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ABSTRACT 
 

At the request of its member countries, the OECD Nuclear Energy Agency (NEA) has 
become involved in global efforts to ensure a reliable supply of molybdenum-99 (99Mo) 
and its decay product, technetium-99m (99mTc), the most widely used medical radioisotope. 
The NEA established the High-level Group on the Security of Supply of Medical 
Radioisotopes (HLG-MR).  
 
The main objective of the HLG-MR is to strengthen the reliability of 99Mo and 99mTc supply 
in the short, medium and long term. In order to reach this objective, the group has been 
reviewing the 99Mo supply chain, working to identify the key areas of vulnerability, the 
issues that need to be addressed and the mechanisms that could be used to help resolve 
them. The collective efforts of HLG-MR members and nuclear medicine stakeholders have 
allowed for a comprehensive assessment of the key areas of vulnerability in the supply 
chain and an identification of the issues that need to be addressed. 
 
As a result of the work undertaken to date, the NEA has released three reports under the 
new The Supply of Medical Radioisotopes series. These reports discuss the 
uneconomical situation of the supply chain, other vulnerabilities within the supply chain 
and alternative technologies to produce 99Mo/99mTc. From this work, the NEA Secretariat 
and the HLG-MR have started to develop the policy approach and recommendations for 
governments, industry and other stakeholders that will outline the foundation for ensuring 
the long-term supply of 99Mo/99mTc.  
 

1. Introduction 
At the request of its member countries, the OECD Nuclear Energy Agency (NEA) has 
become involved in global efforts to ensure a reliable supply of molybdenum-99 (99Mo) and 
its decay product, technetium-99m (99mTc), the most widely used medical radioisotope. The 
NEA established the High-level Group on the Security of Supply of Medical Radioisotopes 
(HLG-MR), which is currently comprised of 22 experts who are representatives from the 
governments of 13 nations, the European Commission and the International Atomic Energy 
Agency (IAEA). The main objective of the HLG-MR is to strengthen the reliability of 99Mo and 
99mTc supply in the short, medium and long term.  
 
Throughout the first year and a half of its two-year mandate, the HLG-MR has examined the 
major issues that affect the short-, medium- and long-term reliability of 99Mo/99mTc supply. 
The collective efforts of HLG-MR members and nuclear medicine stakeholders have allowed 
for a comprehensive assessment of the key areas of vulnerability in the supply chain and an 
identification of the issues that need to be addressed. Significant progress has already been 
achieved on improving the supply situation through increased communication, co-ordination 
of reactor schedules and a better understanding of demand-management opportunities. 
Continued action is required on the part of all stakeholders. 
 
As a result of the work undertaken to date, the NEA has released three reports under the 
new The Supply of Medical Radioisotopes series (accessible at www.oecd-nea.org/med-
radio). The first, subtitled An Economic Study of the Molybdenum-99 Supply Chain, offers a 



unique analysis of the 99Mo/99mTc supply chain. The second, subtitled Interim Report of the 
OECD/NEA High-level Group on the Security of Supply of Medical Radioisotopes, presents 
findings related to the main issues affecting security of supply including reactor and 
processing capacity constraints, transport, demand management, communications and other 
supply chain problems. The third, subtitled Review of Potential Molybdenum-99/Technetium-
99m Production Technologies, presents and reviews potential alternatives for the production 
of 99mTc and 99Mo.  
 
From this work, the NEA Secretariat and the HLG-MR have started to develop the policy 
approach and recommendations for governments, industry and other stakeholders that will 
outline the foundation for ensuring the long-term supply of 99Mo/99mTc. This policy approach, 
as well as the full findings of the HLG-MR, is expected to be published by August 2011. 
 
This paper briefly discusses the findings from these three papers and introduces the policy 
approach that could address the issues affecting the long-term sustainable supply.  
 
2. Economics of the 99Mo supply chain 
2.1 Historical development of the supply chain and its economic implications 
Within the current 99Mo supply chain, all the major producers irradiate targets using 
multipurpose research reactors, which were originally constructed and operated with 100% 
government funding, mainly for research and materials testing purposes. When 99Mo 
production started, the reactors’ original capital costs had been paid or fully justified for other 
purposes. As a result, 99Mo was seen as a by-product that provided another mission for the 
reactor that could generate extra revenue to support research. This resulted in:  
• Reactor operators originally only requiring payment of direct short-run marginal costs. 
• 99Mo prices not covering any significant share of costs of overall reactor operations and 

maintenance, nor of capital costs or allowances for replacement or refurbishment costs. 
• The by-product status remaining with no substantive pricing changes even as the 

importance of 99Mo production increased within reactor operating activities. 
 
As a result, reactor prices were too low to sustainably support the 99Mo-attributable portion of 
reactor operations, did not even cover short-run marginal costs in some cases, and did not 
provide enough financial incentive to support replacing or refurbishing ageing reactors. In 
addition, even with uncertainty on costs of conversion for a major 99Mo producer, it is clear 
that the current pricing structure provides insufficient financial incentive for the development 
and operation of low enriched uranium (LEU) based infrastructure. 
 
The processing component, originally funded by governments, was commercialized in the 
1980s and 1990s. Commercialisation was originally thought to be beneficial to all parties; 
however, contracts were based on historical perceptions of costs and pricing. This resulted in 
long-term contracts with favourable terms for commercial processing firms, with no 
substantial change to the prices for irradiation. Once these contracts were established, they 
set the standard for new processors and reactors that entered the market.  
 
An unintended effect of commercialisation was establishing market power for processors. 
The contracts, in some cases, created a situation where the reactor had only one avenue for 
selling its 99Mo irradiation services. Barriers to entry (both natural and created, such as 
aggressive pricing strategies) sustained the market power balance and contributed to 
maintaining low prices for irradiation services.  
 
A complicating factor was the historical existence of excess capacity of irradiation services. 
Some excess capacity is necessary to provide back-up at times when reactors are not 
operating, or when unexpected or extended shutdowns occur. However, operators were not 
compensated for maintaining reserve capacity, creating an incentive for reactor operators to 
use the capacity to gain revenue rather than leaving it idle, driving down the prices of 
irradiation services further, reducing reliability, and perpetuating processor market power. 



 
Further downstream, pricing strategies of generator manufacturers were focused on 
encouraging sales of their cold kits. These strategies had a feedback effect upstream, with 
profits not flowing back up through the 99Mo supply chain and limiting the flexibility to absorb 
proposed upstream price increases.  
 
However, reactors continued to provide irradiation services even under these uneconomical 
conditions given the social contract between governments and the medical imaging 
community. Governments subsidised the development and operation of research reactors 
and related infrastructure, including radioactive waste management. Using part of this 
funding, reactor operators irradiated targets to produce 99Mo. In return, citizens would receive 
an important medical isotope for nuclear medicine diagnostic procedures. 
 
Although reactor operators were aware that government financial support was increasingly 
used for 99Mo production, this may not have been transparent to governments. In some 
cases, the magnitude of the change did not become clear until there were requests for 
specific funding to refurbish a reactor or construct a new reactor. These subsidies were also 
supporting the production of 99Mo that was exported to other countries.  
 
Recently, governments from almost all current major producing countries have indicated that 
they are reconsidering or no longer interested in subsidising new or ongoing production of 
99Mo at the reactor level at historical levels (or at all), some more formally than others – 
questioning whether it remains in the public interest. With a changed social contract, the 
economics have to become sustainable on a full-cost basis or the availability of a long-term 
reliable supply of 99Mo will be threatened. 
 
2.2 Economically sustainable pricing and impacts 
Starting from a representative cost and pricing structure developed by the NEA, based on 
information from supply chain participants, levelised unit cost of 99Mo (LUCM) calculations 
determined the magnitude of the price changes needed for economic sustainability. Their 
impact, based on various capital investment scenarios, was also examined. These scenarios 
range from using existing reactors to building a fully dedicated isotope reactor and 
processing facilities. Under all the scenarios, prices must increase; the analysis of the current 
economic situation found that, for existing reactors, the marginal revenue from production 
was lower than the marginal costs, with reactors facing a loss on every unit of 99Mo    
produced. 
 
The LUCM calculations indicated that significant price increases are necessary in the 
upstream supply chain in order to be economically sustainable (up to a maximum increase of 
900%). However, the analysis finds that there is very little effect on the prices per patient 
dose; at pre-shortage prices, the irradiation price from the reactor is calculated to be only 
0.11% of the final reimbursement rate. Even at the most extreme price increase from the 
reactor, the value of irradiation would increase to only represent 0.97% of the final 
reimbursement rate.  

 
The analysis indicates that, while prices will increase for the downstream components, these 
should be able to be absorbed. However, this issue may require further study and possible 
assessment by hospitals and medical insurance plans, especially in the context of continued 
downward pressure on reimbursement rates or in cases where the health system provides 
fixed budgets to hospitals for radioisotope purchases.  
 
The study makes a number of recommendations and investigates options to assist decision-
makers to restructure the supply chain. These recommendations have been considered and 
integrated, where appropriate, in on-going HLG-MR work to develop a comprehensive policy 
approach to encourage a long-term secure supply of 99Mo/99mTc. This policy approach is 
discussed further below.  



 
3. Supply chain vulnerability beyond economics 
In addition to the economic issues being faced by the supply chain, there are a number of 
other related areas of vulnerability that the HLG-MR has been able to identify. These are 
discussed in-depth within the Interim report.  
 
The Canadian and Dutch reactors have come back on line, providing for production of 99Mo 
to return to levels seen before the 2009-2010 supply shortage. While this is positive news, 
the current capacity remains fragile and further supply shortages could be expected. A 
number of the producing reactors within the current ageing fleet are scheduled to be 
removed from the supply chain over the next decade, with the earliest scheduled for 2015 
(OSIRIS) and 2016 (NRU). Coupling these shutdowns with growing demand, there is the 
possibility that supply would fail to be able to meet demand within the next few years. 
 
Since the shortage, there have been a number of new projects that have been discussed and 
a few that have started to irradiate targets to produce 99Mo. For example, the MARIA reactor 
in Poland, the Rez reactor in the Czech Republic, and the Russian reactors have all entered 
the supply chain. Even with these new additions and a consideration of the other new 
projects that are under development or discussion, growing demand and the removal from 
the supply chain of current reactors means that there could still be a supply-insufficient 
situation as early before the end of the current decade.  
 
This concern on future supplies is partly as a result of regional limitations on processing 
capacity, which is essential for extracting and purifying the 99Mo from the irradiated targets. 
These targets are very difficult to transport long distances, requiring processing capacity to 
be located reasonably close to 99Mo producing reactors. There are some regions where 
processing capacity is not currently sufficient to support increased production of 99Mo, to 
meet increasing demand, to deal with possible reactor outages globally or to address the 
changing supply structure as older reactors are retired. These processing limitations can be 
a significant barrier to developing new irradiation capacity and can exacerbate regional 
supply imbalances in shortage situations.  
 
The necessity to transport radioactive material is another area of vulnerability affecting the 
reliable supply of 99Mo/99mTc. At each stage of the supply chain, radioactive material is 
transported, sometimes across a number of borders or even half-way around the world. In a 
number of cases, this transportation requires multiple approvals in multiple jurisdictions. 
There is also the concern that shipments of these vital medical radioisotopes are sometimes 
denied or delayed by carriers or are refused entry by national authorities. These issues have 
significant impacts on the economics of the supply chain (delay of one day reduces the 
amount of 99Mo available by about 23%) as well as affecting the patient that is waiting for 
their essential medical imaging diagnostic procedure. The IAEA, among other players, 
continues to undertake important efforts to address these concerns. 
 
4. Alternative Technologies 
The importance of nuclear medicine and diagnostics in the world, and also the recent 
shortage of 99Mo supply, has motivated investigations of alternative technologies. Alternative 
technologies could be reactor-based (like neutron activation of 98Mo) or accelerator-based 
(direct cyclotron production of 99mTc, photofission, etc.) and they are currently at very 
different development stages.  
 
In order to get a sense of the potential of alternative technologies for producing 99Mo/99mTc, 
the NEA, with the help of its HLG-MR and other experts, developed a common set of criteria 
that could be used to compare all the technologies. The physical and economic criteria were 
then applied to the alternative technologies. For convenience, these alternative technologies 
were classified as short-, medium-, and long-term technologies based on an assessment of 
their timeframe for potential availability.  



 
The assessment of the various alternative technologies has been done using a three-grade 
rating system (low, medium and high) derived from the application the common estimation 
methodology. The set of criteria used within the methodology is:  

• Technology maturity  
• Production yield  
• Available irradiation capacity  
• Distribution range and logistics  
• Simplicity of processing  
• Waste management  
• Proliferation resistance 

• Other isotope co-production potential 
• Normalized capital costs  
• Commercial compatibility  
• Estimated levelised unit cost 
• Ease of nuclear regulatory approval  
• Ease of health regulatory approval  
• Units required to supply world market  

 
The review defines short-term technologies as those that have already been used for 
99Mo/99mTc production, or for which nuclear imaging test have been performed. Today, the list 
of short-term technologies includes uranium fission route (irradiation of solid targets in 
research reactors), neutron activation route and direct cyclotron production of 99mTc. These 
technologies were considered in detail in the review.  

The review highlighted that the use of low enrichment uranium (LEU) targets for 99Mo 
production has some advantages over HEU, including: proliferation resistance; easier 
availability of the target material; and easier compliance for target transportation and 
processing. However, it currently has lower production yield than HEU and may require more 
targets to be irradiated with correspondingly increased volumes of waste. Increasing the 
uranium content of the targets (e.g. of the existing high density LEU targets, or using metallic 
foil targets), to counteract the lower production yield will be a key factor for LEU-based 
production, but there seems to be no technological or economic reasons not to deploy this 
technology.  
 
The review also found that neutron activation in a research reactor has advantages in terms 
of safety, waste management and proliferation resistance, but has low specific activity and, 
with current technologies, would require the recycling of the highly enriched molybdenum in 
order to be cost-effective. This is currently not done. Also, more development and experience 
is needed in (gel) generator technology prior to eventual larger scale deployment. 
 
Direct 99mTc production using cyclotrons has potential advantages in terms of cost, waste 
management, proliferation resistance and ease of approval but can only provide local needs 
(99mTc is a very-short lived isotope). The technology also requires significant amounts of 
highly enriched molybdenum (100Mo). As a result, a large number of cyclotrons would be 
required to meet the world demand and the product would not be able to be shipped far or 
exported to supply global needs. 
 
5. Policy Approach 
The HLG-MR is currently developing a cohesive policy approach to address the issues being 
faced by the supply chain, in order to move towards a long-term secure supply of 99Mo and 
99mTc. At its last meeting, the HLG-MR agreed on many necessary aspects of this approach. 
 
In order to address the problems being faced by the industry, the HLG-MR agreed that the 
final policy approach will have to address the following four central pillars of reform:  

• Market economics need to be improved. 
• Structural changes are necessary. 
• The government role has to be clearly defined. 
• An effective co-ordinated international approach is necessary. 

 
The HLG-MR agreed that the policy approach most likely to be able to achieve the necessary 
reforms in a coherent and comprehensive manner is as follows:  

• Markets should do what they can, but there are limits to what may be possible. 



• Governments have an essential role in supporting market operations by ensuring the 
proper environment for investment and addressing market failures, while recognising 
the commercial nature of the supply chain. 

• International collaboration is necessary, particularly to avoid policy approaches at the 
domestic and regional levels that could negatively affect global 99Mo/99mTc supply 
security.  

• Transparency of market operation is important to ensure that the market continues its 
evolution to an economically sustainable system. 
 

In order to ensure the consistent fulfilment of responsibilities by the various communities and 
stakeholders of the supply chain, the HLG-MR is presently working to formulate the policy 
approach necessary to address the key issues affecting the ability to realise a long-term 
secure 99Mo/99mTc supply. This approach will suggest addressing the main issues by:  

• Implementing full-cost recovery. 
• Sourcing, valuing and paying for reserve capacity.  
• Fulfilling the essential government role in setting the proper environment for safe and 

efficient market operations 
• Encouraging the conversion to using LEU targets for 99Mo production. 
• Collaborating internationally to ensure a globally consistent approach to addressing 

security of supply of 99Mo/99mTc.  
• Periodically reviewing progress to implementing an economically sustainable supply 

chain.  
 
The HLG-MR is currently working to finalise the policy approach, including developing 
recommendations on how to implement the necessary actions. The policy approach will be 
finalised in June 2011. 
 
6. Conclusions 
The work of the HLG-MR and the associated stakeholders has been important in determining 
the issues affecting the ability of the supply chain to ensure a long-term secure supply of 
99Mo and 99mTc. It has also undertaken some significant actions already that have made on 
impact; however, there are still a number of actions that need to be taken to ensure a long-
term reliable supply. Even though the current supply situation has stabilised (at the time of 
writing the article), it is important to stress that the underlying problem – the unsustainable 
economic structure – has not yet been addressed; supply shortages could become 
commonplace over the next decade unless longer-term actions are taken to secure supplies. 
 
It is clear that without ongoing financial support from governments, commercial pricing is 
required for the continued supply of reactor-based 99Mo in the medium to longer term and the 
conversion to LEU-based production. Changes are necessary to arrive at a 99Mo/99mTc supply 
chain that is economically sustainable and reliable.  
 
The policy approach currently being developed by the HLG-MR will set the foundation for 
consistent and comprehensive steps forward to ensuring the long-term security of supply of 
the vital medical radioisotopes molybdenum-99 and its decay product technetium-99m.  
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     ABSTRACT 
 

The Jules Horowitz Reactor (JHR) is a new Material Testing Reactor currently under 
construction at CEA Cadarache research centre in the south of France. 
It will represent a major Research Infrastructure for scientific studies dealing with material 
and fuel behaviour under irradiation (and is consequently identified for this purpose within 
various European road maps and forums; ESFRI, SNE-TP…).  
The reactor will also be devoted to medical isotope production.  
The reactor will perform R&D programs for the optimization of the present generation of 
NPP, support the development of the next generation of NPP (mainly LWR) and also offer 
irradiation possibilities for future reactors. 
JHR is designed, built and will be operated as an international user-facility open to 
international collaboration. Moreover, the preparation of the experimental capacity is in 
progress with the development of “hosting experimental devices” to be “on the shelves” for 
the start of operation. 
 This paper gives an up-to-date status of the construction and of the developments of the 
future experimental capacity. 
 
INTRODUCTION 
 
European Material Testing Reactors (MTR) have provided an essential support for nuclear 
power programs over the last 40 years within the European Community. However, these 
Material Test Reactors (MTRs) will be more than 50 years old in this decade and will face 
increasing probability of shut-down due to the obsolescence of their safety standards and of 
their experimental capability. Such a situation cannot be sustained long term since “nuclear 
energy is a competitive energy source meeting the dual requirements for energy security and 
the reduction of greenhouse gas emissions, and is also an essential component of the 
energy mix” [1]. 
Associated with hot laboratories for the post irradiation examinations, MTRs are structuring 
research facilities for the European Research Area in the field of nuclear fission energy.  
MTRs address the development and the qualification of materials and fuels under irradiation 
with sizes and environment conditions relevant for nuclear power plants in order to optimise 

                                                 
 



and demonstrate safe operations of existing power reactors as well as to support future 
reactor design:  

- Nuclear plants will follow a long-term trend driven by the plant life extension and 
management, reinforcement of the safety, waste and resource management, 
flexibility and economic improvement. These stakes require in depth technical 
assessment of material and fuel behaviour under irradiation so that industry and 
safety bodies need a permanent access to irradiation experimental capabilities and 
associated technical expertise. 

- In parallel to extending performance and safety for existing and coming power plants, 
R&D programs are taking place in order to assess and develop new reactor concepts 
(Generation IV reactors) that meet sustainability purposes. A variety of aspects need 
to be addressed in this context, regarding economics, safety, resources 
management, waste management and nuclear proliferation criteria. Development of 
new fuels and material are mandatory for these reactor concepts, leading to 
challenging scientific and technical issues.  

- In addition, for most European countries, keeping competences alive is a 
strategic cross-cutting issue; developing and operating a new and up-to-date 
research reactor appears to be an effective way to train a new generation of scientists 
and engineers. This goal is presently carried out by various joint developments 
(notably through FP projects) of a new generation of experimental processes and 
devices, with increased instrumentation capabilities consistent with advanced 
modelling in material and fuel science.   

 
This analysis was already made by a thematic network of Euratom 5th FP, involving experts 
and industry representatives, in order to answer the question from the European Commission 
on the need for a new Material Testing Reactor (MTR) in Europe [2,3].  
The conclusions were the following: 

- « There is clearly a need as long as nuclear power provides a significant part of the mix 
of energy production sources » 

- « Given the age of current MTRs, there is a strategic need to renew MTRs in Europe; 
At least one new MTR shall be in operation in about a decade from now ». 

 
This entire preparatory work leads to the fact that the JHR research infrastructure has 
been identified on the ESFRI Roadmap since 2008. 
 
1] The JHR project in this context  
 
JHR will offer modern irradiation experimental capabilities to study material & fuel behaviour 
under irradiation. JHR will be a flexible experimental infrastructure to meet industrial and 
public needs within the European Union related to present and future Nuclear Power 
Reactors.  
JHR is designed to provide high neutron flux (twice as large as the maximum available today 
in MTRs), to run highly instrumented experiments to support advanced modelling giving 
prediction beyond experimental points, and to operate experimental devices giving 
environment conditions (pressure, temperature, flux, coolant chemistry, …) relevant for water 
reactors, for gas cooled thermal or fast reactors, for sodium fast reactors, … 
 
These irradiation experimental capabilities will address  

- Power plant operation of existing and coming reactors (Gen 2 & 3) for material ageing 
and plant life management, 

- Design evolutions for Gen 3 power reactors (in operation for the whole century) such 
as performance improvement and evolution in the fuel cycle, 

                                                 
 
 



- Fuel performance and safety margin improvements with a strong continuous positive 
impact on Gen 2 & 3 reactor operating costs and on fuel cycle (burn-up and duty-
cycle increase for UOX and MOX fuel)  

- Fuel qualification in incidental or accidental situations 
- Fuel optimisation and qualification for High Temperature Reactors 
- Innovative material & fuel development for Gen 4 systems in various environments 

(very high temperature, fast neutron gas cooled systems, various coolants such as 
supercritical water, lead, sodium…). The development of these systems raises 
challenges to be addressed by a modern experimental irradiation infrastructure like 
JHR. 

 
These objectives require representative tests of structural materials and fuel components as 
well as in-depth investigations with “separate effects” experiments coupled with advanced 
modelling.  
For example, the JHR design accommodates improved on-line monitoring capabilities such 
as the fission product laboratory directly coupled to the experimental fuel sample under 
irradiation. This monitoring can be used to get key information on the fission gas source term 
during transients related to incidents. It can also provide time-dependant data on the fuel 
microstructure evolution during the irradiation, which is of course a valuable input for 
modelling developments.  
 
As a modern research infrastructure, JHR will contribute to the development of expertise and 
know-how, and to the training of the next generation of scientists and operators with a 
positive impact on nuclear safety, competitiveness and social acceptance. The JHR is mainly 
designed to meet these technical objectives. 
 
As another important objective, the JHR will contribute to secure the production of 
radioisotope for medical application. This is a key public health stake.  
 
JHR, as a future international User Facility, is driven by an international consortium gathering 
industry (Utilities, Fuel vendors…) and public bodies (R&D centres, TSO, Regulator…).  
 
The present members list of JHR consortium is the following: 

CEA (France),EDF (France), AREVA(France),Euratom, SCK.CEN (Belgium),UJV (Czech 
Republic),VTT(Finland),CIEMAT(Spain),Vattenfall(Sweden),DAE(India), JAEA(Japan)  

 
The JHR facility description and the development of the first experimental capacity is 
described in detailed in previous RRFM and IGORR conferences (see for examples ref 4], 5] 
and 6]) and we will only focus now on an update status.  
 
2] JHR construction update 
 

The construction of JHR which was started in 2007 is going-on in a nominal way and 
some major milestones have been achieved in 2010 regarding the construction:       
- Discharge structure of the water tertiary circuit into EDF canal (Fig.1) 
- Completion of upper basement concrete for the Nuclear Auxiliary Building (NAB) and 

for the Reactor Building (RB) (Fig. 2, 3, 4) 
 



 
 
Fig.1: water circuit work on EDF canal; Fig.2: Nuclear Auxiliary Building upper basement 
concrete and preparation for Reactor Building upper basement 
 

 
 
Fig.3: Pouring concrete for RB upper basement; Fig.4: view of Building site-January 2011 
 
Qualification Program is also continuing and, at the end of 2010, the choice of the forging 
process for the material of JHR core rack (Al-T6061) was done (two-beaked anvil process) 
 

 
 
Fig.5: JHR core rack and mock-up manufacturing 
 
It is interesting to quote that some members of JHR consortium have an in-kind contribution 
which is also progressing in a nominal way;  

- CIEMAT who represent a Spanish consortium is designing and launching the 
manufacturing of the three Heat exchangers of the primary circuit 

- VTT who represent a Finnish consortium is designing and manufacturing various NDE 
equipment (see ref 6] presentation at this conference) 

- SCK.CEN Mol from Belgium is performing JHR fuel qualification under irradiation in 
the EVITA loop (see EVITA presentation in RRFM 2010)  

- NRI from Czech Republic is designing, performing qualification tests and 
manufacturing JHR Hot Cells (see photos below): 
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Fig.6: JHR Hot Cells design and manufacturing by NRI 
 
3] JHR as an International Scientific User Facility 
 
In parallel to the construction, the preparation of an international community around JHR is 
continuing; this is an important topic because, as indicated in the introduction, building and 
gathering a strong international community in support to MTR experiments is a key-issue for 
the R&D in nuclear energy field. 
CEA is welcoming scientists –secondee- from various organisations who are integrated 
within the JHR team for the development of the experimental devices. 
At the present time, scientists from Australia (ANSTO) Austria (ATI), Italy (ENEA), Poland 
(POLATOM) and USA (INL) are integrated in JHR team and some are working for JHR while 
staying in their institutes (eg. Vattenfall from Sweden). 
 
