, due to its long half-life 
(30,14 years), great fission yields and high solubility in water [9]. However, for sipping tests on 
newly irradiated fuel elements (or fuel miniplates), the choice of a failure monitor is not so 
obvious. Of course, great fission yields and high solubility in water remain indispensable 
characteristics of the radionuclide to be used. Nevertheless, in this case the radionuclide 
half-life must be much shorter, typically about some days, to provide a high specific activity in 
the sample and an easy identification in the gamma-ray spectrum. The gamma-ray spectra 
obtained from measurements on samples corresponding to the failed fuel element (IEA-156) 
show clearly that 131I and 133I, radioactive isotopes of iodine with half-lives respectively equal 
to 8.02 days and 20.8 hours [10], are the suitable failure monitors in these conditions. An 
additional evidence for the choice of 131I and 133I as failure monitors regarding sipping tests 
on newly irradiated fuel elements is that, shortly after unwanted releases of fission products, 
these two radioiodine isotopes are the most easily detectable radionuclides by means of 
gamma-ray spectroscopy [11]. On the other hand, precise values for specific activity and 
average leaking rate of 131I and 133I are difficult to obtain, because their most prominent full-
energy peaks, corresponding to gamma-rays with energies of 364.5 keV for 131I and 529.9 
keV for 133I, are partially overshadowed by Compton continua from many other gamma-rays 
with higher energy. Under these circumstances, for the case of the fuel element IEA-156, it 
was decided to wait 6 months to enable the decay of short-lived fission products and 
activation products in the samples, in order to measure the average leaking rate of 137Cs 
from the failed fuel element to water. 
 
3.3. System for fuel miniplate thickness measurement 
 
A system for fuel swelling evaluation, by means of the fuel miniplate thickness measurement 
during the irradiation time, was designed and constructed within the framework of IAEA 
Project BRA/4/047 and is available at IPEN/CENC. This device, showed at Fig. 3, shall be 



used inside the reactor pool, at the fuel storage area. It should be operated from the reactor 
pool border, and allows the measurement of the fuel miniplate thickness along its surface.  
 
                                         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).  
 

The thickness measurement is performed by electronic probes (LVTD). The results are 
obtained by measurement instrumentation connected to the probes. For the miniplate 
thickness measurement, a mobile metallic column, held by a X-Y coordinate table system, is 
used. This table is supported by another metallic structure fixed at the border of the reactor 
pool. 
 
 
4.  Works and experience obtained 
 
Several works related with the utilization of the mentioned NDT techniques on 
characterization of irradiated fuel elements were performed at IEA-R1. Some works are 
mentioned in following: 
  
Sipping tests at the spent fuel elements stored at IEA-R1: In 1996, during the 
programmed activities to send back the 127 spent fuel elements stored in the IEA-R1 to USA 
(US-DOE American fuel take back program), sipping tests on 62 stored spent fuel elements 
were performed. At the conclusion of the tests were determinate which fuel element 
presented 137Ce escape to the water and also which was the liberation rate. It was done a 
correlation with the visible characteristic presented (corrosion pits on the external fuel 
plates).The Savannah River Side (SRS-DOE) team adopted this IPEN technique as a 
comparative basis for the MTR fuel transportation criteria in shielded casks and as a basis 
for future analysis at others MTR storage facilities, at the US-DOE program.  
 
Sipping tests for determination of the failed fuel element at IEA-R1: In 2001, 
sipping tests besides visual inspection showed a defective fuel element (IEA-156). This FE 
was maintained stored in wet-storage conditions at IEA-R1 pool, inside an aluminium tube 
until November 2007, when it, together another 32 (total 33 fuel assemblies) were sent back 
to USA, by also the US-DOE American fuel take back program.  
Ordinary visual inspection of the fuel elements at IEA-R1: Programmed visual 
inspections have been performed on the in-use fuel elements during the fuel element 
qualification time (U3O8-Al and U3Si2-Al), once in every three months from 1997 to 2001 and 
once in every six months from 2002 to nowadays. 
 
Sipping tests for determination of the failed fuel element at IEA-R1: During March 
to July-2007, a campaign of sipping tests showed two defective U3Si2-Al that were loaded in 

miniplate



core in the beginning 2007 (IEA-174 and IEA-175). Both fuel assemblies present very low 
burnup and were discharged of the core reactor and were stored at pool reactor racks. 
 
 
5.  Conclusions 
All the presented non-destructive methods and tests, with emphasis to the visual inspections 
and sipping tests, have been important tools to the characterization and verification of the 
general conditions and behavior, as well the integrity of the cladding of irradiated fuel 
element assemblies at the IEA-R1 reactor. These systems can be used during the fuel 
qualification of the U3Si2-Al (4,8 gU/cm3) dispersion fuel. 
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