Building an international joint program: the JHIP (Jules Horowitz International 
Program) 
According to the consortium agreement, JHR is aimed to become a user reactor at 
international level on the model of the Halden Reactor Project with multinational project and 
proprietary experiments. Consequently, CEA is preparing, with the support of the 
OECD/NEA, a joint program called Jules Horowitz International Programme (JHIP) which 
has been thought with the strategic scope to address fuel and material issues of common 
interest that are key for operating plants and future NPP (mainly focused on LWR). 
 
2010 has been a very active year for the preparation of this International Joint Program with 
a scientific proposal made by CEA to the expert community on Fuel Safety and Reliability 
and the venue of an expert meeting mid-September 2010 at the OECD headquarters to 
debate on the judiciousness of the CEA proposals. The overall objective of the proposed 
program is to increase the understanding of the mechanisms that govern fuel reliability and 
safety throughout the entire fuel service time and to assess design improvements aimed at 
enhancing the flexible, reliable and safe operation of nuclear fuel. This objective is to be 
pursued through a suitable hot cell and in-reactor experimentation program combined with 
analytical work in support of the data interpretation and model development. 
The intended programme is to be carried out as an international OECD-NEA project: 

• Hence it will consist of an internationally agreed scope and be run according to a 
given cost sharing arrangement 



• The programme is meant to complement the work performed at other 
establishments, notably those involved with OECD projects, such as SCIP, STEP… 

 
The CEA proposals deal with the following topics: 

• Fuel reliability, assessed through power ramps tests and PIE 

• LOCA tests, done out of-pile in a first phase and in-pile in a possible second phase 

• Source Term tests addressing fission products release in a variety of fuel failure 
conditions. 

 
A tentative planning for setting-up the JHIP is as follows: 

• 2009-2011:  Project preparation 

• 2012-2015: Project Phase 1 with Experimentation in existing facilities (OSIRIS,   
LECA…) 

• 2016-2019: Project Phase 2 with experimentation in JHR. 
Around 50 experts from various origin (Safety Authorities-CSN,  SRSA… and/or Technical 
Support Organisation to regulatory bodies-NRC,IRSN, …Utilities-EDF, ENUSA, GDF Suez, 
VATTENFALL, GE…Engineering companies –AREVA…, Research Organisation- VTT,  
AECL, NRI, AEKI, PSI, CEA…) from 15 countries have participated in this meeting. 
Following positive feedback from this meeting, CEA is preparing the test matrix for each topic 
(Ramps, LOCA and Source Term) to be discussed in detail with each potential partner. 
The target is to get a nearly completed JHIP OECD agreement by the end of 2011 in order to 
launch scientific programs up to 2012. 
 
Conclusion 
As indicated JHR building is going-on in a nominal way and its first criticality is scheduled for 
2014. This facility –regarding the experimental capacity- is already open and will be more 
and more so to international collaboration. It is clear that within a context of nuclear renewal, 
the JHR will be a key infrastructure in the European Research Area for R&D in support to the 
use of nuclear energy. 
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ABSTRACT 

MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) is the 
flexible experimental accelerator-driven system (ADS) in development at SCK•CEN in 
replacement of its material testing reactor (MTR) BR2. The MYRRHA-facility, currently 
developed with the aid of the FP7-project "Central Design Team" is conceived as a 
flexible irradiation facility, able to work in both subcritical and critical modes. In this way, 
MYRRHA will allow fuel developments for innovative reactor systems, material 
developments for GEN IV systems, material developments for fusion reactors, 
radioisotope production for medical and industrial applications, and Si-doping.  
MYRRHA will also demonstrate the ADS full concept by coupling the three components 
(accelerator, spallation target and subcritical reactor) at reasonable power level to allow 
operation feedback, scalable to an industrial demonstrator and allow the study of efficient 
transmutation of high-level nuclear waste. Since MYRRHA is based on the heavy liquid 
metal technology, lead-bismuth eutectic, it will be able to significantly contribute to the 
development of Lead Fast Reactor Technology and in critical mode, MYRRHA will play 
the role of European Technology Pilot Plant in the roadmap for LFR. 
In this paper the historic evolution, international positioning and the set-up of the 
international members' consortium of the MYRRHA-project and the rationale behind the 
design choices are presented. Also, the latest configuration of the reactor system is 
described together with the different irradiation capabilities. More specifically, the 
possibilities and performances for fuel irradiations are presented in more detail. 

1. Introduction 
One of the flagships of the nuclear infrastructure of the Belgian Nuclear Research Centre 
(SCK•CEN) is the BR2 reactor[1], a flexible irradiation facility known as a multipurpose 
materials testing reactor. This reactor is in operation since 1962 and is, after being 
refurbished twice, now licensed for operating until 2016 with a possible extension for another 
ten-year period until 2026. Therefore, the Belgian Nuclear Research Centre is working since 
1998 at the pre- and conceptual design of a multi-purpose flexible irradiation facility, called 
MYRRHA, that can replace BR2 MTR and that is innovative to support future oriented 
research projects needed to sustain the future of the research centre. MYRRHA has been 
designed as a multipurpose Accelerator Driven System (ADS) for R&D applications, and 
consists of a proton accelerator delivering its beam to a spallation target that in turn couples 
to a sub-critical fast core, also cooled with Lead-Bismuth. 
MYRRHA has started from the ADONIS project (1995-1997). ADONIS was the first 
SCK•CEN project where the coupling between an accelerator, a spallation target and a 
subcritical core was studied. The ADONIS project, since 1998 named MYRRHA, evolved to a 
larger installation. In 2005, MYRRHA has been offered as a starting base for the XT-ADS 
design. XT-ADS is a short-term (operational around 2020) small-scale (50 to 100 MWth 
experimental facility that should demonstrate the technical feasibility of transmutation in an 
accelerator driven system. The history of MYRRHA from ADONIS to FASTEF is discussed in 
section 2. The present design of the project in section 3. Of this present design, the following 
components are discussed in detail: the primary cooling system (3.1), the sub-critical core 
(3.2) and the in-vessel fuel handling machine (3.3). At last, the performances of the fuel 
irradiations are described in section 4. 



2. Historical evolution of MYRRHA: from ADONIS to XT-ADS 
The coupling between an accelerator, a spallation target and a subcritical core has been 
studied for the first time at SCK•CEN in collaboration with Ion Beam Applications (IBA, 
Louvain-la-Neuve) in the frame of the ADONIS project (1995-1997). ADONIS was a small 
irradiation facility, based on the ADS concept, having the single objective to produce 
radioisotopes for medical purposes and more particularly 99Mo as a fission product from 
highly enriched 235U fissile targets. The proposed design was of limited size with an 
accelerator of 150 MeV and a core with a power of around 1.5 MWth. The system was a 
thermal spectrum machine and therefore water was used as coolant and moderator. 
The ad-hoc scientific advisory committee recommended extending the purpose of the 
ADONIS machine to become a material testing reactor for material and fuel research, to 
study the feasibility of transmutation of the minor actinides and to demonstrate at a 
reasonable power scale the principle of the ADS. Since 1998, the project is named 
MYRRHA. In its 2005 version, MYRRHA consisted of a proton accelerator of the cyclotron 
type delivering a 350 MeV * 5 mA beam to a windowless liquid Pb-Bi spallation target that in 
turn couples to a Pb-Bi cooled, subcritical fast core of 50 MWth. This 2005 design is also 
called 'Draft – 2' design[2]. 
The MYRRHA 2005 design was offered as a starting base for the XT-ADS design in the FP6 
EUROTRANS integrated project[3]. The XT-ADS is a pool-type ADS cooled by lead-bismuth 
eutectic (LBE). The XT-ADS accelerator is a linear accelerator delivering a 600 MeV * 3.2 
mA beam into the spallation target. The reactor power is 57 MWth. The primary heat 
exchangers have been dimensioned to 70 MWth in order to incorporate the beam power 
output as well as the decay heat and some extra margin. 
At the end of the EUROTRANS project, the XT-ADS design has complied with the project 
main requirements[4]. However, the objectives of the XT-ADS did not fully correspond with the 
objectives of MYRRHA. Therefore, it's clear that future design work is needed to bring the 
design of MYRRHA-FASTEF in line with the objectives, application catalogue and rationale 
for implementation. 
First of all, since the objective of MYRRHA-FASTEF is to operate both in a sub-critical mode 
and a critical mode, an analysis was be performed to establish to which extent the design of 
XT-ADS (which only considered sub-critical mode operation) needs to be modified to 
respond to the objective to operate also in critical mode. In this respect, it is clear that 
reactivity control and scram systems have to be included in the design. Also, an analysis had 
to be performed to determine the advantages and disadvantages linked to windowless target 
concept. Working in critical mode modifies significantly the safety characteristics of the 
facility and the impact of the safety feedback on the design needs to be implemented.  
A second major topic for the update of the MYRRHA design is to obtain the targets set in the 
applications catalogue. The XT-ADS concept is not able to reach all the different targets in 
terms of irradiation conditions listed in the applications catalogue. To increase the flux level, 
it is obvious that the total power and power density will have to be increased. 

3. Current FASTEF design 
The main components/systems of FASTEF are of the same XT-ADS type with only increased 
size. The primary and secondary systems have been designed to evacuate a maximum core 
power of 100 MWth. All the FASTEF components are optimized for the extensive use of the 
remote handling system during components replacement, inspections and handling. 
Figure 1 presents a vertical cut inside the reactor vessel, showing its main internal 
components. The main parameters are listed in Table 1. 
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FA Length 2000 mm 
Nominal Power 100 MW 

Core inlet temperature 270 °C 
Core outlet temperature 410 °C 
Coolant velocity in core 2 m/s 
Coolant pressure drop 2.5 bar 

Secondary coolant Saturated 
water/steam 

Tertiary coolant Air 
Table 1: Main FASTEF parameters

Figure 1: Vertical cut of FASTEF 

3.1. The primary cooling system 
As stated earlier in this paper, the primary and secondary systems have been designed to 
evacuate a maximum thermal core power of 100 MW. The average coolant temperature 
increase in the core in nominal conditions is 140 °C with a coolant flow of 2 m/s. The primary 
cooling system exists of two pumps and four heat exchangers. 
The pumps are axial or mixed-type pumps with a mass flow 3500 kg/s per pump. The pumps 
are designed for a working pressure of 3 bar.  

  
Figure 2: Heat exchangers 

The heat exchangers (Figure 2) are from 
the shell and tube, single-pass and 
counter-current type. The heat exchangers 
are using pressurized water as secondary 
coolant, flowing through 700 tubes, to 
evacuate the heat. The heat exchangers 
are double walled to avoid pre-heating of 
the secondary coolant and to prevent 
water leaking in the LBE when a failure 
occurs. 
In case of loss of primary flow (primary 
pumps failure), the primary heat 
exchangers aren't able to extract the full 
heat power. In such cases, the beam must 
be shut off in the subcritical case and the 
shutdown rods inserted in the critical case. 

The decay heat removal (DHR) is achieved by natural convection. Ultimate DHR is done 
through a reactor vessel coolant system, also by natural convection. 

3.2. The core  
At the present state of the design, the reactor core consists of mixed oxide (MOX) fuel pins, 
typical for fast reactors.  The Fuel Assemblies (FA) size is a little bit increased in order to 
accommodate the window target in the core centre. Consequently the In-Pile test Sections 
(IPS), which will be located in dedicated FA positions, are larger in diameter giving more 
flexibility for experiments. Thirty seven positions can be occupied by IPS's or by the 
spallation target (the central one of the core in sub-critical configuration) or by control and 
shutdown rods (in the core critical configuration). This gives a large flexibility in the choice of 
the more suitable position (neutron flux) for each experiment. 



 
Figure 3: Horizontal cut in the FASTEF core, showing the 
central target, the different types of fuel assemblies and 

dummy components 

The requested high fast flux intensity has 
been obtained optimizing the core 
configuration geometry (fuel rod diameter 
and pitch) and maximizing the power 
density. We will be using, for the first core 
loadings, 15-15Ti as cladding material 
instead of T91 that will be qualified 
progressively further on during MYRRHA 
operation. Thanks to the use of LBE as 
coolant, it permits to lower the core inlet 
operating temperature (down to 270 °C) 
decreasing the risk of corrosion and allowing 
to increase the core ΔT. This together with 
the adoption of reliable and passive shut

down systems will permit to meet the high fast flux intensity target. 

3.3. The in-vessel fuel handling machine 

 
Figure 4: The in-vessel fuel handling machine 

The interference of the core 
with the proton beam, the fact 
that the room situated directly 
above the core will be occupied 
by lots of instrumentations and 
IPS penetrations, and core 
compactness result in 
insufficient space for fuel 
handling to (un)load the core 
from above. Therefore, fuel 
handling is performed from 
underneath the core. The fuel 
assemblies are kept by 
buoyancy under the core 
support plate. 

The in-vessel fuel handling machine is based on two SCARA robots, each covering one side 
of the core, as shown in Figure 4. The robot can move up and down for about 2 m, to extract 
the fuel assemblies from the core. A guide is used for handling the FA, while a plate prevents 
the surrounding FA's to be extracted from the core. An ultrasonic sensor is used to uniquely 
identify the FA's. With its diameter of just above 2 meters, the two SCARA robots determine 
together with the core the diameter of the reactor vessel. 

4. Irradiation performances 

 
Figure 5: Patch of channels showing fuel assemblies 

and 7 IPS for material testing samples (left) and a stack 
of steel specimen (right) 

As described in the design of the core, thirty 
seven positions can be occupied by In-Pile 
test Sections to perform experiments. Figure 
5 shows a MCNPX plot-view displaying a 
patch of channels in the MYRRHA/FASTEF 
critical core. Besides the driving fuel 
assemblies, seven IPS are loaded, each one 
having seven channels wherein stacks of 
various steel specimen for material testing 
as regards to irradiation damage are placed. 

In  

FA centre [1 0 0] [1 2 0] [3 0 0] [4 0 0] 
Φtot 3.42E+15 2.93E+15 2.71E+15 2.05E+15 

Φ>0.75 MeV 6.44E+14 5.59E+14 5.15E+14 3.71E+14 

Table 2, the achievable neutron flux levels 
and the accumulated DPA damage over one 
effective full power year at 100 MWth are 



given for the typical stack of 8 specimens, as shown on the right side of Figure 5. Both
values of the IPS loaded in the central core channel [0 0 0] as a IPS loaded in ring #2 are 
listed. In terms of fuel irradiation performances, the flux levels are given at different fuel 
assembly positions. The values for the flux levels given in the second table are for the flux in 
the central fuel pin of the considered fuel assembly at the mid-plane of the core. 
 

 IPS in Chan [0 0 0] IPS in Chan [2 0 0] 
Sample n° dpa/EFPY Φtot dpa/EFPY Φtot 

8 18.1 2.38E+15 16.2 2.12E+15 
7 23.0 2.85E+15 20.7 2.54E+15 
6 25.9 3.19E+15 23.3 2.85E+15 
5 27.5 3.37E+15 24.5 3.02E+15 
4 27.2 3.39E+15 24.5 3.03E+15 
3 25.7 3.23E+15 22.9 2.89E+15 
2 22.3 2.92E+15 19.9 2.62E+15 
1 17.3 2.50E+15 15.5 2.23E+15 

 

FA centre [1 0 0] [1 2 0] [3 0 0] [4 0 0] 
Φtot 3.42E+15 2.93E+15 2.71E+15 2.05E+15 

Φ>0.75 MeV 6.44E+14 5.59E+14 5.15E+14 3.71E+14 
Table 2: Fluxes and accumulated DPA over one effective full power year at 100 MWth 

Conclusion 
SCK•CEN is proposing to replace its ageing flagship facility, the Material Testing Reactor 
BR2, by a new flexible irradiation facility, MYRRHA. Considering the international and 
European needs, MYRRHA is conceived as a flexible fast spectrum irradiation facility able to 
work in both sub-critical and critical mode. With the CDT project, we are modifying the 
existing XT-ADS design into a new concept, called FASTEF, for this purpose. 
MYRRHA is now foreseen to be in full operation by 2023 and it will be operated as an 
Accelerator Driven Systems to demonstrate the ADS technology and the efficient 
demonstration of MA in sub-critical mode and will be able to be run in critical mode. As a fast 
spectrum irradiation facility, it will address fuel research for innovative reactor systems, 
material research for GEN IV systems and for fusion reactors, radioisotope production for 
medical and industrial applications and industrial applications, such as Si-doping. Being 
based on heavy liquid metal coolant technology, MYRRHA will also act as the European 
Technology Pilot Plant for the development of the Lead Fast Reactor. 
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ABSTRACT 
 

The High Flux Reactor (HFR) in Petten, The Netherlands, is one of the world’s main 
isotope production and research reactors. Given the advanced age of this reactor 
(operational since 1961), the Nuclear Research and consultancy Group (NRG) has 
taken the initiative to build PALLAS, a flexible  and high capacity research reactor. 
PALLAS will become part of the dense network of adjacent facilities on site – for 
instance the hot-cell laboratories. Besides the construction of the facility, the  layout of 
its periphery and infrastructure is a challenge to build and operate PALLAS without 
affecting the ongoing activities. This paper explains the major options for the 
secondary cooling system that should determine an uninterrupted operation for the 
next half century, and it discusses the anticipated utilization of remnant heat with 
measures for continuing delivery during maintenance outages. In June 2010 the Dutch 
government issues its guidelines for the Environmental Impact Assessment (EIA) of 
PALLAS. At the end PALLAS will satisfy the necessary regulatory requirements. The 
infrastructure of experiments and isotope capsules in the core shall enable to use the 
neutrons most efficiently. At the same time these devices should satisfy the regulatory 
demands  for the operating license boundaries of PALLAS. Therefore PALLAS will be 
commissioned with a fixed number of reference experiments and isotope production 
capsules that fully meet all requirements, and boundary conditions. 

 
1. Introduction 
 
In 1956 Petten was chosen from four allowable locations as the site for the High Flux Reactor, 
HFR. Presently the HFR together with its associated hot cell laboratories, isotope production 
and, waste treatment facilities is one of the world’s main isotope production and research center 
combinations in the world. As the historic data indicate the site selection was made before the 
IAEA entered into force in 1957. Given the advanced age of the reactor (operational since 
1961), the Nuclear Research and consultancy Group (NRG) has taken the initiative to build a 
new research and isotope reactor: PALLAS. This  reactor will be a flexible  and high capacity 
facility, that will utilize the surrounding infrastructure which is on the average of a younger age, 
but that is being renewed as well. In 2010 the Petten site was selected as the most likely 
location for the new research and isotope reactor. The Borssele site lacks the  Petten 
infrastructure, and would therefore require much more investment. PALLAS will be a flexible 
and high capacity facility, that will fully utilize the existing infrastructure at Petten.  
The paper explains in section 2 the off plot scope activities accompanying the building of 
PALLAS. The secondary cooling facilities design, and choices, also part of the off plot scope, 
are treated in section 3. Comments on the environmental impact assessment, EIA, and the  
“Richtlijnen” [2] for the EIA are presented in section 4, explaining the Netherlands rules for the 
EIA. The design and commissioning development for the nuclear infrastructure inside PALLAS, 
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consisting of comprehensive sets of isotope production, and experimental devices with their 
support equipment, are treated in the final section. 

2. Off plot scope 

The PALLAS site is part of the research location Petten, where next to NRG, also ECN, 
COVIDIEN and JRC-IE have their offices, workshops and laboratories. The total site population 
counts nearly 1400 persons travelling daily to and from the site, mainly by private cars. One of 
the key challenges, besides the construction of the facility itself, is the  layout of its periphery 
and infrastructure on this intensively used terrain. Fig 1 shows the present location of the HFR 
and nearby hot-cell facilities and isotope laboratories. PALLAS will be located close to the hot 
cell and isotope laboratory for logistic and security reasons. This nearby arrangement facilitates 
the prevention, and mitigation of the Design Basis Threats. 

Fig 1. The location of the Petten facilities with the PALLAS projection [north to the right] 

The security level of the building site will be increased stepwise during the building process 
reaching its highest level during the installation phase. The infrastructure has been designed in 
such a way that the HFR and PALLAS can be operated in parallel for a long period of time with 
independent secondary cooling water, normal and emergency power supply, and other utility 
facilities. These separate services are necessary, because of the age and capacity of the HFR 
utilities, but most important they are essential for the safety of operation of both research 
reactors.  
The density of buildings on the Petten site is low because of the present dunes, which have 
functions as landscape dominating shapes, host for the rich fauna and flora and sea defense.  
Finding the proper location for the PALLAS building on the site for the operation phase was 
rather simple compared to the site utilization during the building phase. Traffic analyses has 
shown that creating a dedicated entrance gate, doubling the capacity of the present one, is 
needed for  safe and secure handling of the additional “construction” traffic. Some more or less 
level surfaces on the site will have to be used for temporary workshops, warehouses, depots, 
offices, and parking sites.  

PALLAS 

HCL 

HFR 



 

3. Secondary cooling system 
 

The options for the secondary cooling system are in the range from sea or sweet surface water, 
see Fig 2, to air cooled heat exchangers. The North Sea coastal waters area is rather shallow 
[3], therefore intake from seawater requires high investments and operating costs. The nearby 
Noord-Hollands Kanaal offers abundant intake of sweet water 10 months of a year. Experience 
over the past decade shows the non-availability of insufficient water supply in the months July 
and August, which leads to the hybrid option with additional cooling capacity from air blown heat 
exchangers. This hybrid solution is the most reliable solution for the secondary cooling system. 

 

Fig 2. Coastal defense possibly needs more dunes rows in front of present beach. 

On many occasions the question arose: Are there viable options for reusing the residual heat of 
PALLAS? Considered possibilities are amongst others crop growth, biomass, shrimp and fish 
farms, and heating of expanding high pressure natural gas. With the exception of natural gas 
heating all options require limited fractions of heat. For all these customers the continuity of 
delivery is essential. The solution to this requirement can be found underneath the PALLAS site 
where wet sand layers can accumulate remnant heat during operation and can deliver heat 
during planned and unplanned outages of PALLAS. 

4. Environmental Impact Study 
 

Since changes in the design or infrastructure can affect the license application and the 
Environmental Impact Assessment (EIA), licensing and infrastructure activities keep a close 
relation in the project design phase. Based upon the submitted EIA-start notice for PALLAS [4], 
the PALLAS project team received its final EIA-guidelines in June 2010 from the Dutch 
government. The major issues are in line with the EU directives [5] and are centred on: 

- justification of the initiative for PALLAS; 
- description of the total lifecycle including de-commissioning of PALLAS and HFR; 
- description of the complete fuel cycle; 
- safety during normal operation and postulated accident scenario’s; 
- Impact on nearby nature reserves. 



The fauna and flora populations on the site have to be identified and the impact of  the building 
and operation phase must be estimated with an effect mitigation plan. In addition an impact 
analyses of PALLAS on the Dutch society by analysing costs and benefits should be provided to 
the authorities. A visual impact plan of PALLAS will be developed with cooperation of the  
community of Zijpe, involving the local inhabitants and  authorities. Since the holiday season 
attracts many tourists, local entrepreneurs in the tourist sector expect the rural-nature 
characteristics of the region to be preserved.  

 

 
 
Fig 3. Example of images used in the view quality planning 
 
Fig 3 shows a panorama view of the research site Petten, with a comparison between the 
PALLAS contours and  the HFR horizon impact   
 

 
5. Nuclear infrastructure 

The PALLAS operator and customers are primarily interested in the infrastructure for 
experiments and isotope production capsules, in order to use the PALLAS neutrons to their best 
advantage, at least as good as in the HFR [6]. The irradiation infrastructure is defined in terms 
of the number, volume and neutronic properties of irradiation positions. The flexibility of the 
utilization requires the possibility to exchange the number of experimental and isotope positions 
depending on the customers’ demand. For this reason the PALLAS reactor will be 
commissioned with a fixed number of reference experimental devices, RED, and Reference 
Isotope Devices, RID. They must all fully meet the requirements and objectives of a wide range 
of customers. At the same time the reference devices should satisfy the regulatory boundaries 
of PALLAS operation. The devices will also validate the utilization of the support systems, such 
as tooling and storage, control gas supply and handling, off-gas processing, measurement 
devices, data collection and data-management.  

The “hot” commissioning of the reactor will start with aluminium filler pieces in the irradiation 
positions followed by a schedule of gradual introduction of irradiation devices. The reference 
devices shall demonstrate: 

- the reactivity effects of fuel experiments and certain isotope capsules during insertion 
and  removal from the core; 

- the capabilities of the PALLAS reactivity control system to cope with loading and 
unloading of experiments, and production facilities; 

- the effectiveness of the interface for control and protection of the reactor in relation to 
the functioning of the irradiation devices;              



- validity of the operating limits for irradiation devices;                                                             
- the safe use of pressurized water and gas in static devices and loops; 
- flux distribution and peaking in experimental devices; 
- performance (yield) with respect to isotope production; 
- modelling of experiments, and isotope production devices, and in-core behaviour; 
- ease and economy of device use and handling of devices in and out of the core;       
- correct use and operation of support systems. 

The RED will amongst others most likely include a pressurized helium cooled loop intended for 
the research and development programs needed for AGR, (V)HTR, GFR, and fusion cooled 
blanket components. The safe in core operation is challenging, but also the support system 
(feeding and analysing the gases into the loop with the required pressure and composition) 
needs a lot of attention to assure proper functioning operation and safety systems, effectively 
connected to the reactor protection system.  

Most probably the Tc-production in PALLAS will be based on Low Enriched Uranium, LEU. 
Developing and testing this production chain and accompanying RID’s with the HFR before use 
in PALLAS,  will provide a flying start in this domain. Another RID that needs attention is the 
production facility for doted silicon for half-conductor properties. The trend of continuously  
increasing  sizes of silicon ingots, and the wish to offer flexible irradiation facilities in Petten 
require clever use of the space in the core. 

7. Conclusions 
 

1. By putting great effort in the EIA and in monitoring during the construction phase, 
PALLAS is expected to be completed without irreversible environmental impact. 

2. Sweet water supply will be sufficient for cooling, because using a hybrid secondary 
system, cooling is also secured when water supply would be limited in July or August. 

3. The site offers sufficient space for the operating phase of PALLAS, but during the 
building phase the site will be stretched to its limits. 

4. During the cold and hot commissioning stages the operating license will be validated 
utilizing the reference experiments and radioisotope production facilities. 

5. The systems and facilities for the experiments and isotope production capsule with 
support facilities have to be designed and planned with high accuracy in an early stage, 
because of their impact on the safety and space in the reactor building. 
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Abstract   
In a gigantic step towards establishing Jordan’s nuclear power program, Jordan 

Atomic   Energy Commission (JAEC) is building the first nuclear research and test 

 reactor in the   Kingdom. The new reactor will serve as the focal point for  Jordan 
Center for Nuclear   Research (JCNR), a comprehensive state of the art nuclear center 

not only for Jordan but   for the whole region, the center will include in addition to the 

reactor a radioisotopes   production plant, a nuclear fuel fabrication plant, a cold 

neutron source (CNS), a  radioactive waste treatment facility, and education and 
training center.  

The JRTR reactor is the only research reactor new build worldwide in 2010, it is a 5 

MW  light water open pool multipurpose  reactor, The reactor core is composed of 18 
fuel assemblies, MTR plate type, with 19.75% enriched uranium silicide   (U3Si2) in 

an aluminum matrix. It is reflected on all sides by beryllium and graphite blocks. 

Reactor power is  upgradable to 10 MW with a maximum thermal flux of 1.45×1014 
cm-2s-1. The reactor reactivity is controlled by  four Hafnium Control Absorber 

Rods (CAR)  .  

Jordan Center for Nuclear Research is located in Ramtha city, it is owned by Jordan 

 Atomic Energy Commission (JAEC), and is contracted to Korea Atomic Energy 
 Research  Institute (KAERI) and Daewoo E&C, The JCNR project is a 56 months 

EPC  fixed price contract for the design engineering, construction, and 

commissioning the  JCNR reactor, and other nuclear facilities. The project presents 
many challenges for both  the owner and the contractor, being the first nuclear reactor 

for Jordan, and the first  nuclear export for Korea. The driving forces, present status 

and the way ahead will be  presented in this paper.  

 

 

1. Introduction 
 

The building and construction of a research and test reactor is a gigantic step towards 

establishing a nuclear power program in Jordan and a landmark of its nuclear technology 

infrastructure. The reactor will become the focal point for Jordan Center for Nuclear 

Research (JCNR) that is intended to play the primary role in educating the upcoming 

generations of nuclear engineers and scientists in Jordan [1], and provide irradiation 

services in support of the Jordanian industrial, agricultural and health/medical 

infrastructure [2]. 

Jordan Center for Nuclear Research   (JCNR) is a comprehensive nuclear technology 

 center for Jordan & the Region that is designed  to include in addition to the nuclear 

reactor, a  radioisotopes production facility (RIP), an  educational and training center, a 



radioactive  waste treatment facility, a cold neutrons  facility (CNS), and a fuel fabrication 

plant, a layout view of JCNR is shown in Figure 1.   

JCNR is located in Ramtha approximately 70 km. north of Amman, within the Jordan 

University of Science and Technology (JUST) campus, one of the largest universities in 

Jordan. With about 20 000 students from more than 50 nations, the university is home to 

the only Nuclear Engineering Department (NED) in Jordan [3]. Currently, Jordan serves 

as a regional educational centre, a medical hub for the Middle East and a supplier of 

know-how in the various areas of education, engineering and science. It is anticipated 

that the established nuclear center JCNR will support these efforts and complement and 

solidify the objective of instituting nuclear energy as a viable option for fulfilling the 

Jordanian electricity and water needs in the 21st century 

  

 

2. JRTR Design Features 
 

Jordan Research and Training Reactor (JRTR) is a multipurpose isotope production, 

research and training reactor, with a designed power of 5 MW upgradable to 10 MW. It is 

light water moderated and cooled open-tank-in-pool type reactor; the core (shown in Fig 

2) consists of 18 MTR plate type fuel assemblies, surrounded by beryllium and graphite 

reflector blocks. The core is flexible and can be reconfigured by replacing the fuel 

assemblies with beryllium blocks and vice versa. 

Figure 1. Birds Eye View of Jordan Centre for Nuclear Research in Ramtha 



The fuel is MTR plate type, aluminum clad, 19.75% enriched uranium silicide (U3Si2) 

dispersed in an aluminum matrix. The nominal fuel loading is 18 fuel assemblies 

containing 7.0 kg of 
235

U, and each assembly is a bundle of 21 fuel plates. The operating 

cycle is 50 days. When one fuel assembly is reloaded; the average discharge burn-up is 

70%. 

The compact core design is optimized to produce the highest thermal neutron fluxes at in-

core and external irradiation facilities. The maximum in-core thermal-flux-to-power ratio 

is 2.9×10
13

 cm
-2

s
-1

MW
-1

, producing a maximum thermal flux of 1.45×10
14

 cm
-2

s
-1

, and 

the maximum external thermal flux to power ratio is 1.4×10
13

 cm
-2

s
-1

MW
-1

 producing a 

maximum thermal flux of 6.78×10
13

 cm
-2

s
-1

. 

Forced convection cooling is used to cool the reactor under normal operating conditions. 

The coolant flows downward at a rate of 146 kg/s, with an inlet temperature of around 

35 °C and exits the core with an outlet temperature of 44.2 °C. The average heat flux is 

17.3 W/cm
2
, with a maximum of 51.9 W/cm

2
 [4]. 

 

  

 

Figure 2  JRTR Core showing the Fuel Assemblies and Beryllium blocks 

 
 

3. Licensing and Regulations 
 

The existence of a well developed and clear nuclear regulatory framework is fundamental 

to the success of any nuclear project. In 2007 Jordan enacted the radiation protection and 

nuclear safety and security Law (No. 43), which was amended in 2008 leading to the 

establishment of an independent nuclear regulator in the country.  In March 2008 the 

Regulatory Commission for Nuclear & Radiation work (JNRC) was established, as the 

authority to regulate, control and to establish Regulations and Guidance on rules and 

procedures for the safe use of nuclear energy and the safety and security of radiation 

sources. The lack of any nuclear regulations in Jordan presented additional challenges, 

and introduced new risks to the project. 



To overcome these challenges an agreement between JAEC and JNRC was made, stating 

that the Korean nuclear regulation will be used for the JRTR project, the agreement was 

added as an appendix to the EPC contract. 

Two step licensing procedures consistent with the Korean regulations will be adopted for 

the JRTR project.  Uppon the submittal of the PSAR and FSAR reports, JNRC with the 

help of KINS will review and issue the construction permit and operating license 

respectively. 

 

 

4. Driving Forces 
 

Nuclear energy is not a luxury for Jordan, it is a necessity, with the lack of conventional 

 energy resources, Jordan currently imports over 95% of its energy needs. With  increasing 

and fluctuating oil prices this dependence on energy imports is becoming a  huge burden 

on Jordan economy and is hindering our development, and economic growth.   

Nuclear energy offers a promising approach to meet Jordan’s energy needs, an approach 

 that would reduce dependence on oil imports, create jobs, raise the standard of living, and 

 alleviate the burden on the national budget. It will also provide electricity for energy 

 demanding mega projects that Jordan is aspiring to build; such as water desalination, the 

 red-dead canal, and electric trains.  JRTR is a major milestone on the road to  establishing 

a nuclear power program in Jordan. 

 

 

5. Future Issues and Considerations 
 

JRTR is the first nuclear reactor project in Jordan, JAEC will be facing many challenges 

that have to be overcome and issues that have consider as the project progress. Project 

management team that is capable of following schedule, budget, reporting, design 

reviews, construction and quality control. Management of environmental obligations, 

management of regulatory obligations, international obligations, safety and licensing, 

ethics & confidentiality, stakeholders involvement, public awareness and acceptance, 

strategic plan for effective utilization, building of user groups, financial concerns, funds 

for essential facilities that is not part of the contract. 
 

 

6. Project Status 
 

Despite the challenges of first experience, by being Jordan’s first nuclear reactor, and 

Korea’s first nuclear export, the JRTR reactor project has been progressing on schedule 

as shown in figure 3.  

Jordan Atomic  Energy  Commission (JAEC) is the owner and operator of the reactor that 

is being designed and  constructed by  a Korean consortium of Korea Atomic Energy 

Research Institute and Daewoo E&C (KDC). The EPC contract includes the design, 



engineering, construction, and commissioning of the reactor and its associated facilities, 

as well as training and technology transfer.  

The project which started  in August 2010 will take 56  months to complete, making the 

reactor ready for operation in March 2015.  Allowing no less than five years before the 

introduction  of Jordan’s first  nuclear power plant; a period necessary for building and 

qualifying  indigenes human  resources and developing the necessary nuclear 

infrastructure.  

 

 

Figure 3. Project Progress Status (S-Curve) 

 

Site studies have been completed, including seismotectonics, active faults, structural 

geology and soil investigation. The basic design of the Reactor Island and other balance-

of-plant systems is underway. The Preliminary Safety Analysis Report (PSAR) is 

expected to be completed in July of this year and presented to Jordan Nuclear Regulatory 

Commission (JNRC), for review and approval.  First concrete of  nuclear construction is 

planed to start in April 2012, upon the issuance of construction permit. Detailed design of 

the training center and reactor school is underway; construction will start in June 2011, 

and will be completed in March 2012.    
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After the core conversion of the RA-6 reactor finished in March 2008, an extension of 
the original CNEA-NNSA DoE contract was signed to enhance the final national HEU 
inventories minimization. Before this process, CNEA reserved a small inventory of HEU 
for R&D uses in fission chambers, neutronic probes and standards. This minimization 
comprises that all fresh and irradiated HEU remnant inventories coming from fuels and 
Mo99 irradiation targets fabrication and irradiated HEU-oxides retained in production 
filters and solutions will be recovered, down-blended into LEU and purified or dispose 
as waste whenever its recovery would not be advisable due to cost-benefit 
consideration.    
 
CNEA has a R&D program to develop the fabrication technology of both dispersed U-
Mo (Al-Si matrix and Al cladding) and monolithic (Zry-4 cladding) miniplates to support 
the qualification activities of the RERTR program. Some monolithic 58% enrichment and 
LEU 8%Mo and U10%Mo miniplates and plates were and are being delivered to INL-
DoE to be irradiated in the ATR reactor core. 
 
CNEA, a worldwide leader on LEU technology for fission radioisotope production is 
providing Brazil with 1/3 of the national requirements on Mo99 by weekly deliveries. 
Australia has started the fission radioisotope production through several batches by 
week, based on CNEA’s LEU technology provided by INVAP SE. CNEA is also 
committed to improve the diffusion of LEU target and radiochemical technology for 
radioisotope production and target and process optimization.  
 
Future plans include:  

1. Plans to recover and purify the LEU based inventories in Mo99 production filters, once the 
HEU to LEU campaign is over.  

2. Fabrication and delivering to INL to be irradiated in the ATR core of U-8%Mo and U-
10%Mo monolithic miniplates and development and fabrication of LEU very high density 
monolithic and dispersed U-Mo fuel plates with Zr cladding for the FUTURE-MONO 
experiment in the frame of the RERTR program. 

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

1. Introduction: 
 

On October 30th, 2005 the signature of two contracts between CNEA and NNSA-DoE gave 
rise to the RA-6 reactor core conversion from HEU to LEU. The RA-6 reactor is a pool-type 
one sited at San Carlos de Bariloche city, Province of Río Negro, Argentina. A special project 
named UBERA-6 enabled the realization of several tasks: 

• Swapping of HEU-LEU inventories,  
• Exportation of HEU SNF US-origin to USA,  
• Fabrication of the conversion core and new graphite reflectors 
• Improvements on primary and secondary loops. 

This core conversion process ended in May, 2008 when first criticallity of the new core was 
achieved. 
In March 2010, a supplementary agreement between CNEA and NNSA-DoE was signed by 
both parties, in the frame of the HEU minimization for civilian uses. A strategic small amount 



 
   
   

of HEU inventory for R&D purposes, as fission chambers, neutronic probes and standard 
fabrication was reserved by CNEA. 
 
This minimization means the recovery, blending down and purification of fresh and irradiated 
HEU inventories contained in scraps from fuel and target fabrication and in fission Mo99 
production filters, or the disposition as waste of those inventories whenever its recovery is 
not advisable due to a cost-benefit consideration. These tasks are taking place and the 
expected deadline is December 2012.  
 

2. New tasks on HEU minimization 
 
These inventories were classified into 6 groups, as it is shown in Table 1 

 

Description  Group 
Number Form U Mass 

(kg) Enrichment 235 U Mass 
(kg) 

Irradiated Mo-99 
Targets And 

Solutions 
1 Solid and 

Liquid 1.928 89.73% 1.73 

UF6 Cylinder 2 Gas / Solid 
(UO2F2) 0.65 90.14% 0.59 

Miscellaneous 
Solids (alloys, 

metal) 
3 Solid 0.397 87.15% 0.346 

Miscellaneous 
Solutions 4 Liquid 0.228 89.91% 0.205 

Materials declared 
waste to dispose 5 Solid 0.505 89.97% 0.453 

Ingot for MEU-
Mo/Zr Miniplates 

Fabrication 
6 Solid 0.344 88.66% 0.305 

TOTAL     4.05   3.63 
 
      Tab. 1 HEU inventories  

 
Group 1 comprises the refurbishment of a radiochemical laboratory (LFR lab), licensing of 
two transport casks, for irradiated solutions and solids contained in cartridge filters, among of 
the proper recovery, downblending and purification of the HEU inventory in the hot cells of 
the LFR lab. This task is ongoing and the deadline is December 2012. 



 
   
   

 
Fig. LFR laboratory front of hot cells 

 
Group 2 comprised the opening of a valve stucked 5A type cylinder containing a partial 
hydrolized UF6 inventory, and the recovery, downblending and purification of the HEU 
inventory into LEU. This task was finished on October 2010I 
 

 
Fig. 2 Glove box al LTA lab where the 5A cylinder was punctured 

  

GROUP 2 ID DESCRIPTION HEU 
MASS (g)

U235 
MASS (g)

  
PARTIAL 

%  
TOTAL % 



 
   
   

5A CYLINDER 
DECLARED 

VALUES 
649,3  585,29   100 

TOTAL 
RECOVERY 

TOTAL HEU 
DOWNBLENDED 602,72 543,41 92,8 

95,1 
SAMPLES 15,05 13,57 2,3 

TOTAL 
WASTE 

SOLID WASTE 0,80 0,72 0,1 

3,2 

TREATED 
CYLINDER 12 10,82 1,9 

ANALYTICAL 
WASTE 2,26 2,04 0,4 

SUPERNATE FROM 
WASHES AND 
PRECIPITATES 

5,46 4,92 0,8 

TOTAL ACCOUNTED MATERIAL 638,29 575,48   98,3 

NOT ACCOUNTED MATERIAL 11,01 9,81   1,7 

Tab. 2 HEU-F6 processed from the 5A cylinder 
 
Group 3 implied the downblending of an HEU-Al inventory through cast melting. This task 
was finished during September 2010.  
Group 4 is made of several HEU solutions in acqueous and organic media. It was 
characterized and is being downblended, expecting its finalization on May 2011.  
Group 5: this inventory will be managed after a consultation made by the Argentinean 
Nuclear Regulatory Authority (ARN) to IAEA on a specific disposal proposal. 
 

GROUP DESCRIPTION HEU MASS (Kg) REMNANT HEU (Kg)  

1 IRRADIATED MATERIAL 1,928 1,928 

2 5A CYLINDER 
CONTAINING HEU-F6 0,649 0 

3 SOLIDS 0,397 0 

4 LIQUIDS 0,228 0,078 

5 MATERIAL TO 
DECLARE WASTE 0,505 0,505 

6 
HEU FOR MEU-Mo 

MINIPLATES & LEU-Mo 
PLATE FABRICATION 

0,344 0,300 

TOTAL  4,051 2,811 

 
Tab.3 HEU remnant up to January, 2011 

Group 6 includes the blending down of a HEU ingot to 58% enrichment (at U235) to 
make ME U-10%Mo and U-8%Mo based miniplates with Zr cladding. The agreement 
includes the exportation to INL of miniplates for irradiation testing under the RERTR 
program. This task is being accomplished with a first delivery made in April, 2010 and 
a final second one scheduled for May 2011II. Finally, the remaining 58% enrichment 
inventory will be downblended to LEU-10%Mo or LEU-8%Mo for full scale plate 
fabrication in the frame of the RERTR programme. 



 
   
   

 
3. R&D on VHD fuels 
The development of CNEA miniplates using monolithic UMo alloy cores involves the use of 
the well known Zircalloy-4. Zry-4 is commonly used as nuclear fuels cladding for nuclear 
power plants (uranium alloyed or not). In this case Zry-4 is employed as cladding in top, 
cover and frame. The fuel material in the core is UMo alloy with different contents of Mo 
(between 7-10% wt/wt).   It was decided to employ a content of Molybdenum between 5 to 
10% enough to retain the gamma phase at low temperature but also not to penalize the 
reactor neutronics due to the capture cross section of Mo95 isotope. Regarding hot rolling 
temperature between 575º - 660ºC analyses showed the presence of some amount of alpha 
plus delta phases, while hot rolling at 800-850ºC will take place in gamma phase which has a 
metastable bcc crystal structure.  
 
Experimental set-up: an 89.24 % (at. U235) enriched U ingot was downblended to 58 %. 
This process took place in a vaccum inductive furnace, using enrichment and depleted 
uranium. Crucible employed was made of Zirconia – Ytria. This ingot was splitted into two 
parts that were employed for U-8%Mo and U-10% Mo ingot preparation with the same 
equipment used before. Also DU was employed to prepare DU-8%Mo and Du-10%Mo for 
use in developing tests. Slices were cut from each ingot. Edges and surfaces were polished 
using grinding paper # 1000. The core final dimensions were (in general):19.5 mm wide, 19.5 
mm long and 1.1 mm thick. They were placed inside Zry-4 frames with dimensions of 1.1 mm 
thick, 35 mm wide and 47 mm long. Two sheets (cladding) of the same material and planar 
dimensions, but 2.7 mm thick, were placed under and over the frame containing the core. All 
sheets have the same surface finishing as the slice. The bottom, top and frame Zry-4 
material were TIG welded under He atmosphere. Miniplates were co-rolled to final thickness 
of 1- 1,4 mm. 
Miniplates hot co-rolled at 800°C were performed in 8 steps with intermediate heating 
between 785/810 °C during 15 minutes in a furnace without controlled atmosphere. 
Miniplates having cores containing alloys with U58% enrichment (at.U235) and DU were sent 
to INL for RERTR experiment and were analyzed in order to decide if their were admissible 
for the irradiation experiment.  
Results: the microscopic observation of the material co-rolled at 800ºC shows clearly the 
presence of an interlayer (IL) (figure 1). The dark zone of the micrograph is Zr, as it can be 
observed in cross1, cross 2 is in the beginning of the interlayer and the SEM revealed only 
Zr. Cross 3 that is in the middle of the IL shows a zone with 50% of Zr/U each in weight, 
when it was quantified; no evidence of Mo can be observed. Cross 4 shows a very low 
quantity of Zr, a considerable quantity of U and an increased quantity of Mo (regarding the 
uranium). Cross 5, which is in the limit of the IL in the UMo alloy side shows the presence of 
Zr in low quantity; it is richer in Mo (7 times more than cross 4) and poorly in Uranium. 
Crosses 6 and 7 are clearly UMo alloy. 
 



 
   
   

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Miniplate Zry-4/U8Mo/Zry-4 hot co-rolled at 800 ºC 
 
 
The miniplates fabricated for the RERTR-13 experiment underwent three non-destructive 
evaluation tests to assess the viability to be included in the experiment. The ultrasonic testing 
revealed that several of them were not candidate for the experiment. NDE evaluation 
provided characterization information.  
Radiography studies confirmed the lack of uniform thickness (dogbone) at fuel ends.  
Thermography studies on some miniplates were performed to determine if this non-
destructive and portable experiment method was acceptable for debonding determination. 
Results showed that this technology is an acceptable method.  
Destructive examinations of plate made of depleted Uranium-10%Mo ARD10Mo1 were 
performed to verify clad and fuel thickness of the data generated using UT and radiography. 
An OM examination of the thickest end of this plate confirmed the UT data for the min-clad 
value indicated and provided a correction factor for the density data provided by radiography.  
Conclusions: hot rolling at 800°C was intended to assess an adequate bonding, looking for 
U-Mo and Zry-4 more compatible crystallographic structures and for a more plastic state to 
reduce rolling passes. However it was found that a relevant interlayer zone between U-Mo 
and Zry-4 was formed, where Mo agglomerates after migrating from U-Mo side, also the 
alpha-U phase appeared, debonding presence mainly at miniplate borders and dogbone at 
front and end of core were observed. 
Future plans: a compromise between thermal plasticity and inadequate phases formation 
(Mo agglomeration, alpha-U phase) will be seek. An adequate number for co-rolling passes 
and rolling speed to avoid dog-bone formation and debonding will be tested. 

 
LEU target and radiochemical technology for Mo99 and other radioisotopes 
production: it is the largest contribution of CNEA to HEU minimizationin civilian uses. It was 
already informed about the circumstances of the final cutoff to HEU supply for Mo99 
production and how CNEA found abn adequate LEU replacement without changing its 
radiochemical technology. CNEA has developed and is using high-density LEU-aluminum 
dispersion targets.  The target meat has a density of 2.9 gU/cm3 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, 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 by the Australian National Nuclear Science and 
Technology Organisation. ANSTO is using CNEA’s radiochemical technology and LEU 
targets 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. HEU-LEU production process 
comparison costs reveal that this new technology has no significant overall cost of 5% [IV].  
Since CNEA has duplicated the LEU-based radioisotope weekly production rate to provide 
Mo99 to Brazil covering 1/3 of the Brazilian market.  

. 
4. Conclusions:  
FINAL HEU MINIMIZATION: CNEA is minimizing the remnants HEU inventories, both fresh 
and irradiated from fuel and target fabrication scraps and fission RI production solutions and 
filters. All these tasks are scheduled to finish during December 2012. 
R&D ON LEU VHD FUELS: CNEA is actively supporting both R&D activities to achieve 
solutions for core conversions. 
LEU TECHNOLOGY FOR FISSION RI PRODUCTION: No technical, quality or financial 
reasons make disadvantageous changing from HEU to LEU for fission Mo99 and other RI 
production. CNEA leads LEU based isotope production technology, and with INVAP built all 
LEU-based production systems in Australia and Egypt. This is by far the largest contribution 
of CNEA to the HEU minimization for civilian uses. 

 
                                                 
I L. N. Aldave, H. Blanco Bello, A. A. Bonini, L. I. De Lio, L. A. Dell’Occhio, M. Falcón, T. Feijoo, A. Gauna, D. A. 
Gil, A. Rodriguez y J. Valdez.  2010 RERTR International Meeting, Lisbon, Portugal, 10-14 October 2010. 
 
II M.López, A. González, R. González, F. Rice, H. Taboada, D. Wachs. 2010 RERTR International Meeting, 
Lisbon, Portugal, 10-14 October 2010.  
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 



 

 

MICROSTRUCTURAL CHARACTERIZATION OF BURNABLE 
ABSORBER MATERIALS BEING EVALUATED FOR APPLICATION 

IN LEU U-MO FUEL PLATES 
 

D. KEISER, JR.1, J. JUE 1, I. GLAGOLENKO1, G. MOORE1, C. CLARK1, B. RABIN1,   
D WACHS1, A. EWH2, B. YAO2, Y. H. SOHN2, T. TOTEV3, AND T. WIENCEK3 

  
1 Nuclear Fuels and Materials Division, Idaho National Laboratory 

P. O. Box 1625, Idaho Falls, Idaho 83403 USA 
 

2 University of Central Florida 
P. O. Box 162450, Orlando, FL 32816 USA 

 
3 Argonne National Laboratory, Argonne, Illinois 60439 – USA 

 
ABSTRACT 

 
The starting microstructure of a fuel plate will impact how it performs during irradiation.  This 
includes any burnable absorber materials that may be added to a dispersion or monolithic 
fuel plate to compensate for excess reactivity and/or to flatten the radial power profile. The 
borated compounds B4C, ZrB2, and Al-B alloys have been selected for testing in the ATR as 
part of the RERTR-13 test, and to support completion of this test, microstructural 
characterization has been performed on the samples in the as-fabricated condition.  This 
paper will discuss the results of optical metallography, scanning electron microscopy, and 
transmission electron microscopy analyses that have been performed.  Overall, there was a 
fairly significant difference in how the boron-containing phases were distributed in the 
various samples.   The ZrB2 and B4C samples had the most uniform distribution of the 
boron-containing phases.  The HIP process used to fabricate the final plate samples 
effectively closes porosity that was present in some of the foil samples in the as-rolled 
condition. 
 
1.  Introduction 
 
Burnable absorbers (BA) are used in a reactor fuel plate when it is necessary to suppress 
excess initial reactivity in a fuel and/or to flatten the radial power profile within a fuel element.   
In ATR and HFIR fuel elements, B4C is currently used as the burnable absorber [1,2].  As 
part of the development of low-enriched U-Mo fuel, it is of interest to identify BA material(s) 
that can be employed for the reactors where the use of such a material is required and also 
to identify the best methodology of incorporating the material into the fuel plate (particularly 
for the monolithic fuel) such that there will be no impact of the BA material on the 
mechanical integrity of the fuel plate during irradiation.   
 
The RERTR-13 reactor experiment being performed in the Advance Test Reactor (ATR) 
(see Table 1) will test BA-containing samples where the phases that contain boron (B), are 
B4C, ZrB2, or AlB2.  The test is comprised of 28 plates (8 non-fueled material test plates, 8 
dispersion plates, and 12 monolithic plates). The B-10 concentrations employed in the 
materials are prototypic of what would be employed in LEU ATR plates [1]. The prime 
phenomena of interest in these plates are helium behavior, fuel swelling, blister anneal 
failure temperature and interaction layer behavior. In order to understand the effects of 
irradiation, it is necessary to perform detailed pre-test characterization on as-fabricated 
samples.  The pre-test characterization was comprised of optical metallography (OM), 
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) 
analyses.  This paper will describe the microstructures that were observed and will focus on 
the morphology and distribution of the phases that contain the boron.   
 



 

 

Table 1. RERTR-13 Experiment Matrix. 
 

ID 
 

Capsule Column 1 Column 2 Column 3 Column 4 

13-A Top A-1 A-2 A-3 A-4 
U-7Mo + B4C  

dispersion in Al-4 
wt% Si, U235-25% 

U-7Mo + B4C  
dispersion in Al-4 

wt% Si, U235-69% 

U-7Mo + ZrB2  
dispersion in Al-
4 wt% Si, U235-

69%

U-7Mo + ZrB2  
dispersion in Al-
4 wt% Si, U235-

25%
Bottom A-5 A-6 A-7 A-8

Aluminum Dummy Aluminum Dummy U-10Mo 
monolithic + 

B4C-Al 
dispersion, 
U235-66% 

U-10Mo 
monolithic 

+ Al-1.5B alloy 
U235-66% 

13-B Top B-1 B-2 B-3 B-4 
U-10Mo monolithic 

+ ZrB2-Al 
dispersion, U235-

19.7% 

U-10Mo monolithic 
+ ZrB2-Al 

dispersion, U235-
66% 

U-10Mo 
monolithic + 

B4C-Al 
dispersion, 
U235-66% 

U-10Mo 
monolithic + 

B4C-Al 
dispersion, 

U235-19.7% 
Bottom B-5 B-6 B-7 B-8 

Al-4.5B dispersion Al-1.5B dispersion ZrB2-Al 
dispersion 

(Enriched B) 

B4C-Al 
dispersion 

13-C Top C-1 C-2 C-3 C-4 
U-10Mo monolithic 

+ ZrB2-Al 
dispersion, U235-

19.7% 

U-10Mo monolithic 
+ ZrB2-Al 

dispersion, U235-
66% 

U-10Mo 
monolithic + 

B4C-Al 
dispersion, 
U235-66% 

U-10Mo 
monolithic + 

B4C-Al 
dispersion, 

U235-19.7% 
Bottom C-5 C-6 C-7 C-8 

Aluminum Dummy Aluminum Dummy U-10Mo 
monolithic + 

B4C-Al 
dispersion, 
U235-66% 

U-10Mo 
monolithic + Al-

4.5B alloy, 
U235-66% 

13-D Top D-1 D-2 D-3 D-4 
U-7Mo + B4C  

dispersion in Al-4 
wt% Si, U235-25% 

U-7Mo + B4C  
dispersion in Al-4 

wt% Si, U235-69% 

U-7Mo + ZrB2  
dispersion in Al-
4 wt% Si, U235-

69% 

U-7Mo + ZrB2  
dispersion in Al-
4 wt% Si, U235-

25% 
Bottom D-5 D-6 D-7 D-8 

Al-4.5B dispersion Al-1.5B dispersion ZrB2-Al 
dispersion 

B4C-Al 
dispersion 

 
 
 
2.  Experimental 
 
Table 2 enumerates the six samples that were characterized, their form, the specific 
analyses that have been performed to date, and the B-containing phase in the material.  The 
laminate samples were fabricated by blending 400 mesh (< 37 μm) powders of B4C and ZrB2 
powders (supplied by Ceradyne, Inc.) and aluminum powders, followed by compacting of the 



 

 

powders, and then rolling of the material to a desired thickness inside of an aluminum can.  
The edges of 
the can were then trimmed, leaving a layer of boron-bearing material sandwiched between 
two thin layers of AA6061 cladding.  The single layer samples were fabricated by 
commercially procuring boron-bearing ingots from Ceradyne, Inc. and then rolling them to 
the desired thickness.  The Al-4.5B (nominal wt% composition) ingot was manufactured by 
adding a boron halide to molten aluminum, and the Al-1.5B ingot was manufactured by 
adding a mixture of boron-halide and titanium-halide compounds to molten aluminum [1]. 
The single layer and laminate materials were inserted into fuel plates that were fabricated 
using the hot isostatic pressing (HIP) method [3].  All four samples (Al-1.5B, Al-4.5B, B4C, 
and ZrB2) were characterized in the unassembled (free foil) condition, and two samples (Al-
1.5B and ZrB2) were also analyzed in the as-HIPed condition.   
 
The SEM analyses were conducted using a JEOL 7000F FEG SEM with energy-dispersive 
and wavelength-dispersive spectrometers (EDS/WDS) and a Zeiss Ultra-55 field emission 
SEM with X-ray energy dispersive spectroscopy (XEDS). Backscattered electron (BSE) 
imaging and X-ray mapping was performed on transverse cross sections of the samples to 
identify the microstructures and partitioning of the sample constituents amongst different 
phases. Specimens for TEM were prepared with a focused ion beam (FIB) in-situ (INLO) 
technique using a FEITM TEM 200 FIB.  The TEM analyses were performed using a 
FEI/Tecnai F30 300keV TEM/STEM equipped with a Fischione high-angle annular dark field 
(HAADF) detector.  Electron diffraction was performed in the TEM to accurately identify the 
constituent phases based on crystal structure. 
 

Table 1. Samples Employed for Microstructural Characterization 
Label 

 
Sample 
Form 

Nominal B 
Loading 

(wt%) 

Percentage 
of B that is 

B-10 

Analysis 
Performed 

B-
Containing 

Phase 
Al-1.5B Single Layer 1.5 95.90 OM, SEM AlB2 
Al-4.5B  Single Layer 4.5 98.50 OM, SEM AlB2 

ZrB2 Laminate 9.6 75.17 OM, SEM, 
TEM 

ZrB2 

B4C Laminate 1.9 97.58 OM, SEM B4C 
Al-1.5B 

HIP 
HIP plate 1.5 95.90 OM, SEM, 

TEM 
AlB2 

ZrB2 HIP HIP plate 9.6 75.17 OM, SEM ZrB2 
 
3.  Results  
3.1  Al-1.5B and Al-1.5B HIP Sample 
 
Figure 1 shows a BSE image of the microstructure observed for a section of the Al-1.5B 
sample.  A heterogeneous distribution of precipitates was observed in the sample, along 
with relatively large areas of porosity.  X-ray mapping of the sample demonstrated that the 
dark-contrast precipitates are enriched in Al, and the bright-phase precipitates are enriched 
in Ti. The Al-1.5B HIP sample had a similar microstructure without relatively large regions of 
porosity.  TEM analysis was performed on the Al-1.5B HIP sample.  The bright contrast 
phases in the microstructure were comprised of Al3Ti (larger particles) and AlTi3 and Al3Fe 
(smaller particles).  The dark precipitates were AlB2. 
 



 

 

 
 
Fig. 1. BSE images of the microstructure observed for the Al-1.5B sample. 
 
3.2  Al-4.5B Sample 
 
Figure 2 shows a BSE image of the microstructure observed for a transverse cross section 
of the Al-4.5B sample.  A heterogeneous distribution of precipitates were observed in the 
sample, along with relatively large areas of porosity.  X-ray mapping of the microstructure 
demonstrated that the dark-contrast phases are enriched in Al and B. 
 

 
 
Fig. 2. BSE image of the microstructure observed for the Al-4.5B sample. 
 
3.3  ZrB2 and ZrB2 HIP Sample 

 
BSE images of the ZrB2 sample microstructure are presented in Fig. 3.  A generally uniform 
microstructure was observed with some areas of porosity. In the ZrB2 HIP sample a similar 
microstructure was observed without any relatively large regions of porosity.  TEM 
characterization of the ZrB2 sample confirmed the presence of the ZrB2 precipitate (bright 
contrast) and identified a minor (Al,Si)12Mg17 precipitate (dark contrast). 
 
 



 

 

 
 

 
 
Fig. 3. BSE images of the microstructure observed for the ZrB2 sample. 
 
3.4  B4C Sample 
 
In Fig.4, the BSE image indicates that a fairly uniform microstructure was observed for the 
B4C sample.  The dark-contrast precipitates are the B4C phase. 
 

 
 
Fig. 4. BSE image of the microstructure observed for the B4C sample. 
 
 
 
 
 
 
 
 
4.  Discussion 
 
Microstructural characterization of Al-1.5B, Al-4.5B, ZrB2, B4C samples indicated that each 
sample has a very unique microstructure.  The Al-1.5B sample has a significant fraction of 



 

 

Ti-containing precipitates and a minority AlB2 phase that contains the boron.  The Al-4.5B 
sample microstructure displays the AlB2 phase as the majority phase, but there is a wide 
range in the size of the precipitates.  The ZrB2 sample has fairly uniform distribution of the 
ZrB2 phase, but there is a fairly significant variation in the size of the precipitates.  The B4C 
sample also has a fairly uniform distribution of the B4C phase and a farily significant variation 
in the size of the precipitates. 
 
When microstructural analysis is performed on the as-irradiated samples, it will be of 
particular interest to track the development of the porosity in the microstructure due to the 
generation of He from nuclear reactions with the boron contained in the different phases. 
 
5.  Conclusions 
 
Based on the microstructural analyses performed on the BA samples that will be tested in 
the RERTR-13 experiment, there was a fairly significant difference in how the boron-
containing phases were distributed in the various samples.   The ZrB2 and B4C samples had 
the most uniform distribution of the boron-containing phases.  The HIP process used to 
fabricate the final plate samples effectively closes porosity that was present in some of the 
foil samples in the as-rolled condition.  
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ABSTRACT 
 

Within the "Surface Engineering of Low EnrIched Uranium-Molybdenum" 
(SELENIUM) research reactor fuel development program, initiated by SCK•CEN in 
2008, the coating of atomised U(Mo) fuel particles has been successfully 
completed in 2010. This paper reports on the results of the coating and will show 
some initial results of the annealing experiments of coated particles in an Al matrix.  
Currently, fuel plates are being produced by CERCA using the coated particles 
provided by SCK•CEN. Test productions, based on coated natural uranium kernels 
will be completed first, after which LEU based plates will be produced. As much as 
possible, standard production parameters are applied in this production. 
The irradiation experiment is planned for this year and consists of 4 flat, full size 
LEU fuel plates which will be irradiated in BR2 in the FUTURE-device. Three fuel 
plates will contain U(Mo) kernels coated with Si (~300 nm and ~600 nm) and one 
with ZrN (~1 µm). The 4th fuel plate contains a U(Mo) dispersion in an Al-5w%Si 
"alloy" matrix made from atomised Al-5w%Si particles. This 4th plate is a reference 
plate and a direct comparison with the plates irradiated in the E-FUTURE 
experiment of the European LEONIDAS qualification program. Irradiation 
conditions will be kept as similar as possible to this experiment. 

 
 
1 Introduction 
 
Introduction of Si in the Al matrix of LEU(Mo) dispersion fuels is now generally accepted as 
beneficial to the fuel in-pile behaviour with respect to its interaction with the Al dispersion 
matrix [1, 2, 3, 4, 5, 6]. The presence of Si improves the properties of the interaction product 
and reduces the formation kinetics of the interaction product. Although a number of questions 
still surround the optimal concentration of Si [5] and the requirement for pre-irradiation 
thermal formation of Si-rich layers at the fuel kernel-matrix interface [7], the U(Mo)-Al(Si) 
system is now considered sufficiently mature to warrant qualification to start, an effort which 
is currently in progress in the frame of the LEONIDAS program [8]. The first experiment in 
this program, called E-FUTURE, concerns the irradiation of 4 flat, full size U(Mo) 8gU/cc fuel 
plates with 4 and 6 w% Si in the matrix [9]. These fuel plates have undergone different pre-
irradiation heat treatments to generate Si enriched layers around the fuel kernels. Results of 
the pre-irradiation characterisation were presented at the RERTR conference in 2010 [10] 
and at present the irradiation, done at high heat fluxes, is finished without fuel plate failure. 
The plates are cooling down and awaiting post-irradiation characterisation. 
Indications exist that the Si addition to the matrix in the concentration range currently 
selected for the qualification may not prevent, at high heat fluxes, an important fraction of the 
matrix from being consumed by the interaction with the fuel [11]. Furthermore, Si is an 
undesireable element for the reprocessing of irradiated fuels, which provides an incentive to 
minimise its concentration or to attempt to eliminate it altogether. Finally, heat treatments of 
fuel plates as part of the production process may have an influence on the number of 
rejected fuel plates. 



The heat treatments are aimed at concentrating the Si on the fuel kernel-matrix interface. In 
addition, minimising Si is best accomplished by using the Si inventory as effectively as 
possible, namely by introducing it only at the location where it can be considered most 
effective. An alternative way to reach these goals is to deposit a coating of Si on the U(Mo) 
kernel surface. If the process chosen to accomplish this allows sufficient flexibility, it can be 
used to deposit other coating materials to avoid Si altogether. Generally speaking, coated 
U(Mo) fuel particles may in this way allow higher heat fluxes to be demanded from U(Mo) 
fuels, which is in the interest of future reactor systems, allowing operation at higher fuel 
powers with a sufficient safety margin. 
The use of coatings on U(Mo) is the subject of the "Surface Engineering of Low EnrIched 
Uranium-Molybdenum" (SELENIUM) fuel development project at SCK•CEN [12, 13]. The 
project consists of the production, irradiation and post-irradiation examination of coated 
U(Mo) atomised powders in flat, full size plate configuration in the BR2 reactor at similar 
powers as those used in the E-FUTURE experiment of the LEONIDAS program. In 2009, a 
sputter deposition coater was built for this purpose [13] and in 2010 the production of 16 
batches of NU and LEU based U(Mo) powders was completed. This paper reports on the 
results of this production, discusses preliminary results of a number of out-of-pile tests and 
introduces the matrix established for the irradiation, scheduled for this year. 
 
2 Coatings and the fuel-matrix interaction process 
 
Even if a nuclear fuel system cannot be considered in thermodynamic equilibrium, the basic 
principles of solid state reactions also apply to the U(Mo)-Al(Si) interaction as it occurs in 
pile. As for most reactions, the interaction mechanism of the U(Mo) fuel kernels and the Al-Si 
matrix has chemical and physical components. For a solid state reaction to occur 
thermodynamically, a net Gibbs energy gain is required. However, the reaction products will 
also need to be in direct contact to allow them to react with formation of a new compound. In 
solid state reactions, this is accomplished by diffusion, which is temperature driven in most 
cases. Finally, the reaction kinetics or the speed at which the reaction will occur are 
obviously also influenced by temperature, both directly (chemical kinetics) and indirectly 
(diffusion speed). 
The formation of the glassy U-Al-Si interaction phase requires diffusion to allow direct 
interaction of the Al(Si) and the U. The presence of Si in the Al matrix has an influence on 
both the chemistry and the diffusion kinetics of the interaction process [14]. The higher 
affinity of U for Si, compared to Al, as seen from the formation enthalpies of the silicides 
versus the aluminides, directly affects the interaction chemistry. At the same time, the 
presence of Si in Al reduces the Al diffusivity, also effectively affecting the interaction product 
formation speed.  
As the operation temperatures of the fuel are relatively low, the major driving force for the in-
pile diffusion will be the fission product recoils, which generate 2 main effects in the U(Mo) 
and the Al(Si) matrix [15]. Ballistically, they will displace the U, Mo, Al and Si atoms, then 
called primary knock-on atoms, by direct interaction. Secondly, and more importantly at the 
high energies of the fission products, fission tracks create a temporary thermal spike in their 
passage through the material. This effectively creates a tubular path around each fission 
track, a few nm in diameter, in which the material locally can be considered molten. Both 
effects leave behind defects in the material, which also influence its diffusion characteristics 
over the longer term as damage accumulates. 
 
How then, can coatings affect the interaction process and possibly improve on the addition of 
Si to the Al matrix ?  Using Si coatings, the effects generated by the addition of Si to the 
matrix as a dispersion, namely playing on the affinity of U for Si and the reduction of the Al 
diffusion kinetics, are still the major goals. The Si coatings will be particularly effective in 
accomplishing the former, being in direct contact with the U kernel and consisting of pure Si, 
without Al present. The latter effect requires mixing of the Si into the Al, which will gradually 
also occur by displacement of the Si atoms as they are displaced into the Al by the fission 



products or mixed at the Si-Al interface by the fission product spikes or thermally, even at the 
moderate operation temperature.  
However, since the detrimental properties of the interaction product are directly related to the 
U-Al interaction, coatings succeed in accomplishing one more important effect : keeping the 
Al and U physically separated, i.e. they act as a diffusion barrier. Since in-pile diffusion is 
governed by the effect of the fission product tracks, we need to evaluate if coatings can 
effectively stop the ballistically created knock-on atoms and if they can withstand the thermal 
spikes. Also, as defects are accumulating in the coating materials, their diffusion barrier 
properties should not break down. 
With this reasoning, an opportunity is created to move away from Si, which has the 
advantage of its effect on the physico-chemistry of the U-Al reaction, to other coating 
materials, which may be chemically inert, but can provide more interesting diffusion barrier 
properties. Literature review shows particularly promising behaviour of the nitrides for 
diffusion reduction. Gold coloured sputter deposited ZrN coatings [16] are used frequently to 
prevent diffusion, for example between Al and Si [17]. Zr based solutions have the additional 
advantage that Zr addition to the U(Mo) has been shown to reduce the interaction layer 
formation rate too [18]. For this reason, it was decided to try ZrN as a diffusion barrier 
coating. Results obtained in the irradiation of ZrN coated U(Mo) fuels by Russian colleagues 
have shown good behaviour of 2-3 µm thick ZrN coatings in the reduction of U(Mo)-Al 
interaction layer formation in pin-type fuels [19]. 
While the Zr interlayers used in the monolithic fuel development [20] are sufficiently thick 
(>10µm) to stop the fission fragments completely, this is not the case for the coatings around 
the U(Mo) kernels. However, not so much the fission fragments themselves, but the recoiled 
U and Al atoms need to be stopped from interacting. The energy of these knock-on atoms is 
usually much lower than the ~80 MeV of the fission fragments. Simulations using the TRIM 
[21] code show that they have an average energy of ~2-3 keV (Al) and ~4-6 keV (U) and are 
stopped within the first ~50 nm of their original location. The simulation was done using a 
randomly oriented (0-90°) influx of fission fragments, taken at random as Mo and Xe ions 
with random energies ranging from 75-85 MeV, originating randomly from 0-5 µm deep in the 
U(Mo). The simulation was set up to stop most fission fragments in the simulated interface (5 
µm U(Mo) – 1 µm ZrN – 10 µm Al). Per fission event in the simulation, a few hundred atoms 
are displaced (directly by the incident ion or indirectly by the knock-on atoms), but less than 
0.1% of the recoil atoms gain an energy of >1MeV and are displaced over larger distances.    
 

Figure 1 : Distribution of final recoil positions in a simulation of ion bombardment of a ZrN 
layer of 1µm wide between U(Mo) and Al after 56000 ions. The interfaces are located at the 
positions 5.00 and 6.00 in the graph. The graph shows the effect of the ZrN layer on the 
reduction of the U-Al interdiffusion under the ballistic effects of the ion bombardment. 
 



The distribution of the recoiled U, Zr and Al atoms in a typical simulation is shown in Figure 
1. The effectiveness of the coating to reduce very significantly the ballistically driven diffusion 
is clear from this figure. A similar result is obtained with Si coatings, although the range of the 
recoils in the coating is slightly larger, as can be expected and therefore the Si coatings, 
which are also thinner, will have a less pronounced barrier effect. However, for Si coatings, 
the effects of the chemical interactions with the U and the interdiffusion of Al and Si, even at 
moderate temperature, will be more important effects. Concerning the effect of the 
irradiation, what remains to be evaluated is the resistance of the coating to the thermal spike 
effects, which are very important at the energies of the fission fragments, and the 
deterioration of its properties as defects are accumulated. 
Thermal spikes may be simulated using molecular dynamics calculations, but no data on the 
ZrN-U(Mo) system is presently available in open literature. Some experimental data on 
irradiation damage in ZrN exists, since it is a candidate ceramic for use in inert matrix fuels. 
Ion and proton bombardment studies have shown [22] that dislocation loops and point 
defects develop in ZrN under irradiation, causing a hardening of the material, but no 
important lattice expansion, void formation or amorphisation was found. These studies were 
carried out at significantly higher temperatures than what is to be expected in research 
reactor fuels, but no open literature data was found on low temperature irradiation behaviour 
of ZrN, particularly related to changes in its diffusion behaviour. The stability of the strong 
covalent Zr-N bond and its B1 (NaCl) crystal structure provides some support for the 
assumption that ZrN coatings resist the effects of the thermal spikes and do not suffer from 
major breakdowns in their diffusion properties by the defects created under irradiation. 
 
Resulting from these considerations, a choice for the particle coatings to be applied in the 
SELENIUM project was decided. The following matrix was established : 
 

Plate Coating Matrix Coating 
thickness Purpose 

1 Si Al 300 Retain >5at% Si in IL at 5 µm IL thickness 
2 Si Al 600 Equivalent to Al+4w% Si matrix (E-FUTURE) 
3 ZrN Al 1000 Diffusion barrier coating 
4 n/a Al5Si n/a Reference plate (E-FUTURE comparison) 

 
The reference plate n°4 has a composition close to the E-FUTURE plates, but it contains 
atomised Al-Si 'alloy' powder instead of a mixture of Al and Si powders and it will not undergo 
specific heat treatments during production, so only 'standard' hot rolling and blister anneal 
temperatures and times for AG3 cladded fuel plates are applied. 
 
3 Coated kernel production 
 
The STEPS&DRUMS ("Sputtering Tool for Enhancing Powder Surfaces" & "Deposition 
Reactor for Uranium based Model Surfaces") sputter deposition reactor, presented 
previously [13], was used to produce the coated U(Mo) kernels. The vacuum vessel, 
containing a rotating drum, is loaded with the powder to be coated in batches of around 
200g. The reactor is pumped down to the 10-6 mbar range and high-purity Ar gas is admitted 
in the chamber by a gas flow controller at a rate of 80 cc per minute. In the case of ZrN 
deposition [16], high purity nitrogen is added at a rate of 6 cc per minute, while reducing the 
Ar flow to 76 ccm. Deposition of Si or Zr from ultra high purity metallic targets is performed 
using 2 sources operated simultaneously at powers of 1kW (for Si) or 800W (Zr) each. The 
U(Mo) powder is kept in motion by rotation of the drum at roughly 2-5 rotations per minute. 
Sputter speed calibrations were performed by sputter depositing the desired material on 
stainless steel atomised powder and taking samples of the coated powder every hour. As 
such, the gradual increase in coating thickness could be used to calibrate the deposition 
speed on powders and determine the sputtering time required to achieve the desired coating 
thickness on the U(Mo) powders, as shown in Figure 2. Because the STEPS&DRUMS setup 



is a research tool, sputter geometries are optimised for flexibility, rather than for production, 
which leads to relatively long sputter times, up to 7 hours. The determined sputter times were 
then used to deposit coatings on natural uranium based U(Mo) atomised powder to verify 
their validity. After a successful preparation of 2 batches (a batch corresponds to the amount 
required for 1 full size fuel plate) of coated U(Mo) powders with acceptable thicknesses, 2 
batches of LEU(Mo) powder were coated under the established conditions. The coatings on 
the LEU were always performed in a single run, so the coating process was never 
interrupted. 

 
Figure 2 : Typical deposition speed calibration line obtained on stainless steel atomised 
powder, in this case for depostion of ZrN. 
 
Measurements of coating thicknesses are performed by Scanning Electron Microscopy 
(SEM), using a Jeol JSM6310 microscope. Coated powder particles are embedded in a 
special matrix and polished to 1µm finish using SiC paper and diamond paste. Average 
thicknesses are determined by measuring >100 coating thicknesses on a number of 
particles, taking ~4 measurements per particle. Variations in the results are governed mainly 
by stereologic variations (level at which a particle is sectioned in the observed plane) and 
variations in the kernel sizes, which lead to different coverages. The observations show that 
the average coating thicknesses are in fair agreement with the intended thicknesses. More 
importantly, it is clearly observed that all particles are covered by a continuous coating with a 
homogeneous thickness around the circumference of each particle, even where deviations 
from the spherical shape are observed. Several examples of the coating results can be 
observed in Figure 3 and the results of a thickness determination are shown in Figure 4. 
Using EDX and/or WDX mapping, the coating can be visualised. However, because the 
coating thicknesses and the electron beam interaction volume have comparable sizes, the 
mappings should not be used directly to determine the coating thicknesses.  
Additionally, flat surfaces (Si wafers) have been coated in identical conditions as used in the 
kernel coating and have been used to assess the crystallography of the coatings. Si coatings 
are amorphous, as is expected, but their densities as measured by X-ray reflectometry are 
close to the theoretical density for Si. The ZrN coatings are dense and cristalline, with a good 
correspondence with the theoretical lattice parameter for ZrN. The evolution of the as-
deposited ZrN coatings with exposure to air has been followed in the XRD for 12 hours, but 
no evolution, eg. due to oxidation, was observed. 
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Figure 3 : Scanning electron microscopy images of typical coated kernels. From top to 
bottom : Si coating (~300 nm), Si coating (~800 nm) and ZrN coating (~1150 nm). 
 

 
Figure 4 : Typical result of a coating thickness determination by SEM, in this case for 
depostion of ZrN. 
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Out-of-pile thermal treatment studies of the coated particles and their interaction with Al were 
carried out as well. Pellets were pressed to make a dispersion of U(Mo) particles in a pure Al 
or Al-Si matrix. A test plan was established for these studies as follows : 
 
ID Anneal T A B C D E 
  U(Mo)  

+ Al 
[U(Mo)]Si 

+Al 
[U(Mo)]ZrN 

+Al 
U(Mo) 
+Al5Si 

U(Mo) 
+Al+Si 

1 340 °C 130 d 130 d 130 d 130 d 130 d 
2 450 °C 4 h 4 h 4 h 4 h 4 h 
3 550 °C 4 h 4 h 4 h 4 h 4 h 
4 550 °C 2 h 2 h 2 h 2 h 2 h 

 
The 3 temperatures are chosen to simulate to some degree 1) the thermal component of the 
in-pile diffusion (340°C), 2) the fabrication behaviour (450°C) and 3) the enhanced diffusion 
due to fission product recoils (550°C). At the same time, they have been chosen at values 
where literature data exists for comparison. Although only the true in-reactor behaviour can 
provide final conclusions, the results of these out-of-pile tests provide some good indications 
on the expected behaviour.  
While the B and C batches are based on coated particles, the A, D and E batches contain 
kernels without coatings. Where the A batch is the reference and contains no Si, the D and E 
batches differ in the way Si is introduced in the matrix. For D, the matrix consists of an 
atomised Al-Si 'alloy', while for E, an Al-Si powder mixture is used. Both batches have matrix 
Si concentrations of 5w%. The anneals are on-going, but the first results are reported at this 
conference in a paper by A. Leenaers [23].  
An important preliminary conclusion for the SELENIUM project is the excellent behaviour of 
the ZrN coating as a diffusion barrier, as seen by the absence of Al inside the U(Mo) kernels 
even after 4 hours at 550°C in Figure 5. The images show the typical microstructure, as 
observed for the majority of kernels. The coatings remain intact and only local transformation 
of the U(Mo) to alpha phase and the associated volume change is capable of locally affecting 
their integrity. Such transformations are not expected to occur under irradiation, as the 
irradiation enhances gamma phase stability. Compared to the U(Mo)-Al reference batch A, 
where the U-Al interaction has consumed the majority of the kernels at least partially, the 
differences are striking.  Also the Si coatings behave very well during the thermal treatment 
at 550°C : there is a distinct difference in behaviour with the U(Mo) in Al-Si matrix. The D and 
E type samples evidence the well-known formation of Si-free zones around the kernels, with 
a prominent Si-rich layer at the outer kernel surface, in many cases even presence of Si 
throughout the kernel. These Si rich layers do however, contain important amounts of Al. In 
the case of the Si coatings in batch B, no Al in the kernels was observed and only localised 
interactions of the U(Mo) with the Si overlayers is seen, in which the Si penetrates the U(Mo), 
even after 4h at 550°C. Further details can be found in [23]. 
 
 



 



 
4 Conclusions 
 
Within the SELENIUM project at SCK•CEN, coated LEU(Mo) particles have been produced 
and characterised in 2010 and are currently at CERCA for fuel plate production. Start of the 
irradiation is planned for the second half of 2011. 
The SELENIUM irradiation matrix contains 2 types of coatings on the U(Mo) particles : Si and 
ZrN. Where the former is expected to have mostly an effect on the chemistry of the 
interaction process, the latter is expected to act as a diffusion barrier. Ion bombardment 
simulations provide support for this behaviour. 
Out-of-pile annealing tests of coated and uncoated U(Mo) powder embedded in Al and Al-Si 
matrices have been started. The initial results show a very promising behaviour of the coated 
particles, with a virtual absence of interaction of U and Al even after 4h at 550°C. 
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ABSTRACT 
 

The TRIGA reactor at Jožef Stefan Institute is used as a neutron source for 
neutron activation analysis. The accuracy of the method depends on the 
accuracy of the neutron spectrum characterization. Therefore, computational 
models on different scales have been developed: Monte Carlo full reactor model, 
model of an irradiation channel and deterministic code for self-shielding factor 
calculations. The models have been validated by comparing against experiment 
and thus provide a very strong support for neutron activation analysis of samples 
irradiated at the TRIGA reactor. 

 

1. Introduction 
 
The TRIGA Mark II reactor at Jožef Stefan Institute (JSI) [1] is among others, used as a 
neutron source for neutron activation analysis (NAA). The accuracy of the method depends 
on the accuracy of the neutron spectrum characterization. Calculated spectra based on full-
core model in combination with activation measurements of monitor materials can be used. 
Computational model of the reactor has been developed and validated [2]. This MCNP5 [3] 
model includes core, reflector and all irradiation facilities, which are well characterized. This 
enables accurate determination of relative reaction rates for samples with negligible flux 
feedback effect. Additionally, self-shielding effect has to be taken into account for strong 
absorbers. Since using brute-force (whole-core model) for self-shielding calculations is 
numerically inefficient, a simplified MCNP model is used, retaining merely the irradiation 
channel with the associated moderator. An isotropic source is placed in the moderator, with 
the spectrum and axial distribution as calculated by the detailed model. For quick 
calculations, a deterministic method for self-shielding factor (SSF) determination for 
cylindrical samples, based on the Bondarenko equivalence principle, has been developed 
and verified [4]. The code MATSSF enables reliable routine SSF calculations for 
homogenous samples of almost any mixture of materials. The code is not limited to the 
TRIGA reactor, but is not as accurate as the MCNP model, especially when the self-shielding 
correction is large. Altogether, the combination of the flux distribution calculation with the 
whole-core MCNP model, SSF calculation with the simplified model, and planned accurate 
reactor power calibration, which is already in progress [5], will significantly increase the 
accuracy and predictability of the NAA at the JSI TRIGA reactor. 
 

2. TRIGA reactor at JSI 
 
The research reactor at the Jožef Stefan Institute (JSI) is a typical 250 kW TRIGA Mark-II 
reactor [1]. In addition to training purposes, it is extensively used for NAA.  
 

2.1 Computational methods 
 



Accurate knowledge of spectral characteristics of the irradiation facilities is crucial for the 
accuracy of the NAA and the assessment of the experimental uncertainties. Computational 
methods, particularly full three-dimensional models of the facility using Monte Carlo methods 
(e.g. the commonly used MCNP code [3]), are very powerful in providing information on the 
detailed shape of the neutron spectrum, but the results require careful validation to eliminate 
modelling errors, biases due to model simplifications, approximations in the methods and 
uncertainties in nuclear data. Self-shielding calculations of small samples using the whole 
reactor model is not impossible, but numerically very inefficient. Therefore, in addition to the 
full MCNP model, a simplified model, including only the observed irradiation channel and its 
immediate surroundings, has been developed. Finally, self-shielding factors can routinely be 
calculated using a simple deterministic code MATSSF [4]. 
 

2.1.1 Full reactor MCNP model 
 
A detailed geometrical model of the TRIGA reactor was developed, in order to accurately 
calculate physical parameters of the TRIGA reactor. Our model is based on the criticality 
benchmark model, which is thoroughly described and published in [1]. This model can be 
used in calculations of the effective multiplication factor keff [6], power peaking factors [7], or 
reactor kinetic parameters [8]. 
 
The model has been further refined by adding the following structure elements: irradiation 
channels in the core, carrousel in the reflector with explicitly modelled irradiation tubes, and 
other components. This extension of the model is required to accurately calculate neutron 
spectra and flux distributions in irradiation channels, located both inside and around the core 
[2]. The model corresponds to fresh fuel, zero power, room temperature conditions. A 
sensitivity study has been performed in order to show that the influence of burnup, xenon, 
and fuel temperature on the flux distribution in irradiation channels is almost negligible [9].    

 
2.1.2 MCNP model of the irradiation channel 

 
In order to speed up the calculation procedure of reaction rates and self-shielding factors for 
samples in irradiation channels, the MCNP model has been simplified, retaining merely the 
chosen irradiation channel with its immediate surroundings. The neutrons can no longer be 
obtained from multiplication in fuel, therefore an external neutron source has to be defined 
explicitly. First, an isotropic source (its spectrum and axial distribution is calculated by the full 
reactor model) was put on the edge of the irradiation channel tube. Later we found that the 
flux on the channel-edge is slightly anisotropic. This can be correctly taken into account by 
moving the neutron source into the moderator outside the channel. 
 

2.1.3 Deterministic self-shielding factor calculations by MATSSF code 
 
The MATSSF code (available at: http://www-nds.iaea.org/naa/matssf/) was developed for 
routine calculations of approximate thermal and epithermal (resonance) self-shielding factors 
in samples for NAA. Self-shielding factors can be calculated for arbitrary cylindrical samples 
and different neutron source configurations assuming a Maxwellian spectrum for thermal and 
a 1/E  spectrum for resonance factors. The algorithm for the resonance self-shielding 
calculations is based on the Bondarenko equivalence principle, while the thermal flux 
depression is calculated using a simple semi-empirical formula. Details can be found in [4]. 
 

3. Results 
 
A neutron activation experiment was performed, simultaneously irradiating foils (5 mm 
diameter, 0.2 mm thick) of aluminium (99.9 w/o) - gold (0.1 w/o) alloy in 33 locations; 6 in the 



core and 27 in the reflector. Through activity measurements of individual samples, relative 
reaction rates for 197Au(n,γ) (representing mostly thermal flux) and 27Al(n,α) (representing fast 
flux) reactions have been determined experimentally and compared to calculations obtained 
from the full MCNP model. The agreement between the calculated and measured reaction 
rate distribution in both the reflector and in the core is within the experimental error and 
Monte Carlo standard deviation [8]. However, the ratio between the calculated 197Au(n,γ) 
reaction rates in the reflector and the core is overpredicted by around 7 % [2]. The main 
reasons are incomplete material and geometry data of the reflector and possibly inaccurate 
thermal scattering data. The differences are considered small enough to consider the full 
MCNP model validated. 
 
Rhodium foils of about 5 mm diameter, 0.006 mm and 0.112 mm thick, were irradiated in the 
core and in the reflector of the JSI TRIGA reactor. The foils were irradiated enclosed in small 
cadmium boxes of 1 mm thickness. The resonance self-shielding corrections for the 0.006 
and 0.112 mm thick samples were calculated by the MCNP model of the irradiation channel 
and amount to about 10% and 60%, respectively. The agreement with the measurements 
was within 1 % for the thin and within 4 % for the thick foil, confirming the validity of self-
shielding factors calculated by the simplified MCNP model of the irradiation channel [10].  
 
Isotropic neutron field on the inner edge of the irradiation channel in the original simplified 
MCNP model cause angular flux anisotropy in the centre of the channel (and consequently 
self-shielding factor dependence on the sample orientation) due to the streaming effect [4]. 
However, it was observed experimentally [11] that there is no measurable flux anisotropy in 
the centre of any TRIGA irradiation channel. Refining the model by moving the neutron 
source surface out of the channel into the surrounding moderator, the calculated result 
agrees with the measurements. Actually, the anisotropy on the inner edge of the irradiation 
channel (Fig 1) almost exactly compensates the channel streaming effect, rendering an 
almost isotropic neutron field in the centre of the channel (within the experimental and 
calculational precision of less than 1 %). The relative anisotropy is generally increasing with 
distance from the centre of the reactor core (Fig 2). The isotropy of the flux in the centre of 
the channel can be explained by the fact that the active core height is only 38 cm. If the core 
was much higher, one would expect the streaming effect to prevail, thus inducing neutron 
field anisotropy in the centre. 
 



              

        
Fig 1: Angular flux φ(θ) on the edge of the TRIGA central irradiation channel (left). θ is the 

angle relative the positive normal of the irradiation channel tube (right). 

 
Fig 2: Axial dependence of the relative anisotropy (relative variation of the angular flux) on 

the edge of the channel. z is the axial position relative to the centre of the reactor core (active 
core height corresponds to z ∈ [-19.05 cm,19.05 cm]). Axial asymmetry is a consequence of 
the irradiation channel asymmetry (graphite in bottom half and air in top half of the channel). 

 
Though in MATSSF all geometry is parameterised merely by the sample mean chord length, 
it gives surprisingly good results compared to the rigorous Monte Carlo method [4]. It also 
takes into account approximately the interference between resonances of different nuclides 



present in the sample material. MATSSF has been verified by comparison against MCNP 
calculated self-shielding factors for a number of different monitor materials [4]. In Tab 1, 
comparison between MATSSF resonance self-shielding factors for nuclides in the mixture 
(Gf) and reference MCNP full sample self-shielding factors (Gf0) for a 1 mm thick and about 
3.8 mm long wire of Ni(80.93 w/o) Mo(15.16 w/o) W(2.76 w/o) Fe(0.45 w/o) Mn(0.41 w/o) 
Au(0.29 w/o) alloy with density of 9.21 g/cm3, is shown as an example of good agreement of 
the simplified MATSSF results with the more rigorous Monte Carlo method. 
 

nuclide MATSSF (Gf) MCNP (Gf0) (Gf - Gf0)/Gf0 [%] 
55Mn 0.9902 0.993 ± 0.000 -0.3 
56Fe 0.9930 0.994 ± 0.001 -0.1 
58Fe 0.9904 0.986 ± 0.002 0.4 
58Ni 0.9863 0.991 ± 0.000 -0.5 
64Ni 0.9934 0.995 ± 0.000 -0.2 

92Mo 0.9880 0.990 ± 0.001 -0.2 
98Mo 0.9347 0.952 ± 0.001 -1.8 

100Mo 0.9369 0.952 ± 0.002 -1.6 
184W 0.9651 0.977 ± 0.001 -1.2 
186W 0.7860 0.817 ± 0.001 -3.8 
197Au 0.9213 0.940 ± 0.001 -2.0 

 
Tab 1: Resonance self-shielding factors for the constituents of the nickel-alloy wire. 

 

4. Conclusion 
 
The full TRIGA reactor MCNP model has been verified on a benchmark based on a neutron 
activation experiment. Furthermore, simplified MCNP model and deterministic MATSSF code 
allow to explicitly and accurately take into account the self-shielding effect, if necessary. In 
addition to the undergoing project of the reactor power calibration, these computational tools 
offer a very strong support for neutron activation analysis of samples irradiated at the TRIGA 
Mark II reactor at the Jožef Stefan Institute. 
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The TRIGA Mark II Vienna is one of the last TRIGA reactors utilizing a mixed core with High 
Enrich Uranium (HEU) fuel. Due to the US Fuel Return Program, the Vienna University of 
Technology/Atominstitut (ATI) is obliged to return its HEU fuel by 2019. There is no final 
decision on any further utilization of the Vienna research reactor beyond that point. However, 
of all possible scenarios of the future, the conversion of the current core into Low Enriched 
Uranium (LEU) fuel and the complete replacement of all existing 83 burned FE(s) by new 
fresh FE(s) are investigated herein. This paper presents detailed reactor design calculations 
for three different reactor cores. The core 1 employs 104-type, core 2 uses 108-type and 
core 3 is loaded with mixed TRIGA fuels (i.e. 104 and 108). The combination of the Monte 
Carlo based neutronics code MCNP5, Oak Ridge Isotope Generation and depletion code 
ORIGEN2 and diffusion theory based reactor physics program TRIGLAV is used for this 
study. On the basis of this neutronics study, the amount of fuel required for a possible future 
reactor operation and its cost minimization is presented in this paper. The criticality, core 
excess reactivity, length of initial life cycle and thermal flux density distribution is simulated 
for three different cores. Keeping the utilization of existing fourteen 104-type FE(s) (i.e. six 
burned and eight fresh FE(s)) in view, the core 3 is found the most economical, enduring and 
safe option for future of the TRIGA Mark II reactor in Vienna.   

1.  Introduction 
The Atominstitut (ATI) hosts the 250 kW TRIGA Mark II research reactor. Its cylindrical core 
lattice is surrounded by a Al-encased graphite reflector. This reflector has penetrations and 
cut-outs for beam tubes and the rotator rack etc. The whole core structure is submerged into 
a light water tank. The current core is loaded with 83 FE(s) of three different types of FE(s). 
Out of 83, 54 are 102 (20% enriched Al clad), 21 are 104 (20% enriched SS clad) and the 
rest 8 are 110 (or FLIP) FE(s). The 110 or FLIP fuel is Highly Enrich Uranium (HEU), 70% 
enriched.  
The TRIGA Mark II reactor Vienna is still utilizing Highly Enrich Uranium (HEU) fuel. Due to 
the US Fuel Return Program, the Vienna University of Technology-ATI is obliged to return its 
9 HEU FE(s) by 2019. Moreover, most of the 102-types FE(s) in the current core are close to 
achieve their maximum burn-up values. Therefore, it is also an option to return the FE(s) with 
maximum burn up numbers along with HEU fuel. Until now, there is no final decision on any 
further utilization of the Vienna research reactor beyond this limit of 2016. However, of all 
possible scenarios of the future, the conversion of the current core into Low Enriched 
Uranium (LEU) fuel and the replacement of the most of the burned FE(s) by fresh FE(s) are 
investigated in this paper. 
Keeping in view the local, European and international research/training demands [2], the safe 
operation of the reactor is indispensable for next few decades. This paper consider following 
three possible options for the future of reactor operation i.e. core no. 1, core no. 2 and core 
no. 3 (mixed core) 

1.1. Core No. 1 
The core no. 1 is uniform and employed with 104-type fuel. This Zirconium Hydride (U-ZrH) 
fuel contains 8.5 w/o Uranium (U) and is enriched with 20% U-235. The 104-type FE has a 
central zirconium (Zr) rod, fuel meat (U-ZrH), lower Molybdenum disc and top & bottom 
graphite reflectors with Stainless Steel (SS) fixings. The geometrical and material 
characteristics of this fuel are given in Table 1[3].  

1.2. Core No. 2 
The core no. 2 is composed of only 108-type fuel. This is also called 20/20 fuel which refers 
to 20 w/o fuel content with 20% enrichment. This U-ZrH fuel is encased into the SS-304 
cladding. There is no moly disc but 0.44 w/o Erbium is mixed homogeneously in the fuel 
meat to compensate the additional excess reactivity in the fresh core. The 108 type FE has 
fuel meat, upper & lower graphite reflectors and top & bottom SS fixings. The schematic 
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diagram of 108-type FE is given in Figure 1 and exact geometrical and material 
characteristics are provided in Table 1.  

Table 1: The material and geometrical characteristics of the two TRIGA fuels. 
Fuel Type 104-type Fuel 108-type Fuel 
Fuel meat 
Material U-ZrH1.65 U-ZrH1.65-Er 
density 5.889 6.68 
radius/length (cm) 1.82245/38.1 1.82245/38.1 
mass of alloy 2259.84 2462 
mass of U/U-235 192/38.2 492.4/98.5 
Wt.% of fuel 8.5 20 
Central Zr-rod 
Radius cm/Length 0.3175/38.1 0.3175/38.1 
Burnable poison 
Material Lower Molybdenum disc 0.44 w/o of  Er 

homogeneously  
mixed in fuel meat 

Radius/ length 0.0794/1.82245 

1.3. Core No. 3 (mixed core) 
The core 3, containing 54 FE(s), is a mixed core of two different types of fuels i.e. 104-type 
and 108 (20/20) fuel types. Out of total 54 FE(s), the forty 108-type FE(s) are needed for 
initial criticality while the 14 FE(s) are 104-type FE(s). These 14 FE(s) include six burned 
FE(s) existing in the current core and 8 FE(s) fresh FE(s) present in the dry storage. The 
burn up of 6 burned FE(s) has been calculated by ORIGEN2 and given in Table 2 [1]. 

Table 2: The burn up (MWD) of 6 burned FE(s) in the current core. 
FE ID Burn up (MWD) FE ID Burn up (MWD) 
9200  0.322539 10196  0.808415 
10198  0.385086 10145  0.859611 
10197  0.642366 10144  1.16768 

In addition to FE(s) loadings, all three suggested cores use three control rods (shim, safety 
and regulating), one Am-Be neutron source, graphite elements in empty positions and two 
pneumatic transfer systems in the F-ring.  

 
Figure 1: TRIGA 104-type FE (left) and 108-type FE (right). 

2. Methodology 
Reactor physics tools have gained key importance in the nuclear energy sector as they 
predict the microscopic and macroscopic behaviors of the reactor core considered in the 
given situation. Keeping the nature of calculations in view, a combination of probabilistic and 
deterministic tools has been selected for this research paper. The static part of the work is 
calculated by Monte Carlo N-Particle general purpose radiation transport code MCNP5 [4] 
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while the dynamic study is performed by diffusion theory based reactor physics program 
TRIGLAV [5] and Oak Ridge Isotope Generation and depletion code ORIGEN2 [6]. 

2.1. The ATI reactor MCNP Model  
A detailed three dimensional MCNP model of the TRIGA mark II reactor is developed [1] to 
perform the neutronics calculations for the three proposed cores (core no. 1, 2, 3). However, 
only the structural importance for the parameters has been modeled. For example, irradiation 
holes inside the core due to their least effect on the core reactivity are neglected in this 
model. Similarly, the exact geometry of the top and bottom Aluminum fixing is simplified into 
simple cylindrical geometry.  

     
Figure 2: Top or XY-view (left side) and Side or YZ-view (right side) of the MCNP model of 

the TRIGA Mark II reactor. 
The MCNP model is equipped with JEFF 3.1 neutronics data libraries. It incorporates all the 
necessary core components e.g. FE(s), central irradiation channel, three control rods, 
graphite elements, Be-Am source element inside the core. While annular graphite reflector, 
four beam tubes, thermal column and radiographic collimator are modeled outside the 
reactor core. All these components inside and outside the core are shown in Figure 2.  

2.2. Validation 
The MCNP model has been validated through initial criticality, reactivity distribution and 
thermal flux mapping experiments on the first core configuration [1]. The burn-up calculations 
(from initial core to the current core (30-06-2009) have been confirmed through gamma 
spectroscopic experiment on six 102-type FE(s) [7]. The burned fuel material composition is 
applied to the MCNP model to develop the current core MCNP model which is verified by 
three different experiments on the current core [1]. 

3. Reactor Physics Calculations 
3.1. Initial Criticality 

The verified MCNP model is applied for criticality calculations with a source size of 100000 
particles and 150 active cycles. The criticality results are described in Table 3.  With the core 
loading of 56 FE(s), the core 1 remains subcritical while on addition of 57th FE, it achieves its 
initial criticality which is agreed with the experimental results of initial criticality experiment 
performed on the ATI reactor in March 1962 [1]. The core 2 and core 3 approach their 
criticality states when 40th FE is loaded to E-ring.  

Table 3: The criticality analysis of three possible cores of the TRIGA Mark II reactor. 
Case FE(s) U235 (kg) Keff MCNP5 
Core 1 57 2.172  1.00255 ± 0.00018 
Core 2 40 3.940  1.00081 ± 0.00021 

Core 3 (mixed) 40 3.940 1.00081± 0.00021 
3.2. Core Excess Reactivity 

To keep the reactor into safe operation, it is important to calculate the core excess reactivity 
that would meet the safety criteria and licensing limits of the reactor. The table 4 presents the 
excess reactivity of all three proposed cores. In the initial step, the core 1 is loaded with 
eighty four 104-type FE(s), core 2 with forty six 108-type 46 FE (s) and core 3 which is a 
mixed core and loaded with 54 FE(s) including forty 108-type, eight 104-type fresh and six 
104-type burned FE(s). The results are given in Table 6. 
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Table 6: The excess reactivity of three different cores. 
Core type Fuel type No. of FE(s) ρex ($) 

Core 1 104 84  7.51 
Core 2 108 46 4.85 

Core 3 108 and 104 54  7.14 

3.3. Core Life Time 
The Full Power Day (FPD) refers to the continuous full power reactor operation for 24 hours 
round the clock. Figure 3 (left) presents the excess reactivity verses FPD(s) of reactor 
operation for core no. 1. It shows that core no. 1 can be operated for 750 FPD(s) without any 
reshuffling of FE(s). The different numbers on the graph show the fuel core loadings. The life 
of the core is extended by applying effective fuel management strategies (sequential 
reshufflings etc.) after the first cycle. 

    
Figure 3: The excess reactivity verses FPD(s) for core 1 (left) and core 2 (right) of the TRIGA 

Mark II reactor. 
Figure 3 (right) reflects the initial life cycle of core 2 which is about 1700 FPD(s) showing that 
108-type fuel has more burn up than 104-type fuel. The maximum burn-up numbers of FE(s) 
in respective core rings for all three cores are provided in Table 7.  
Figure 4 gives the first operating cycle length of the core 3. This core can be operated at 250 
kW for 1900 FPD(s) for its first operating cycle. This core life is higher than the both previous 
two cases. This mixed core incorporates total fifty four FE(s). Out of 54, 14 FE(s) are 104-
type and loaded to E ring of the core. These fourteen 104-type FE(s) include six burned and 
eight fresh FE(s). The burn-up numbers of each ring are described in Table 7. 

 
Figure 4: The core 3 excess reactivity verses FPD(s) of the TRIGA Mark II reactor. 

 
Table 7: Burn up comparison of 104-type and 108-type TRIGA fuels. 

FE position Core 1 
Burn up (MWD) 

Core 2 
Burn up (MWD) 

Mixed core 
Burn up (MWD) 

B-ring 3.344 11.583 13.50 



 5

C-ring 2.821 9.017 10.73 
D-ring 2.459 7.961 9.10 
E-ring 1.985 8.491 *8.23 

**5.25 
F-ring 1.473 No FE No FE 

*108-type Fresh FE, **104-type fresh FE 
 

3.4. Thermal Flux Distribution 
The MCNP model of core 2 and 3 is applied to calculate radial thermal flux density of the TRIGA 
reactor keeping all three CR(s) in fully withdrawn positions. The simulated results in comparison with 
the experimental results of the current core are given in Figure 5. Generally, the results look quite 
symmetrical as maximum in the centre and decreases along the radial direction. The thermal flux 
density distribution in core 2 and 3 is quite similar except the values at the F-ring. Thermal flux 
density at F-ring position of the core 3 is higher than core 2. It may be because of core 3 has 54 FE(s) 
keeping E-ring is almost filled with 104-type FE(s) while the core 2 has only six filled positions in the 
E-ring.  
Table 11 and Figure 5 show that core 2 and 3 provide respectively the 63 to 71 percent higher thermal 
flux in F-ring and 12 to 10 percent higher flux in the centre Irradiation channel CIR as compared to the 
current core. It is due to high density fuel employed in the inner rings of the core lattice. These higher 
values of thermal flux at F-ring would attract the beam tube scientists for further utilization.   

Table 11: Radial thermal flux density (ns/cm2.s) distribution in three different cores. 

Radius 
(cm) 

 
Th. flux 
Current core 
 

Th. flux 
Core 2 

% -diff. from 
exp. results 

Th. Flux core 
no. 3 
(x1012ns/cm.s) 

%-diff. 
from exp. 
results 

0 1.00E+13 1.1218E+13 12 1.100E+13 10
5.3 6.01E+12 1.1123E+13 85 1.084E+13 80
10.6 2.59E+12 8.6249E+12 233 8.548E+12 230
13.5 3.45E+12 9.5693E+12 177 7.316E+12 112
18.5 2.27E+12 4.5768E+12 101 4.835E+12 112
21.3 2.23E+12 3.6543E+12 63 3.815E+12 71

 
Fig. 5: Graphical comparison of thermal flux of current core with new core. 

 
 

4. Conclusion 
The 104 and 108-type of TRIGA fuels (104 and 108-type) have been employed for their neutronics 
behaviors in three different core configurations. The core 1 is loaded with eighty four 104-type fresh 
FE(s), core 2 is employed with forty six 108-type fuel and core 3 is loaded with both fuels (i.e. 104 
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and 108 type) constituting a mixed core. Though core 2 is more compact and uniform than core 1 and 
3, but keeping the economical factor and utilization of fresh fuel on stock in view, the core 3 is 
determined as safe, economical and long lived option. On the basis these neutronics results, it is 
concluded that core 3 is the best future option for the TRIGA Mark II Vienna reactor. 
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ABSTRACT 
 

An advanced computational tool based on Monte Carlo code was developed for the 
neutronic analysis of the TRIGA Mark II research reactor of the University of Pavia 
and the results from simulations were benchmarked with the experimental data. 
The neutron analysis was performed by means of the 3-D continuous-energy 
Monte Carlo codes MCNP4C and MCNP5. All core components were reproduced 
in good detail and the model allows the description of different core and fuel 
configurations with good versatility. In a first step, the results from the simulations 
with fresh fuel at room temperature were compared with the experimental data 
about critical core parameters at zero power level, quoted in the reactor First 
Criticality Final Report; a very good agreement was found and the goodness of the 
model was proved. Afterwards, neutron flux and reactivity dependence on the fuel 
and moderator temperature was studied in detail; all the available methods for the 
simulation of thermal effects were analyzed in order to model the reactor in the 
stationary operating condition at 250 kW. The model was updated to the present 
configuration and the use of specific S(α,β) cross sections was found to be of 
primary importance for a correct simulation of low-energy neutrons scattering within 
moderator. 

 
1. Introduction 
The TRIGA Mark II Reactor at Applied Nuclear Energy Laboratory (L.E.N.A.) of the University 
of Pavia was brought to its first criticality in 1965. Since then, the TRIGA reactor has been 
used for several scientific activities such as production of radioisotopes, activation of 
materials for non destructive analysis, development of boron neutron capture therapy in the 
medical field and reactor physics studies. It is a pool-type research reactor moderated and 
cooled by light water. Fuel consists of a uniform mixture of uranium (8%wt, enriched 20%wt 
in 235U), hydrogen (1%wt) and zirconium (91%wt). 
The TRIGA reactor of the University of Pavia has a nominal power of 250kW in a stationary-
state operation. The core shape is a right cylinder and the volume can host 90 locations 
distributed according 6 concentric rings (see Fig 1) labelled as A (central thimble),B, C, D, E 
and F. These locations can be filled either with fuel elements (FE) or different core 
components like graphite elements (dummy), control rods, neutron source and irradiation 
channels. A 30cm thick radial graphite reflector surrounds the core, while the top and bottom 
reflector is provided by the fuel element itself in which two graphite cylinders are located at 
the ends of the rod. The neutron flux in the centre of the reactor core in a stationary operating 
condition at 250kW is about 2.2·1013cm–2s–1 and can reach the value of 2.2·1016cm–2s–1 
during a pulse mode operation at 250MW power peak. 
The TRIGA current core contains two different types of fuel elements: the outer rings E and F 
host 49 FE(s) with aluminium cladding (102-type), while the 34 fuel rods in the inner rings are 
104-type FE(s), having stainless steel cladding. 
To analyze the critical core parameters and neutron fluxes, a detailed 3D geometry of the 
TRIGA reactor was reconstructed in a Monte Carlo model. Monte Carlo methods represent 
an advanced computational tool to perform analysis in nuclear physics. The MCNP code was 



chosen due to its capability in general geometrical modelling, correct representation of 
transport effects, continuous-energy cross sections treatment and suitable nuclear reactor 
characterization. 

 
Fig 1: The current core map of the TRIGA Mark II reactor in Pavia: yellow rods are 104-type, while 

green ones are 102-type. 
 
2. Benchmark analysis of MCNP model 
First of all, a benchmark analysis of the model was performed in condition of fresh fuel and 
zero power (nominally 10W), which means that no temperature effects, no nuclear fuel 
poisoning and burn-up effects were considered. The MCNP simulation results were 
compared to experimental measurements performed in 1965, during reactor first start-up. 
Some benchmark comparisons are presented in the next sections. 
 
Total reactivity worth of control rods 
The TRIGA reactor has three control rods, called SHIM, REGULATING and TRANSIENT. 
The total reactivity worth (ρtot) of each control rod is defined as the difference of reactivity 
recorded when a rod is completely extracted from the full-inserted position. The data from 
simulations show a very good agreement with the experimental ones (see Tab 1). 
 

Control rod ρtot calculated [$] ρtot experimental [$] 
SHIM 4,12 ± 0,04 4,10 ± 0,02 
TRANSIENT 2,02 ± 0,04 2,05 ± 0,02 
REGULATING 1,64 ± 0,04 1,64 ± 0,02 

Tab 1: Comparison between calculated and experimental total reactivity worth ρtot of each control rod. 
 
Reactivity worth of 235U 
This parameter is defined as reactivity change per gram of 235U when a fuel element is 
inserted in the core. The reactivity worth of 235U depends on the rod position in the core and 
was measured for the B5 and the C9 rods. 
Experimentally, a fuel element is removed from the core and the reactivity change (Δρ) is 
evaluated using the calibration curves of the control rods. The reactivity per gram of 235U (ρm) 
is then simply calculated by dividing the absolute value of Δρ by the mass of 235U included in 
the extracted fuel element. The values calculated with the simulations show a good 
agreement with the experimental data (see Tab 2), thus the model returns good results not 
only for global parameters, but also for a single fuel rod. 



Ring 235U mass ρm,exp ρm,calc 
Position [g] [$/g] [$/g] 
B5 37,59 0,0415 ± 0,0005 0,0436 ± 0,0011 
C9 37,04 0,0271 ± 0,0005 0,0293 ± 0,0011 

Tab 2: Comparison between calculated and experimental reactivity worth of 235U in different rings. 
 
Void reactivity coefficient of moderator 
Another important parameter for the reactor core characterization is the void reactivity 
coefficient of the moderator. The experimental evaluation of this parameter consists in 
measuring the reactivity change, when a rod filled with the moderator (H2O) is replaced with 
an empty one. The void reactivity coefficient is then calculated as: 

M
V V

ρα Δ
=  

where VM is the volume of the moderator. In the MCNP simulations the void reactivity 
coefficients were calculated in the same core positions as the experimental measurements 
and the results are presented in Tab 3. 
 

Ring Δρexp Δρcalc  αv,exp  αv,calc 
Position [cents of $] [cents of $] [cents of $/cm3] [cents of $/cm3] 
C9 -23,5 ± 1,5 -23,1 ± 1,5 -0,065 ± 0,004 -0,063 ± 0,010 
D13 -23,0 ± 1,5 -23,4 ± 1,5 -0,063 ± 0,004 -0,064 ± 0,010 
E17 -11,1 ± 1,5 -8,38 ± 1,5 -0,030 ± 0,004 -0,023 ± 0,010 

Tab 3: Comparison between calculated and experimental void reactivity coefficient in different rings. 
 
3. Simulations and measurements of neutron flux 
The following step was the analysis of neutron fluxes, in order to evaluate how close the 
simulations are respect to measurements. The neutron flux depends on position and energy; 
since it determines the reaction rate, it's very important to know its spectrum and spatial 
distribution. 
 
Measurement of Neutron Flux 
The flux was measured with the target activation technique using Au, Cu, Fe, Ni, Al and In 
foils; two more measurements were performed with gold and copper targets placed in a 
cadmium box. The reactivity induced on targets was measured with gamma ray spectroscopy 
and the activation rate was determined. Neutron energy spectra were also reconstructed 
using SANDII software, that performs an iterative spectrum calculation from experimental 
activation data using a de-convolution algorithm. 
Fluxes were measured in the central core thimble, in the pneumatic irradiation system named 
“Rabbit” (ring F) and in the rotary specimen rack named "Lazy Susan", located in a circular 
well within the radial reflector. The reactor was kept at a low power level (2,5kW and 25kW), 
so that the fuel and the moderator were at room temperature. 
 
MCNP Simulations 
First of all, the MCNP geometry input was updated to the current core configuration: some 
fuel elements were added in the F ring and the geometry of the new 104-type rods in B, C 
and D rings was described. Afterwards, MCNP simulations were performed and fluxes were 
estimated in cells where the target foils were exposed to neutrons. Monte Carlo results were 
normalized by the number of neutrons produced per second in the core. 
 
Comparison between simulated and measured of fluxes 
The comparison between experimental measurements and MCNP simulations are reported 
in Tab 4; all data are normalized to 250kW reactor power. Fluxes estimated in simulations are 
always lower than the measured ones. In particular, the difference is 18% for central thimble, 
37% for Rabbit channel and 28% for Lazy Susan. These differences are greater than the 



uncertainty associated to the experimental data, that was estimated around 10%.  
The reason of these discrepancies has to be investigated in detail, because there are some 
aspects that are not included in the model. In particular, the 235U content in the model is the 
same in all fuel rods, not taking into account fuel burnup and poisoning. The real distribution 
in the core of fissile material and neutron poisons obviously affect the intensity of the neutron 
flux locally. These effects are not included in the MCNP simulation yet. 
 

Central thimble   
Energy [MeV] Φ calculated [cm-2s-1] Φ experimental [cm-2s-1] 
0 - 5,5·10-7 (thermal) (6,407 ± 0,018)·1012 (7,3 ± 0,7)·1012 
5,5·10-7 - 0,1 (epithermal) (5,388 ± 0,013)·1012 (7,5 ± 0,7)·1012 
0,1 - 18 (fast) (6,201 ± 0,013)·1012 (6,8 ± 0,7)·1012 
Total (1,80 ± 0,03)·1013 (2,16 ± 0,22)·1013 
   
Rabbit channel   
Energy [MeV] Φ calculated [cm-2s-1] Φ experimental [cm-2s-1] 
0 - 5,5·10-7 (thermal) (2,462 ± 0,007)·1012 (3,37 ± 0,34)·1012 
5,5·10-7 - 0,1 (epithermal) (2,100 ± 0,005)·1012 (3,52 ± 0,35)·1012 
0,1 - 18 (fast) (2,088 ± 0,004)·1012 (2,83 ± 0,28)·1012 
Total (6,65 ± 0,01)·1012 (9,72 ± 0,97)·1012 
   
Lazy Susan   
Energy [MeV] Φ calculated [cm-2s-1] Φ experimental [cm-2s-1] 
0 - 5,5·10-7 (thermal) (11,665 ± 0,012)·1011 (12,8 ± 1,3)·1011 
5,5·10-7 - 0,1 (epithermal) (7,383 ± 0,008)·1011 (10,4 ± 1,0)·1011 
0,1 - 18 (fast) (3,920 ± 0,005)·1011 (7,1 ± 0,7)·1011 
Total (2,297 ± 0,002)·1012 (3,04 ± 0,30)·1012 

Tab 3: Comparison between calculated and experimental flux in different core positions. 
 
In Fig. 2 the neutron flux spectra, measured and simulated, are shown in 30 energy intervals. 
Although the results from simulations are generally underestimated, the shape of the 
spectrum is well reproduced, confirming that the MCNP model can simulate the real 
energetic distribution with good detail. 

 
Fig 2: Comparison between calculated and experimental neutron flux spectrum in the central thimble, 
divided in 30 energy groups. 



4. Simulation of Thermal Effects 
In order reconstruct the TRIGA reactor conditions in stationary condition at 250kW power, a 
in-depth study was performed about neutron fluxes and the reactivity dependences on fuel 
temperature. The thermal motion of nuclei affects the values of cross sections that describe 
the interaction of neutrons at low energy. MCNP provides different methods to simulate these 
thermal effects, thus some tests were performed to check the answer of the model while 
introducing different thermal conditions. 
The free gas thermal model allows to describe the elastic scattering at any temperature: 
atoms are modelled like a free gas with Maxwell distribution of velocities and low energy 
cross sections are multiplied by a factor that depends on the temperature of the medium. 
Moreover, for some materials, a specific thermal model must be used to correctly simulate 
the effects due to chemical bindings. This treatment uses specific cross sections below 4eV 
energy, that are usually named S(α,β) from the homonymous law that describes thermal 
neutron anelastic scattering on molecules or lattice solids. S(α,β) data are normally available 
only for some temperatures and for a small number of materials. 
 
Comparison between Free Gas and S(α,β) Thermal Treatments 
A first set of simulations was performed using the free gas thermal treatment for the 
Zirconium Hydride (HZr) contained in the fuel. 8 different temperatures were chosen, spacing 
from 300K to 1200K. These simulations were compared to the ones performed at the same 
temperatures with the use of the latest S(α,β) cross sections for hydrogen bound in the lattice 
of HZr (ENDF/B-VII Thermal Data). 
The flux of neutrons in the fuel was found to be different using free gas respect to S(α,β) 
thermal treatment (Fig 3a). In the first case, neutrons have Maxwell distribution of energies 
corresponding to the temperature at which the fuel is set. The use of S(α,β) cross sections 
show a shift of the spectrum towards higher energies, moreover some spikes appear in the 
energetic distribution of flux. In simulations at high temperatures, a deformation of the 
spectrum is observed at the energy of 0.137eV, corresponding to the first energy level in 
which hydrogen atoms are bound in an isotropic 3D harmonic potential well (Fig 3b). 

 
Fig 3: Comparison of the thermal flux spectrum in the fuel of ring B when free gas treatment is used 
instead of S(α,β) thermal treatment. a) Fuel temperature: 296.3K; b) Fuel temperature: 1200K. 
 
With these simulations, we highlight that the use of S(α,β) thermal treatment affects 
significantly the results. The application of this treatment involves the modelling of inelastic 
scattering on lattice: bound hydrogen atoms exchange energy quanta with neutrons 
modifying their energies. Excited energy level population of bound atoms increases with 
temperature, producing a shift of the thermal neutron spectrum towards higher energies 
which affects the reactivity of the core. The mean difference in reactivity between simulations 
performed with or without S(α,β) treatment is equal to (1,93±0,23)$, with a maximum 
difference of 3,18$ at room temperature. 



Comparison between different releases of S(α,β) cross sections 
Some simulations were performed by using the S(α,β) cross sections released either in 1999 
(ENDF/B-VI) or in 2004 (ENDF/B-VII); the flux distribution inside the fuel and the reactivity 
parameter were compared and some differences were found (see Fig 4). In particular, the 
reactivity worth decreases when using updated libraries with a mean difference of 
(0,25±0,11)$. 

 
Fig 4: Comparison of the thermal flux spectrum in the fuel of ring B when S(α,β) cross sections 
released in 1999 are used instead of the last ones, dating back to 2004. 
 
5. Conclusion and outlook 
The MCNP model for the TRIGA Mark II Reactor of the University of Pavia was benchmarked 
in first start-up configuration: the simulations were found in good agreement with the 
measurements performed during the first criticality test. The detailed geometrical description 
allows to calculate the reactor parameters with good precision.  
The model was updated to the current reactor configuration with 83 fuel elements and fluxes 
were measured by target foils activation. The spectrum shape is well reproduced in the 
simulation and the next step will be the introduction of burnup and neutron poisons effects in 
the model to obtain a more precise evaluation of neutron fluxes. 
Thermal effects due to the increase of fuel temperature were investigated with various MCNP 
simulations techniques, highlighting that the S(α,β) thermal treatment introduces significant 
differences in the results. 
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ABSTRACT 
 

Accurate neutronic parameters are very important in the design and safety analysis 
of a research reactor. The calculation method and neutron cross-section data play 
an important role to obtain those neutronic parameters. In this work, we reported 
our new results on the effects of the recent neutron cross-section data of the 
WIMSD libraries, JEFF-3.1 and ENDF/B-VII.0, on the criticality parameters of the 
first and equilibrium cores of the Indonesian multipurpose reactor, RSG-GAS 
reactor. WIMSD lattice code together with WIMSD libraries, coupled with the in-
core fuel management code BATAN-FUEL, has been used routinely in the in-core 
management analysis since 1996. The objective of this work is to assess the 
accuracy of the recent WIMSD libraries before being adopted for routine in-core 
fuel management. As the first step, a series of core calculations were carried out 
for determining the effective multiplication factor, burn-up swing reactivity and 
Xenon equilibrium reactivity for the first and equilibrium cores. The results show 
that WIMSD library based on the evaluated nuclear data ENDF/B-VII.0 gives better 
agreement with the experimental results for criticality evaluation (underestimation 
of less than 0.4%). For burn-up swing evaluation, we found relatively large 
differences among the libraries (max. 5%). However, there is no significant 
difference among three WIMSD libraries in determining the Xenon equilibrium 
reactivity. 

 
 

1. Introduction 
Winfrith Improved Multigroup Scheme version-D (WIMS-D) is one of the widely used 
deterministic computation tools for basic reactor physics computations including burnup 
calculations for a wide variety of reactor types.  In 1998, WIMSD-5B code has been released 
to replace the old version of WIMS-D/4 code [1,2]. Because the old library is essentially 
based on the evaluated nuclear data from 1960’s, the IAEA through the WIMS-D Library 
Update Project has provided new WIMSD libraries which are taken from the recent evaluated 
nuclear data such as ENDF/B-VII.0 and JEFF-3.1 [3-5]. These libraries enable scientists and 
reactor designers to reflect the enhancements of the recent evaluated nuclear data in their 
reactor physics calculations. 
 
Up to now, the WIMS-D/4 lattice code has been used to generate the macroscopic cross-
sections for all core materials of the Indonesian multipurpose reactor GA Siwabessy, RSG-
GAS reactor [6,7]. The cross-section library is arranged in as a public library for the 2-or 3-
dimensional neutron diffusion code [8], and 2-D in-core fuel management code BATAN-
FUEL [6]. Before we adopt the recent WIMSD libraries, it is necessary to investigate the 
effects of the use of those WIMSD libraries (ENDF/B-VII.0 and JEFF-3.1) on the calculated 
neutronic parameters of the RSG-GAS reactor.  

 



In the first step of our investigation, macroscopic cross-section libraries for fuel elements 
have been generated using the recent WIMSD libraries, while the macroscopic cross-section 
libraries for non-fission materials have been not changed. 
 
2. Description of RSG-GAS Reactor 
The RSG-GAS reactor is a multipurpose open-pool tank type reactor. The reactor has 
nominal power of 30 MWth using 40 standard fuel elements (FE, each consisting of 21 fuel 
plates), 8 control fuel elements (CE, each consisting of 15 fuel plates) and 8 fork-type Ag-In-
Cd absorbers arranged on the 10 × 10 core grid positions as shown in Fig.1. Beryllium and 
light water are used as the reflector and the moderator as well as coolant, respectively.  At 
the nominal power, the reactor produces thermal neutron flux in order of 1014 n/cm2s.  
Originally, the core used the oxide fuel (U3O8-Al), but, presently, the core uses the silicide 
fuel (U3Si2-Al). Reactor main data are presented elsewhere in Ref.[9]. 
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Fig 1.  Typical working core configuration of RSG-GAS reactor 
(Beginning of cycle; values in the second rows denote burn-up (%235U loss)). 

 
2.1 First core configuration 
The full configuration of the first core of RSG GAS consists of 12 fresh FEs and 6 CEs while 
for the first criticality, the core needs only fresh 9 FEsd and 6 CEs. The configurations for the 
first criticality and full core of the first core are shown in Fig. 2 and Fig. 3, respectively. 
 
As seen in Fig. 3, the core grid positions B-6, C-7, D-6 and F-4 were used for irradiation 
positions. There were 15 loading steps for achieving the full core configuration.  The 
maximum power of the first core (full configuration) was 10.17 MWth. 
 
2.2 Equilibrium core configuration (Oxide Fuel) 

 
As seen in Fig. 1, the core-average burn-up at beginning of cycle (BOC) is 23.3% loss of 
235U, and the corresponding value at end of cycle (EOC) is 31.3%, i.e. the burn-up step for 
one core cycle is about 8%.  The maximum discharge burn-up of FE or CE is approximately 
56%.  Hence, the core consists of FEs and CEs with 7 different burn-up classes, i.e. 6 
standard FEs and 1 CE for the first 6 classes and 4 FEs and 2 CEs for the 7th class (highest 
burn-up). 



 
 

 
 

Fig 2. First criticality configuration of the RSG GAS first core 
 
 

 
 

Fig 3. Full core configuration of the RSG GAS first core 
 

 
3. Calculation methods 
The cell calculations for FE and CE were carried out using WIMSD-5B code with 69 group 
cross-section ENDF/B-VII.0 and JEFF-3.1 libraries. The macroscopic cross-sections for FE 
and CE were then prepared in the 4-groups (the neutron energy boundaries: 10 MeV, 0.821 



MeV, 5.531 keV, 0.625 eV and 10-5 eV) and as a function of burn-up (%loss of 235U), 
temperature (hot and cold) and the existence of Xe and Sm. Batan-3DIFF and Batan-FUEL 
will use the libraries for a prescribed condition by cubic interpolation method. 

 
The first and equilibrium cores were modeled in the 2-dimensional X-Y reactor geometry with 
appropriate group dependent axial buckling values. The core calculations were carried out 
using the multigroup neutron diffusion method of the BATAN-FUEL code.  The criticality, 
excess reactivity, burn-up swing reactivity (BOC to EOC) and Xenon equilibrium reactivity 
were evaluated using old (WIMS/D-4), ENDF/B-VII.0 and JEFF-3.1 libraries. In the 
calculation, we assumed that the mass of 235U in a FE is 250 g (nominal mass). 
 
4. Results and discussions 
Table 1 shows the comparison between experimental and calculated results with the three 
WIMSD libraries for first criticality and excess reactivity of RSG GAS first core. The first 
criticality predictions by those libraries were very close to the experimental result 
(underestimation in the range of less than 0.5%). A similar trend can be observed for the 
excess reactivity. The maximum differences with the experiment occurred in JEFF-3.1 
library.  Among three libraries, the ENDF/B-VII.0 give better agreement with the experimental 
result (underestimation of less than 0.4%). 
 

Core Configuration Experimental 
results 

Calculated results 
Old JEFF-3.1 ENDF/B-VII.0 

First Criticality keff 1.0000 0.996160 0.995308 0.99708 
C/Ea  0.996 0.995 0.997 

Full core (all CRs 
are withdrawn) 

keff 1.09242 1.086859 1.086034 1.087813 
C/Ea 0.995 0.994 0.996 

a Calculated value divided by experimental value 

Tab 1:  Comparison of the calculation results of the three WIMSD libraries with experimental 
results 

 
For the equilibrium core (using oxide fuel), the core calculations were performed for 
determining the burn-up swing reactivity (BOC to EOC) and Xenon equilibrium reactivity.  
Table 2 shows the comparison of the three WIMSD libraries. 
 

Evaluated Reactivity Old JEFF-3.1 ENDF/B-VII.0 
Burn-up swing (BOC to EOC), %Δk/k 
(Xenon free condition) 

2.84 
(0,981)a 

3.05 
(1.050)a 

2.90 

Xenon equilibrium, %Δk/k 3.47 
(1.004)a 

3.49 
(1.010)a 

3.45 

a Given library value divided by ENDF/B-VII.0 library value 

Tab 2:  Calculated reactivity parameters based on the three WIMSD libraries 
 
For burn-up swing reactivity, the difference between the old and JEFF-3.1 with ENDF/B-VII.0 
library are -2% and -5%, respectively. This shows that the effect of neutron cross sections of 
heavy metals and fission products involved in the depletion chain is  significant. It should be 
noted, the number of nuclides used in the calculation of fuel burn-up in the old library is 50, 
while in the JEFF-3.1 and ENDF libraries are 78.  However, because some adjustments with 
empirical data, then the calculation result of the old library is close to the ENDF/B-VII.0 
library.  It should be noted, in this calculation, we assumed the Xenon free condition. 

 
For the equilibrium xenon (Xe) reactivity, the old library and JEFF-3.1 libraries show 
overestimation of 0.4% and 1.0%, respectively, compared with the one of the ENDF/B-VII.0 
library. There are no significant discrepancies between the three libraries. 



5. Conclusions 
The results showed that for the first core, where all fuels are un-irradiated fuel, the WIMSD 
libraries do not show large discrepancies in determining the effective multiplication factor. On 
the other hand, for the equilibrium core, which uses irradiated fuel, differences among the 
WIMSD libraries are observed. It is seen in determination of burn-up swing (BOC to EOC). 
The results showed that among the three libraries, the library WIMSD based on the 
evaluated nuclear data ENDF/B-VII.0 give better agreement with the experimental results, 
relatively, with the maximum underestimation of 0.4%. 

 
In the future we will continue the study by changing also the neutron cross section libraries of 
non-fission materials using the recent WIMSD libraries, especially for beryllium, water and 
aluminum, to show more precisely the influence of nuclear data in neutronic parameters. 
Also the reasons of the above-mentioned differences on the burn-up swing reactivity should 
be further investigated. 
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Abstract 
At the zero power reactor VR-1 a new experimental instrumentation for temperature reactivity 
effects demonstration and measurement is being designed. To create a credible design and 
to estimate relatively small reactivity changes with temperature in a precise and accurate 
way, the calculation scheme for such effects determination was verified through available 
benchmark at similarly designed reactor. Thus an older well described set of experiments 
performed at KUCA reactor and dedicated to isothermal temperature coefficient 
determination in the range from ambient temperatures to some 80°C were recalculated using 
MCNP5. The effect of employment various data libraries and of the two codes and means of 
temperature-dependent nuclear data processing was evaluated and compared. Thus, 
calculations were performed with ENDF/B-VII, JEFF 3.1 a JENDL 3.3 libraries using the 
same data processing scheme; in the latter case, employment of NJOY and makxsf codes 
for processing the data to the temperature of interest was compared. Also, attention was paid 
to thermal-scattering-data temperature dependence and the importance of their proper 
handling to obtain accurate results was pointed out. Finally it was demonstrated the current 
status of achievable precision and accuracy of temperature reactivity effects calculations is 
sufficient for performing reliable design of the experimental instrumentation for zero power 
reactors. 
 

1. Introduction 
The capability of accurate determination of temperature reactivity effects for research 
reactors applications is a delicate task. The small temperature changes in order of tens of °C 
induce only small reactivity changes. This puts the necessity on performing high-precision 
calculations consuming a lot of computer time. On the other hand, the experiments 
performed at zero power reactors possess a big advantage in evaluating achievable 
precision and accuracy of temperature reactivity effects determination. As almost no heat is 
generated during their operation, and so a system of external heating is usually provided to 
study the temperature reactivity effects, an invariable well-defined temperature profile across 
the whole core could be obtained. This fact along with the negligible fuel burn-up makes it 
feasible to perform accurate experimental as well as computational determination of 
isothermal reactivity coefficient and related quantities. So, the adequacy of various nuclear 
data libraries and their processing schemes could be assessed in relation to their ability of 
temperature reactivity effects prediction as well. This was carried out against an older but 
well described Japanese benchmark experiment at the C-core of the KUCA reactor [1, 2]. 
Most of nuclear data could be nowadays relatively easily processed for any desired 
temperature of interest. The situation slightly differs for the thermal scattering data for 
important moderator materials and its energy and momentum transfer matrices S(α,β). These 
data could be standardly processed only for a given set of temperatures (e.g. for H in H2O for 
9 temperatures from 20.5°C to 1000°C in case of ENDF/B-VII). However, such a set seems 
to be insufficient for the investigation of relatively small temperature changes in the range of 
several tens of °C. In this case, it is possible either to prepare own S(α,β) matrices for 
desired temperatures and use them for processing the relevant data libraries or to interpolate 
between already available libraries (or to extrapolate if an interpolation is not possible) [3]; 
the latter procedure being much easily proceedable from the viewpoint of the calculation 
code user. Although, on principle, also such kind of data could be processed for any desired 
temperature, there is a lack of papers dealing with the achievable accuracy of such a 
procedure and of achievable agreement with experimental data. 



Figure 1: Left: Fuel element. Middle: Fuel plate. Right: Side plate [1]. 

Figure 2: KUCA core configurations: a) C45G0, b) C35G0 - 5 rows, c) C35G0 - 3 rows. 
Numbers in brackets denote the number of fuel plates in the corresponding fuel element. 
Also, the dimensions of particular cores are indicated in cm [1].

2. KUCA reactor benchmark 
KUCA (Kyoto University Critical Assembly) reactor [1] is a multi-zone zero power reactor. Its 
C-core is a light-water moderated core with highly enriched fuel of plate shape (enrichment 
93,1% on U-235). Fuel plates are of flat shape and consist of U-Al alloy covered in Al 
cladding. Each fuel plate contains 8.89 g of U-235. The U content in U-Al alloy is 20 %. Fuel 
plates are assembled to side plates to create fuel element. Within the benchmark, two types 
of side plates with different pitches and thus with different H/U-235 ratio were used. The side 
plate grooves for inserting the fuel plates possess pitches of 4.54 mm, and 3.49 mm for core 
configurations called C45, and C35 respectively. The fuel element pitch was 71 mm in one 
and 142 mm in the other direction. So, the fuel element could contain up to 31 or 40 fuel 
plates for core configurations C45, and C35 respectively. The fuel element, fuel and side 
plates are illustrated in the fig 1. The experiment at the KUCA C-core [1] performed at the 
end of 80th was devoted to measurement of isothermal temperature coefficient of reactivity 
in the temperature range from 20° to 70°C. Altogether, three sets of experiments with various 
pitches of fuel plates (i.e. with various water-to-uranium ratios) and various core 
configurations (see fig. 2) were carried out. The experiments were carried out by repumping 
the water at given temperature into the C-core of the reactor; consequently, the reactivity 
was measured using the positive period method and source multiplication method in super- 
and sub-critical region respectively. The maximal experimental error of reactivity excess 
determination was estimated to be ±5 pcm [1]. The description of the core configurations 
used within the benchmark is given in table 1.  

Core configuration H to U-235 ratio Lattice pitch (mm) Nr. of fuel plates

C45G0 315 4.54 330

C35G0 - 5 rows 212 3.43 420

C35G0 - 3 rows 212 3.43 588

Table 1: Description of KUCA core configurations [1] 



3. Materials and Methods 
All calculations were carried out using MCNP5 code [4] which enables detailed modelling of 
the particular cores. Three widely used nuclear data libraries were used ENDF/B-VII, JEFF 
3.1 and JENDL 3.3. For processing the data for desired temperatures, NJOY v.259 [5, 6] and 
makxsf [7] codes have been utilized. First aim of the paper was to compare the temperature 
reactivity effects calculated by above mentioned nuclear data libraries at identical parameters 
of their processing. To proceed this, data libraries were processed by NJOY code using well 
described and validated approach standardly used for JEFF 3.1 library [3, 8]. The data 
describing the thermal scattering on moderators (i.e. on hydrogen in water in the current 
case) could not be processed for any temperature, but only for a given set of temperatures; 
thus, they were processed for the given available temperature set; consequently, the data for 
desired temperatures were obtained by manual interpolation between two closest available 
data sets, or by extrapolation in the case that interpolation was not possible. This procedure 
is recommended by [9]. As JENDL 3.3 library does not contain the thermal scattering law 
data, the corresponding data from ENDF/B-VII was used for calculation with this library.  
Second, the influence of nuclear data library processing scheme (code) was accessed; the 
ENDF/B-VII library was processed by above mentioned procedure and, on the other hand 
with the help of makxsf code. The makxsf code serves for interpolation between data 
libraries in ACE format which is used by MCNP code. It utilizes similar procedures as the 
NJOY code. A very good agreement between the NJOY and makxsf code has been already 
demonstrated for larger temperature changes [10].  
Further the importance of proper utilisation of thermal scattering data for H in H20 and its 
temperature dependence for predicting the temperature reactivity effects was assessed. 
Calculations were performed a) without these data (i.e. using free-gas approximation for all 
isotopes also in thermal region), b) using the data interpolated to desired temperatures, and 
c) using the standardly available TSL data set of closest available temperature. The 
comparison was performed only for ENDF/B-VII library. 
 As the paper’s point of interest was to assess the capability of temperature reactivity effects 
prediction, it was the reactivity difference of states with two temperatures which was taken as 
a measure for accessing the accuracy, rather than the keff or ρ values of individual states. 
The agreement between calculations and experiment was assessed based on following 
quantities: first, the difference between calculated and measured reactivity changes ΔρC – 
ΔρE in pcm; the reactivity at temperature corresponding to measured criticality state of 
particular core configuration was taken as the reference value for evaluating reactivity 
changes. If the criticality state was not measured, then, the reactivity value at the maximal 
temperature was taken as the reference one. Further, standard deviation of the difference 
between calculated and measured reactivity was determined as a measure of calculation 
results consistency.  

 
4. Results and discussion 

The comparison between experimental and calculated values for the KUCA benchmark is 
presented in figure 3. The upper part indicates the differences between calculated and 
experimental reactivity change values for particular modes of calculations (uncertainty 
intervals being at 1σ level, incl. experimental uncertainty); the bottom part shows the 
temperature reactivity effect calculated via three ways of thermal scattering data utilisation. 
As could be seen, particular data libraries give results that are in good mutual accordance; in 
most cases, moreover, also in accordance with experimental values within their 2σ intervals. 
The largest deviations show the JEFF 3.1 library. Further, a good agreement was obtained 
from comparison of the results obtained by the same data library processed in two different 
ways. Finally, the key requirement for correct prediction of temperature reactivity effects is 
the utilisation and proper handling of thermal scattering law data libraries for moderator 
material and their temperature dependence. Obviously, the utilisation of interpolated 
temperature-dependent TSL data leads to difference between calculation and experiment (C-
E) in order of tens of pcm; the reactivity course being in a good accordance with 
experiments. If only the closest standardly available TSL library is used, the differences from 
experiment are somehow higher and the reactivity course does not correspond to reality; of 



course, this is caused by unavoidable switch from lower to higher temperature TSL library 
which cause the step reactivity change. In case the TSL data are fully omitted (i.e. 
application of free-gas model also in thermal region for all materials), the C-E values are an 
order of magnitude higher, i.e. in the order of hundreds of pcm, compare to the interpolated 
TSL data utilisation case. It is also profitable to note the close connection between reactivity-
temperature-changes determination precision and the size of temperature difference. In the 
experimental as well as in calculation case, the reactivity change is determined as a 
reactivity difference in two states of the system. As the precision of experimental reactivity 
determination at various temperatures is practically invariable, and similarly, the precision of 
reactivity calculation almost constant for any temperature, it is clear that the higher 
temperature difference, the more precise prediction of reactivity changes could be achieved. 
Simultaneously, it is worth to keep in mind that reactivity temperature changes are generally 
non-linear and are determined not only by the quantities as the fuel composition or water-to-
fuel ratio, but also by such factors as for example the core configuration shape. 
 

 
Figure 3: Results of KUCA benchmark: Up: Deviations of C-E temperature reactivity changes 
for C35G0-3rows, C35G0-5rows and C45G0 core configurations (left to right). Bottom: TSL 
data handling and utilisation.    
 

Library JEFF 3.1 JENDL 3.3 ENDF/B-VII 
ENDF/B-VII 

(makxsf) 

ΔρC- ΔρE -27,6 ± 18,8 -8,6 ± 12,4 -10,6 ± 13,8 -13,4 ± 19,8 

Table 2: Average ΔρC- ΔρE  values of KUCA benchmark 



5. Conclusions 
Based on the performed calculations, the following could be stated. To achieve an accurate 
prediction of temperature reactivity effects, a proper handling of TSL data for important 
moderator materials is of key importance. By the interpolation between the available data 
sets (either manual or using a specialized code like makxsf) a very accurate results could be 
obtained for temperature differences of few tens of °C. Such accuracy seems to be 
satisfactory for most applications on research reactors, including the design of new 
experiments and experimental devices. On the contrary, if the TSL data are omitted or the 
interpolation is not performed, the calculated reactivity changes will be strongly overpredicted 
in the former case or will not correspond with the true reactivity dependence on temperature 
in the latter case. The both last cases seem to be useless, if the accurate temperature 
reactivity effects prediction is required. Further, it is clear, that temperature-reactivity-effects 
determination precision level in pcm/°C could not be determined unless the size of 
temperature difference is given. This stems from the definition of reactivity temperature 
changes as a difference of the two reactor states at different reactivities and temperatures 
and from the corresponding uncertainties of experimental as well as computational methods 
of reactivity determination. Finally, it could be stated that using modern monte-carlo code the 
temperature reactivity effects could be determined very accurately and consistently. The 
differences between particular libraries were rather small, only JEFF 3.1 gives slightly 
different results. 
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ABSTRACT 
 

 
The E-FUTURE in-pile test has been performed in 2010 as a first step 
towards the qualification of U(Mo)/Al-Si nuclear fuel plates for high power 
reactors. For each plate, compositions (Si weight fractions) and fabrication 
conditions have been chosen different to investigate the influence of these 
parameters on the plate in-pile behavior. 
In this paper, complementary analyses regarding the as-fabricated fuels are 
presented. The Si behavior during the manufacturing step has been 
accurately characterized: the composition and thickness of the Si-rich layer 
appeared around U(Mo) particles as well the Si fraction still remaining in 
the matrix have been quantified. 
 

 
1. Introduction 
 
High density U(Mo)/Al fuels are considered internationally as the most promising LEU 
material for converting high performance research reactors. However their development has 
required many efforts in particular i.e. to limit their swelling during in-pile irradiation. These 
difficulties were attributed to the growth of a low density interaction layer (IL) at U(Mo)/Al 
interfaces that was moreover exhibiting low fission gas retention capabilities. 
A breakthrough has been recently reached by adding limited concentration of Si to the Al 
matrix. First in-pile experiments performed under moderate heat fluxes (about 200W.cm-2 for 
the IRIS3 experiment [1]) have demonstrated the interest of these U(Mo)/Al-Si nuclear fuels 
for low and medium operating conditions (OSIRIS type). However, an optimization was 
required to qualify this solution for the most powerful reactors such as the BR2 or the RHF in 
Western Europe. In collaboration with the US GTRI, the LEONIDAS Advanced Technology 
Group has performed a first in-pile experiment, called E-FUTURE, in order to test the 
U(Mo)/Al-Si dispersion fuel performance at 470W.cm-2 [2]. 
From a technological point of view, the main objective of this irradiation test was to optimize 
both the Si concentration added to the matrix and the conditions of the post-fabrication 
thermal treatments. With this objective, four full sized nuclear fuel plates have been irradiated 
in the BR2 reactor in 2010. 
The microstructures of the as-fabricated fuel plates have already been analysed by optical 
microscopy, SEM, EPMA and laboratory XRD [3]. To complement these mainly local studies, 
volume characterizations were needed. A methodology based on high energy synchrotron 
radiations (87 keV) has been developed: it enables the determination of both the average 



thickness of a Si rich layer (written SiRDL in the following) appearing during fabrication 
around UMo particles and the fraction of Si remaining in the matrix as precipitates. 
After having briefly recalled the composition of each E-FUTURE plate and their fabrication 
conditions, the additional synchrotron radiations characterizations are described. The 
obtained SiRDL characteristics (crystallographic composition and average thicknesses) and 
the remaining Si fraction in the Al matrix are then successively discussed as a function of the 
two main parameters (composition and fabrication conditions). Finally, prospects regarding 
optimized U(Mo)/Al-Si nuclear fuels are proposed. 
 
 
2. Experimental methods 

2.1. Fuel plate manufacturing and sample preparation 
 
The E-FUTURE nuclear fuel plates were produced by AREVA-CERCA using a mixture of 
UMo7.4 atomized powders (i.e. about 16.5 at%Mo) and two kinds of AlSi powders (4 and 6 
wt%Si). These fuel plates underwent three different heat treatments (at 425°C during 2 hours 
and at 475°C for 2 or 4 hours). Table 1 summarizes the characteristic of the 4 E-FUTURE 
fuel plates. They are identified EF4112_4wt%Si, EF6101_6wt%Si, EF4201_4wt%Si and 
EF6311_6wt%Si respectively. 
 

 U(Mo) 
powders 

Matrix weight 
fraction in the 

core 

Si content in 
the AlSi 
matrix  

Al 
material 

Conditions of the 
thermal annealing

  (wt%) (wt%)    
 type  Si Cladding T (°C) time (h) 

EF4112_4wt%Si atomized 12.9 4 AlFeNi 425 2 
EF6101_6wt%Si atomized 12.9 6 AG3 425 2 
EF4201_4wt%Si atomized 12.9 4 AG3 475 2 
EF6311_6wt%Si atomized 12.9 6 AlFeNi 475 4 

Table 1: Characteristics of the U(Mo)/Al-Si nuclear fuel plates. 
 
For each fuel plate to be tested in-pile, an additional spare item had been produced. In the 
"twin" item, a square of 10×10mm² has been cut. Note that the sample location in the fuel 
plate has been chosen far enough from the interface between the core and the frame: it has 
been shown that particles are often over oxidized in this volume (see for example ref [4]). 
The cladding material has been removed on both sides by conventional mechanical polishing 
techniques to enable the meat analysis. 
 

2.2. Experimental settings 
 
To achieve an accurate, quantitative and volume characterization, the selected technique 
should have a penetration depth of at least 500μm in the U(Mo)/Al-Si meat and the signal to 
noise ratio must be high enough to identify trace phases, such as phases constituting the 
SiRDL (see [6]). 
Diffraction using high energy X-rays fulfils both requirements and in a preliminary study it has 
been shown to provide the quantitative crystallographic composition in the UMo/Al fuel plates 
[5]. This method has thus been applied to the E-FUTURE fuel plates analysis. 
 
Measurements have been performed at the ID15B beamline at the ESRF (Grenoble, France) 
in transmission mode using an 87keV X-ray beam. Its footprint on the sample was set to 
0.3×0.3mm². In order to obtain good enough statistics, a mapping has been carried out on 
each of the four E-FUTURE samples, which represents about 200 steps per sample. Figure 
1 shows the comparison between the patterns collected on each fuel plate. 
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Figure 1: Diffraction patterns collected with high energy X-rays. The inset highlights the 
presence of U2Mo and USiAl phases in the E-FUTURE nuclear plates (the background has 

been subtracted). 
 
 
At a second step, data have been analyzed with the FullProf software package using the 
Rietveld method. Nine phases have been included in the refinement. The first five (αU, 
γU(Mo8), γU(Mo12) or γU(Mo13), UC) are describing the U(Mo) particles themselves, the 
next three, the UMoSiAl shell surrounding the UMo particles (U(Al,Si)3, U3Si5, UO2) and the 
last one, the matrix (Al). 
 
 
3. γ-U(Mo) decomposition in the E-FUTURE fuel plates 
 
In this section, the results of the Rietveld analysis regarding the γ-U(Mo) decomposition 
(mechanisms, rates) are presented and discussed as a function of post-annealing conditions. 
 

3.1. Atomized powders in fuel plates manufactured at 425°C 
 
Two samples have been considered for this analysis (EF4112_4wt%Si, EF6101_6wt%Si). As 
shown in Table 2, the decomposition rate of the atomized UMo particles is very limited using 
a manufacturing process at 425°C. The main products of this decomposition are γU(Mo12) 
and a phase close to αU. Moreover even if the U2Mo phase has been unambiguously 
identified (cf. Figure 1), its amount does never exceed 2.2%. 
 
 
 
 



 αU U2Mo γU(Mo) UC U02 U(Al,Si)3 U3Si5 Al 
EF4112_4wt%Si 13.5± 0.1 1.2±0.1 71.4 ± 0.7  0.5 ± 0.1 0.1 ±  0.1 0.2 0.5 12.9 ± 0.4 

EF6101_6wt%Si 15.6± 0.1 1.9±0.3 68.3 ± 0.8 0.5 ± 0.1 0.2 ±  0.1 0.3 1.3 12.4 ± 0.4 

EF4201_4wt%Si  26.1± 0.2 6.0±0.3 54.0 ± 0.7 0.5 ± 0.1 0.2 ± 0.1 0.6 0.8 11.8 ± 0.3 

EF6311_6wt%Si 31.7± 0.2 13.8± 0.3 39.8 ± 0.4 0.4 ± 0.1 0.2 ±  0.1 2.0 1.0 11.1 ± 0.3 

Table 2: Crystallographic composition (wt%) of the four analyzed fuel plates given by the 
Rietveld analysis of the diffraction data collected with a high energy X-ray beam. 

 
A quantitative comparison of the results of the Rietveld analysis in this set of samples shows 
that the decomposition rates of the γU(Mo) phase are extremely close to each other 
confirming the excellent reproducibility of this manufacturing process (cf. Table 3). Indeed the 
αU-ratio evolves between 15.6 and 18.1% and γU(Mo)-ratio between 79.2 and 82.7%. 
 

 αU-ratio U2Mo-ratio γU(Mo)-ratio 
EF4112_4wt%Si 15.6 ± 0.3 1.3 ± 0.1 82.6 ± 1.8 
EF6101_6wt%Si 18.1 ± 0.4 2.2 ± 0.3 79.2 ± 1.9 
EF4201_4wt%Si 30.2 ± 0.5 6.9 ± 0.2 62.4 ± 1.5 
EF6311_6wt%Si 37.0 ± 0.7 16.1 ± 0.4 46.4 ± 1.7 

Table 3: αU, U2Mo and γU(Mo) (wt%) fractions in UMo particles. 
 
 

3.2. Atomized powders in fuel plates manufactured at 475°C 
 
Manufacturing nuclear fuel plates at 475°C (EF4201_4wt%Si and EF6311_6wt%Si) clearly 
favors the destabilization of the γU(Mo8) phase (cf. Figure 1 and Table 3). At this 
temperature the first step of the destabilization (after 2 hours i.e. for the EF4201_4wt%Si fuel 
plate) leads to mainly the growth of αU and a Mo enriched γU(Mo) phase (γU(Mo12)), the 
formation of U2Mo being however significantly larger to what was observed at 425°C. At a 
second step (after 4 hours i.e. for the EF6311_6wt%Si fuel plate), the amount of γUMo12 
does not evolve much, and the destabilization seems to mainly lead to the growth of U2Mo 
and αU, as expected from the TTT diagram. 
 
4. SiRDL composition and thickness 
 
Using the quantitative weight fractions determined for the components (U(Al,Si)3 and U3Si5) 
of the SiRDL and a simple model, the thickness of this layer around UMo atomized particles 
can be calculated [6]. In this section, the obtained sizes and the elementary compositions are 
described for each plate of the E-FUTURE experiment and compared with those measured 
by microscopy and/or micro-analyses. 
 
 

4.1. At 425°C 
 
At this temperature, the composition of the EF4112_4wt%Si and EF6101_6wt%Si fuel plates 
can be directly compared. First it can be shown that whatever the Si content in the matrix is, 
the composition of the SiRDL does not evolve significantly. Two components have been 
identified: U(Al, Si)3 and U3Si5. In each case, the cell parameter of the U(Al, Si)3 has been 
found to be 4.16Å. As proposed by Dwight, Silicon is inserted in the UAl3 crystal structure 
and forms a solid solution: the cell parameter value evolves proportionally with the Si content 
[7]. In this case, the atomic ratio Si/(Al+Si) can be evaluated to 44.2 at%. 
Using this XRD characterization of the SiRDL for the different fuel plates, its elementary 
composition can be evaluated and compared to the one found by SEM/EDX/EPMA (cf. Table 
4 and [3]). Whatever the Si content in the matrix (4 or 6%) is, the Si content in the SiRDL in 
the as-manufactured fuel plates is almost constant (about 50 at%) and very close to what 



has been measured by elementary techniques. This good agreement can be considered as 
an additional proof for validating this quantitative analysis based on XRD. 
Concerning the thickness of the SiRDL, it appears that by increasing the Si content in the Al 
matrix, the SiRDL becomes thicker. From 0.12µm with 4wt%Si, it increases up to 0.27µm 
when adding 6wt%Si (EF6101_6wt%Si). 
As a conclusion, manufacturing nuclear fuel plates with an overall thermal treatment of 
425°C during 2 hours, the SiRDL thickness is directly linked to the Si availability in the matrix. 

 

 
SiRDL composition as 

determined by XRD 
(wt%) 

Si atomic composition 
in the SiRDL (at%) 

Average thickness of 
the protective layers 

around UMo particles 
(µm) 

 U(Al,Si)3 U3Si5 XRD EDX/EPMA XRD SEM 
E-FUTURE 4112 25.0 75.0 53.4 50 0.12 0,7 
E-FUTURE 6101 19.7 80.2 55.2 38 0.27 0,6 
E-FUTURE 4201 42.0 57.9 43.5 33 0.34 0,8 
E-FUTURE 6311 66.7 33.2 34.3 36 0.87 1,3 
Table 4: SiRDL average elementary compositions and thicknesses in the 4 E-FUTURE fuel 

plates containing UMo atomized powder as determined from high energy XRD. 
(The Si atomic ratio has been determined by calculating (Si/(U+Si+Al), since no Mo 

containing phase has been identified in the SiRDL.) 
 
 

4.2. At 475°C 
 
The crystallographic composition of the SiRDL formed after fuel plate manufacturing at 
475°C, is basically identical to the one obtained at 425°C. Two phases are identified: U3Si5 
and U(Al,Si)3 with however a higher cell parameter (4.19 Å) thus indicating a lower Si content 
[7]. The Si/(Al+Si) atomic ratio in U(Al,Si)3 appears to be about 32%. From these 
crystallographic results, the Si content in the SiRDL has been assessed. It comes that the 
longer the annealing duration, the higher is the U(Al,Si)3 weight ratio in the SiRDL; therefore 
the Si content decreases even if the amount of the Si added in the matrix was higher (cf. 
Table 4). As expected, by increasing the annealing time and the Si weight fraction, the 
SiRDL thickness becomes significantly thicker. 
 
 

4.3. Discussion  
 
The comparison between the thicknesses of the SiRDL as determined by 2D techniques 
(EDX/EPMA) and those obtained from volume techniques (high energy XRD) shows a clear 
difference, the first being systematically lower than the seconds. However if this difference is 
very probably resulting from the correction of geometrical artifacts created by the use of a 2D 
characterization, it should be investigated whether the density of this SiRDL is 100% or 
lower. A dedicated study is undergoing. 
Concerning the composition of the SiRDL, it has been shown that at both tested 
temperatures, only the U(Al, Si)3 and U3Si5 crystallographic phases have been identified. It is 
therefore very likely that the U6Mo4Al43, which is supposed to have very poor irradiation 
performances [8], is not present in theses protective layers. Indeed even if this UMoAl 
ternary phase is difficult to identify using XRD [4], this phase is generally associated with 
UAl3 (Si-free) and which has not been found [9]. 
 
 
 
 
 



5. Si remaining in the Al matrix in the E-FUTURE as fabricated fuel plates 
 
From the knowledge of the average composition and thickness of this SiRDL, it is possible to 
derive the Si weight fraction in the SiRDL for each fuel plate. However it must be clear that 
this value is resulting directly from the identification of the Si phase in the high energy XRD 
patterns. The results demonstrate that even in the most favorable tested annealing 
conditions (475°C during 4 hours), the fraction of Si in the SiRDL never exceeds 50% (cf 
Table 5). 
 

 Location of the Si elements in the as-fabricated fuel plates  
 SiRDL Si precipitates in the matrix 

EF4112_4wt%Si 18.8 81.2 
EF6101_6wt%Si 33.7 66.3 
EF4201_4wt%Si  38.0 62.0 
EF6311_6wt%Si 48.4 51.6 

Table 5: Fraction of Si located in the SiRDL and in the Si precipitates after fuel plate 
manufacturing. 

 
To improve the in-pile behavior of this nuclear fuel, this fraction should be optimized. One 
way to increase this fraction is to add higher Si quantities to the matrix (compare fuel plates 
EF4112_4wt%Si, EF6101_6wt%Si). However these amounts have to remain limited 
considering fuel back-end issues [3]. As a consequence, annealing during a larger duration 
at 425°C nuclear fuel that contains 6wt% Si in the matrix seems to be a very promising 
solution. Indeed the destabilization of the UMo particles has been found to be very low 
(below 20wt%), the fraction of Si in the SiRDL is optimal (higher than 50at%) and the ratio of 
Si located in the SiRDL pretty high (about 30%). As a comparison, annealings at high 
temperature such as 475°C seems to be less appropriated regarding manufacturing process 
consideration whatever the Si content and the duration of the thermal treatment. 
 
5. Conclusion 
 
X-ray diffraction using high energy X-ray beams has been shown to be a very powerful 
technique to characterize the as-fabricated U(Mo)/Al-Si nuclear fuel plates at a macroscopic 
scale. Note that this method has also been used for analyzing the IRIS and E-FUTURE fresh 
nuclear fuels. A comparative study is under preparation [10]. 
In the four E-FUTURE plates, the destabilization level of UMo particles and both the 
thickness and the compositions (crystallographic and elementary) of the SiRDL have been 
determined and compared to the results obtained by microscopy. Moreover access to the 
repartition of the Si between SiRDL and precipitates in the matrix has been obtained. In this 
communication, the interest of producing these fuels at relative lower temperature (425°C) 
has been demonstrated, and improvements proposed. 
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ABSTRACT 

 
The phase transformation γ → α and the thermal stability of U(Mo,X) alloys compared 
to the thermodynamic behavior of U(Mo) binary phases are studied. For this purpose, 
samples were prepared by arc-melting the elemental components obeying the atomic 
ratio (U-Mo)/X of 95/5, with U content ranging from 95 to 59 at. %. Equilibrium state at 
low temperature was achieved by heat-treatments; the samples were maintained at 
900°C for 24 hours to promote homogenization follow ed by an annealing at 500°C for 
72 hours to provoke the eutectoid decomposition of the γ U phase. Thermal analyses 
were carried out by using differential thermal analysis with heating and cooling cycles 
from room temperature up to 1400°C and by examinati on of cooling curves obtained 
by measuring by pyrometry the temperature of the samples surface heated up to 
1800°C and allowed to cool down at various rates. T he samples states, before and 
after thermal experiments were examined by means of microstructural observations 
coupled with elemental analyses and by X-ray diffraction techniques. 
Accurate liquidus and solidus temperatures were determined for all the samples 
revealing a narrow two-phases domain for X = Ti and Zr, whereas a large liquid-solid 
domain exists in the case of X = Cr. Regarding the eutectoid decomposition, the 
temperatures of this invariant reaction remain in a small range around 565(10)°C in 
the case of Cr, whereas, an increase of 30-40°C is observed in the case of Ti. 
However, for both elements, Cr and Ti, no significant change in the reaction 
transformations as well as in the phase appearing can be detected. The case of Zr is 
more tricky, only one solid-solid transformation is observed at about 610(10)°C, 
without  any evidence of two-phase domain, suggesting a possible diffusionless 
transformation.  
 

 
1. Introduction  
 
The valuable irradiation behavior of the high temperature bcc-U allotropic form (denoted γ) 
under neutron fluxes is of particular interest for the development of high density fuels [1]. 
Fortunately, the phase transformation γ → α can be suppressed by a chemical alloying with 
Mo for content above 7 wt. % under moderate quenching conditions [2]. γ U(Mo) alloys are 
thus promising candidates for Low Enriched Uranium fuels working at low temperature (100-
300°C), either as dispersed particles in an Al base  matrix or in a monolithic form [3,4]. 
Unlikely, first in-pile irradiation experiments of γ U(Mo) dispersion fuels plates and extruded 
rods revealed significant swelling, hindering the development of these fissile materials [5]. 
Improvement of the irradiation behavior may be achieved by modifying the γ U(Mo) alloy by 
adding a third selected element (X) [6-15]. The ability of various addition metals to reduce the 



interdiffusion processes evaluated in out of pile [7-12] as well as in pile studies [13-15], 
points out promising results in the cases of Ti [8,9,12,14] and Zr [10-11,13]. More recently, 
parameters such as the microstructure of γ U based alloys, including the solubility of X 
elements into U(Mo,X) alloys, were identified to play a significant role on the interdiffusion 
reactions [12]. Moreover, the γ phase stability when adding a third element X is also a factor 
which seems to control the fuel behaviour under irradiation. 
 
This work is oriented toward X = Ti, Cr and Zr which are characterized by large solubility 
domains in the γ U phase [16]. Our main goal is to obtain fundamental data on the phase 
transformation γ → α, and on the thermal stability of U(Mo,X) alloys with X = Ti, Cr or Zr and 
to compare these results with the thermodynamic behavior of U(Mo) binary alloys. In 
particular, the influence of a third element on the stability domain of the γ U(Mo) phase is 
studied. 
For this purpose, thermal analyses are carried out by using Differential Thermal Analysis 
(DTA) on reference binary U(Mo) alloys and ternary U(Mo,X) alloys of atomic ratio (U-Mo)/X 
of 95/5, with U content ranging from 95 to 59 at. %. The temperatures of liquidus and solidus 
and the temperature of eutectoid decomposition are determined for all the samples allowing 
to draw the existing limits of the γ U(Mo,X) domain. 

 
2. Experimental details 
 
Reference binary U(Mo) alloys and ternary U(Mo,X) alloys with X = Ti, Cr or Zr, of atomic 
ratio (U-Mo)/X of 95/5, with U content ranging from 95 to 59 at. %, were melted in an arc-
furnace using a non-consumable tungsten electrode and a cooled copper crucible under 
partial pressure of argon. High purity metals, uranium piece (99.8 wt.%) molybdenum  (99.99 
wt.%) and X metal chips : Ti, Cr or Zr (all 99.99 wt.%) were used. 
The ingots were introduced into silica tubes, which were sealed under argon cleaned vacuum 
and underwent two different heat treatments: 

- the first heat-treatment was performed by combining an annealing at 900°C for 24 
hours for homogenization, followed by water-quenching of the samples. 

- the second heat-treatment was carried out at 900°C  for 24 hours to promote 
homogenization followed by an annealing at 500°C fo r 72 hours  to provoke the 
eutectoid decomposition of γ U based alloys. The samples were then slowly air 
cooled.  

 
Thermal analyses were carried out by using DTA with heating and cooling cycles from room 
temperature up to 1400°C and by examination of cool ing curves obtained by measuring the 
temperature, with a bi-chromatic IR pyrometer, of the surface of samples heated up to 
1800°C and allowed to cool at various rates.  
 
X-ray diffraction (XRD – D8 Advanced Brucker) and scanning electron microscopy coupled 
with energy dispersive spectroscopy (SEM+EDS - JEOL JSM 6400 + OXFORD EDS system) 
techniques were used to characterize the homogenized and destabilized U(Mo,X) alloys 
before and after the thermal analyses.  

 
3. Results 
 

3.1. SEM observations and XRD analyses and of γU(Mo,X) ternary alloys heat-
treated at 900°C 
 
Metallographic observations of the microstructure of all the ternary alloys, heat-treated at 
900°C, revealed precipitates dispersed in an U-Mo-X  matrix, as illustrated by Fig.1. Upon 
increasing the U content, the density of the precipitates decreases, indicating an 
improvement of the solubility of the alloying elements into the γ U(Mo) matrix. The 



composition of these precipitates are found to be Mo- Zr-, Ti- and Cr-rich phases, and 
therefore the elemental composition of the matrix was hardly found to be the target 
composition, but slightly deficient in X-element. Table 1 summarizes the average 
composition over 3-6 EDS points of analysis of the γ U(Mo,X) main phase, as well as a rough 
estimation of the composition of the precipitates. In the case of the samples U84Mo11Cr5 
and U90Mo5Cr6, the EDS measurements yield inconsistent results, which were therefore 
omitted. They are symbolized by a question mark in table 1.  
 

(a) (b) (c) (d) (e)

60 µm 60 µm 60 µm 60 µm 60 µm
 

 
 
Fig. 1. SEM micrograph (BSE mode) of the sample annealed at 900°C with nominal 
composition (a) U59Mo36Cr5, (b) U64.5Mo30.5Cr5, (c) U78Mo17Cr5, (d) U84Mo11Cr5, (e) 
U90Mo5Cr5. Small dark precipitates are Mo- or Cr- rich phase whereas the white matrix 
roughly matched the target composition.  
 

Sample composition (at. %) EDS analyses (at.%), U-Mo-X, (X = Zr, Ti, Cr) 

 
Matrix Precipitates 

U59Mo36Zr5 U65Mo33Zr2 ! (U-rich ?) Mo-rich 

U59Mo36Cr5 U61Mo36Cr3 Mo-rich 

U64.5Mo30.5Zr5 U69Mo28Zr3 Mo-rich 

U64.5Mo30.5Cr5 U69Mo26Cr5 Mo-rich 

U78Mo17Cr5 U80Mo15Cr5 Cr-rich 

U78Mo17Ti5 U78Mo17Ti5 Ti-rich 

U84Mo11Zr5 U84Mo11Zr5 Zr-rich 

U84Mo11Cr5 U84Mo11Cr5 ? 

U84Mo11Ti5 U84Mo11Ti5 Ti-rich 

U90Mo5Zr5 U90Mo5Zr5 Zr-rich 

U90Mo5Cr5 U89Mo6Cr5 ? 

U90Mo5Ti5 U90Mo6Ti4 Ti-rich 
 
Table 1. Average elementary composition of U-Mo-X alloys annealed at 900°C determined 
by EDS analysis.  
 
The XRD patterns collected on flat surface of the ingots display for all samples ranging in 
composition from U59Mo36X5 to U84Mo11X5, characteristic peaks of the bcc-lattice. They 
were nicely indexed with a lattice parameter ranging form 4.39Å to 3.48Å. The smallest unit-
cell was found for U59Mo36Cr5 sample whereas the largest one was found for U84Mo11Zr5, 
in agreement with the respective metallic radii of the various components. Regarding the 
XRD patterns of the U90Mo5X5 samples water quenched from 900°C (Fig.2), they mainly 
display diffraction peaks of the orthorhombic α-phase and broad peaks of bcc-phase with 
lattice parameter of about 3.44Å. Similar experimental unit-cell value was refined for the 
samples with composition U78Mo17X5, indicating an enrichment in Mo or in X-elements 
upon phase transformation. For the binary phase diagram the composition U78Mo22 



(U78(Mo+X)22) is close to the composition of the eutectoid invariant reaction, γ U(Mo) → α 
U + U2Mo, suggesting that quenching from the γ domain gives α phase and the eutectoid 
microstructure, γ’ (α + U2Mo).    
 

 
 
 
Fig.2. XRD pattern of the sample U90Mo5Zr5 water-quenched from 900°C, showing 
diffraction peaks corresponding to the α U (in red) and to a γ U based phase (in blue) with a 
lattice parameter of about 3.43Å.  
 
 

3.2. SEM observations and XRD analyses and of γ U(Mo,X) ternary alloys heat-
treated at 500°C 
 
For the samples with U content above 78 at % (90 wt % of U), the SEM micrographs of the 
polished surface of all the samples heat-treated at 500°C for 72h, showed acicular or 
lamellar microstructures with very fine grains. No direct link was established between the 
morphology of the microstructure and the effect of the ternary additions X. Fig.3 depicts the 
microstructure of the sample with nominal composition U84Mo11Zr5, showing the 
decomposed microstructure of the U(Mo) matrix along with micrometric precipitates. The 
presence of these precipitates was not detected in the microstructure of the samples heat-
treated at 900°C, suggesting that their nucleation is due to oversaturation of the γ phase 
upon cooling.    
 
 

 
 
 
 
 
 
 

 

 

Fig.3. SEM micrograph of the sample with nominal composition U84Mo11Zr5, featuring the 
eutectoid decomposition of the U(Mo) matrix and the presence of micrometric precipitates.  
 

1 µm1 µm



The X-ray diffraction patterns of these samples displays characteristic peaks of the α phase, 
and broad peaks with shoulders which may correspond to U2Mo or to a derivative of the γ 
phase [17].  
 
 
 3.3. DTA measurements 
 
The work reported here about the ternary additions to U-Mo had the following objectives: 

(i) studying the influence on the temperature of the invariant reaction γ→α + U2Mo. 
(ii) studying the influence on the transformation mechanism, especially the sequence of 

phase appearing at isothermal levels. 
(iii) evaluating the temperatures of solid - liquid transformation.  

 

 

Fig. 5. Uranium-molybdenum phase diagram, according to [16], with superimposed the 
nominal composition of the examined samples, U78Mo17X5, U84Mo11X5, U90Mo5X5, with 
X = Cr, Ti, Zr.  
 
Binary samples with nominal compositions U78Mo22, U84Mo16 and U90Mo10 were first 
measured to validate the sequence of phase appearing as well as evaluating the 
temperature of the various transformations. Table 2 summarized the results of the DTA 
measurements and Fig. 6 illustrates the heating and cooling curves of a sample with nominal 
composition U84Mo16.  
 

 

Fig.6 : DTA curves recorded with a heating and cooling rate of 10°C/min of a sample with 
nominal composition U84Mo16. 



Sample Temperature (°C) Transformation 

U78Mo22 

1215(10) L → S 
1190(10) S → γ 
580(10) γ→ α + γ 
562(10) γ → α + U2Mo 

U84Mo16 

1190(10) L → S 
1170(10) S → γ 
590(10) γ→ α + γ 
565(10) γ → α + U2Mo 

U90Mo10 
1160(10) L ↔ S ! 
625(10) γ → α + γ 
570(10) γ → α + U2Mo 

Table 2. Experimental temperatures of the observed phase-transformation with the 
corresponding reaction, for the binary U-Mo samples. 
 
Our results are in good agreement with the experimental works of A.E. Dwight [18] for the 
temperatures of reaction below 900°C and of S.P. Ga rg and R.J. Ackermann [19] for the 
temperature of phase-transformation above 900°C.  
 
Sample Temperature of reaction (°C) Possible reacti ons 

U78Mo17Cr5 

1160(10) L → S 
1155(10) S → γ 
588(10) γ→α + γ 
570(10) γ → α + U2Mo 

U84Mo11Cr5 

1120(10) L → S 
1090(10) S → γ 
616(10) γ→α + γ 
568(10) γ → α + U2Mo 

U90Mo5Cr5 

1084(10) L → S 
984(10) S → γ 
605(10) γ→α + γ 
565(10) γ → α + U2Mo 

   
U78Mo17Ti5 1250(10) L → S 

1195(10) S → γ 
605(10) γ → α + U2Mo 

U84Mo11Ti5 1220(10) L → S 
1181(10) S → γ 
630(10) γ→α + γ 
610(10) α + γ → α + U2Mo 

U90Mo5Ti5 1183(10) L → S 
1157(10) S → γ 
640(10) γ→α + γ 
620(10) γ → α + U2Mo 

   
U78Mo17Zr5 1260(10) L → S 

1210(10) S → γ 
614(10) ?  

U84Mo11Zr5 1195(10) L → S 
1172(10) S → γ 
610(10) ? 



U90Mo5Zr5 1180(10) L → S 
1160(10) S → γ 
605(10) ?  

Table 3. Experimental temperatures of the observed phase-transformations with the 
suggested reaction, for the ternary U-Mo-X (X = Cr, Ti, Zr) samples. 
 
The reactions presented in table 3, for the ternary U-Mo-X alloys, are related to the U(Mo) 
phase-diagram, they do not consider the nucleation of the micrometric precipitates, which are 
presumably formed due to oversaturation of the γ phase upon cooling. Due to cooling rates 
of some degree per minute in DTA measurements, this technique is not suitable to 
investigate such type of transformation, which therefore was neglected in our analyses.  
The ternary additions to the U(Mo) alloys provoke various effects depending on the nature of 
the alloying element. In the case of Cr and Ti, the sequence of the phase appearing does not 
seem to be affected: only the temperature of the transformations displays some changes 
compared to the binary U-Mo alloys. For Cr, the solid-solid transformations remain in a 
similar range of temperatures, about 565°C for the eutectoid decomposition of the γ phase 
and between 590-616°C for the two-phase field domai n γ + α. The major changes regard the  
liquid-solid transformations which are lower by 50-100°C than in the case of binary U(Mo), 
and by the increase of the surface of the two-phase field L + S for the range of composition 
considered.  
For Ti, both the solid-solid and liquid-solid transformations are impacted: a noticeable 
increase of the temperature of the transformations is measured compared to the binary 
U(Mo) samples. This increase of temperature is roughly constant by about 50°C in the whole 
range of composition studied, leading to a kind of shift of the isopleths section (U-Mo)95-Ti5 
toward higher temperatures than the binary U(Mo) phase-diagram.   
The case of Zr is more tricky, the addition of this element seems to impact the solid-solid 
phase transformations. Our DTA measurements evidence the modification or the 
suppression of the expected reactions,  γ → α + γ and α + γ → α + U2Mo. The work is still in 
progress, we are not able yet to ascribe the thermal effect observed at about 610°C to any 
transformation. However, based on X-ray diffraction analysis and SEM observations, the 
intermetallic compound U2Mo is hardly observed in sample with 5 at % of Zr, suggesting that 
the Zr element hindered its formation.  
 
4. Conclusion 
 
The objectives of the present work were to evaluate the influence on the phase-
transformation of ternary additions, at a constant content of 5 at. %, to U(Mo) alloys. Our 
main conclusions, derived from the comparison with the binary U(Mo) alloys, can be 
summarized as follow:  

(i) Cr addition doesn’t influence the nature of the phase-transformations, especially on 
the sequence of phase-appearing as well as on the temperature of the solid-solid 
transformations, which occur below 900°C. Its addit ion, however, modifies the 
transformation points above 900°C by reducing the S olidus and Liquidus 
temperatures and enlarging the two-phase field (S + L). 

(ii) The ternary addition of Ti seems to increase the temperature of all the phase-
transformations of about 30-40°C, but without any m odification of the reaction of 
transformations and of the sequence of phase appearing.  

(iii)  In the case of Zr, our observations should be considered as assumptions, more 
likely. The effect of Zr addition impacts significantly the reactions of transformation 
in the solid state domain. The DTA curves do not show any evidence of pseudo 
two-phase field as expected. Only one solid-solid transformation is observed at a 
temperature about 610(10) °C. The observations sugg est the occurrence of a 
diffusionless transformation (martensitic).  
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Abstract 

 The high density U-Zr-Nb and U-Nb uranium-based alloys are very promising 
to be used as a nuclear fuel not only in thermal power pressurized water reactors 
(PWR) but also in research reactors of low enrichment uranium. These alloys can 
stabilize the gamma phase, however, at the working coolant temperature of a PWR 
reactor, all the gamma phase transforms to alpha phase in a few hours. To avoid this 
type of transformation, the U-Zr-Nb and U-Nb alloy are used in α’’ phase. The 
stability of α’’ phase depends on the alloy composition and it’s necessary to 
homogenize the alloy to obtain the correct phase. The homogenization has to be very 
effective to eliminate the precipitates rich in Zr and Nb to avoid changes in the 
uranium content of the alloy matrix. In this paper we present a method to 
homogenize these alloys by remelting  in a resistance furnace at a very slow  cooling 
rate. The obtained remelted alloys were characterized in terms of metallographic 
techniques, scanning electronic microscopy, X-ray diffraction and then the results 
were discussed. 

 
Introduction 

 Uranium and its alloys are employed in various applications due to their high 
density and nuclear properties. The metals Mo, Nb, Ti, Zr, Hf and Re have high 
solubility in gamma uranium and they do not form any intermetallic compound. 
However, Zr and Nb have a special advantage because of their low capture cross 
section for thermal neutrons (1). 
 The U-Zr-Nb alloys can stabilize the gamma phase (cubic), however, some 
different martensitic transformations have been found to occurs, depending upon 
composition and cooling rate. The martensite phases identified with orthorhombic 
phases having non-equilibrium lattice parameters are called α’, and monoclinic 
modifications, which occurs at even higher alloys contents, are called α’’ (2). 
According some time-temperature-transformation diagrams for these alloys, at the 
working coolant temperature of a PWR reactor (about 300°C), all the gamma phase 
transforms to alpha phase in a few hours. To avoid this kind of transformation during 



the nuclear reactor operation, and differently of U-Mo alloys, the U-Zr-Nb alloys are 
used in α’’ phase (2-3). 
  The stability of α’’ phase depends on the alloy composition and it’s necessary 
to homogenize the alloy to obtain the correct phase. The homogenization has to be 
very effective to eliminate the precipitates rich in Zr and Nb, changing the uranium 
content of the matrix.  
 However, those precipitates are very stable and it is not easy to eliminate 
them only by diffusion, even after some day at 1050°C. One solution to remove these 
precipitates is remelting the alloy and to leave in liquid state for a sufficient time to 
allow the precipitates to float by density differences. After this process, the upper part 
of the ingot can be removed. This remelting process cannot be done in an induction 
furnace because the electrical currents and magnetic fields generated in the metal 
agitates the liquid metal, not allowing the precipitates (less dense) to float. For this 
reason, the remelting process was made in a resistance furnace (3). 

 
Experimental 

 
 For this work, the U-Zr-Nb alloys (all compositions are reported in weight 
percent) were obtained by melting cubic pieces of uranium, zirconium sponge and 
niobium sheets in an induction furnace with the use of graphite crucible under argon 
atmosphere. The materials stays melted during 10 to 12 minutes and subsequently it 
was casted into a copper cylindrical mould of 2,5 cm diameter and 15 cm length 
dimensions. Further, the ingot was cut in samples with thickness of approximately 
2mm and whose mass is approximately 5 grams each. 
 In the as-cast ingot, the homogenization is very poor. To obtain a 
homogenized alloy, two different thermal treatments were performed and analyzed:  
1 - Heat treatment at 1.050°C for 72h under argon flux; 
2 - Remelting the alloy under argon. 
 The first is a typical treatment of homogenization by solid-state diffusional 
process. However, in U-Zr-Nb and U-Nb alloys, it’s common the formation of 
precipitates very rich (90 to 100%) in zirconium or niobium (or both). This precipitates 
are very stable and the solid-state diffusional process is not enough to eliminate them.  
 The remelting procedure was made in a resistance furnace under argon flux, 
employing yttria stabilized zirconia crucible. The remelting steps were: 
 

a) Heat the sample from room temperature up to 1.570°C, at a rate of 10°C/min, 
for 15 minutes  
b) Cooled from 1.570°C to 1250°C at a rate of 0,2°C/min (or 0,3°C/min) 
c) Cooled from 1250°C to 900°C, at a rate of 5°C/min 
d) Then, water quenching. 

 
 The temperature of 1570°C was chosen because all U-Zr-Nb alloys melts  in a 
lower temperature and the temperature of 1250°C was selected to ensure that all 
alloys will solidify at this temperature. The cooling from 1250°C to 900°C was used  
to avoid a thermal stress in the oven’s ceramic tube. 
 For all the electron microscopy examinations, samples were resin mounted 
into 2,5 cm diameter mould and they were mechanically ground, polished down to 3 
μm diamond and 1 μm colloidal silica. Scanning electron microscopy was performed 
on a JEOL instrument model JSM-5310 equipped with the energy dispersive X-ray 
spectroscopy system (EDS). 
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Conclusions 
 
 The thermal treatment applied in this work was effectively to homogenizing the 
matrix of the alloys. In this way, only the microsegragation, at grain center, was 
practically dissolved, but the precipitates still continue in the alloy with a big amount 
of zirconium and niobium. After the remelting process, the precipitates were 
restricted to a thin layer on the top of the alloy and it can be easily removed, leaving 
a matrix almost free of precipitates.  
 The formation of stable precipitates deplete significantly the content of alloying 
elements in the matrix of the U-Zr-Nb and U-Nb samples. The precipitates have 
higher content of zirconium than niobium, usually above 80%, and this causes a 
more pronounced depletion in the content of zirconium when compared with niobium.  
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ABSTRACT

It has been shown that the growth of the interaction layer at the UMo/Al interfaces 
that occurs during in-pile irradiation can be emulated out-of-pile by irradiation of 
UMo/Al fuel samples with Iodine at 80MeV. The properties of  that interdiffusion 
layer (IDL) are comparable to the one observed after in-pile irradiation. Heavy ion 
irradiation is therefore a technique that allows the quick screening of different kind 
of UMo/Al samples to find promising candidates for a future in-pile test.
Different methods to suppress the formation of this undesired IL during irradiation 
of disperse UMo-Al samples have been suggested:
i) A modified Al-matrix (e.g. by adding Si to the matrix)
ii)  A diffusion barrier  (e.g.  an oxide layer  around the UMo particles or  a metal 
coating)
iii) Further alloying the UMo
In this presentation the results of a screening campaign of 20 different U-Mo-X/Al-Y 
samples  are  going  to  be  compared  and  discussed.  The  samples  have  been 
examined before and after irradiation with Iodine at 80MeV by SEM/EDX, laboratory 
XRD  and  XRD  based  on  synchrotron  radiations.  For  each  sample,  the  most 
important results will be presented.

1. Introduction

To define the most promising candidates for a future in-pile test of high density nuclear fuel 
for  research  and  test  reactors,  20  different  miniplates  have been  produced  by AREVA-
CERCA. They combine the most  promising options to avoid the formation of  the UMo/Al 
interdiffusion layer (IDL) during irradiation [1, 2]. From each miniplate a set of samples has 
been obtained which afterwards has been characterized by TUM and CEA before and after 
irradiation applying XRD, µXRD and SEM/EDX. Irradiation with heavy ions has been shown 
to  create  effects  comparable  to  those  observed  during  in-pile  tests  [3].  Details  on  the 
irradiation  procedure  have  been  presented  elsewhere  [1,4].  First  communications  have 
focused  on the  influence  of  different  Si  concentrations  inside  the  Al  matrix  and  on  the 
behaviour of  a silicon rich diffusion layer at the UMo7Al interface.  In a second step,  the 
influence of 2wt% and 5wt% Bi addition to the matrix on the irradiation behaviour has been 
shown . Thirdly, the general effects of heavy ion irradiation on samples prepared with ground 
powder have been discussed [5, 6].



In this paper the results of all 20 miniplates examined will be summed up and compared to 
the results of other groups. Finally, a general interpretation of the data will be proposed.

2. Sample manufacturing

All samples were produced by AREVA-CERCA through a process comparable to the one 
applied  to  produced  the  IRIS-TUM full  size  plates  [7].  The  complete  list  of  samples  is 
presented  in  Tab.  1.  Samples  numbered  1  to  17  were  prepared  with  atomized  powder 
provided by KAERI. Samples numbered 17 to 21 were produced with ground UMo powder. 
The ingot production for the ground powder was followed by a thermal treatment step to 
increase homogeneity and to retain the γ-UMo phase.  Depleted Uranium has been used for 
all samples.
Secondary element addition to the matrix was achieved by blending very fine high purity 
powders – except for the Al98Si2 sample.
A part of the samples - labelled “ox” in Tab. 1 - was prepared with UMo powder that had 
been intentionally  oxidized.  For  this,  the UMo powder  was heated when exposed to air. 
Thereby, a thick and homogeneous oxide layer could be created.
Each miniplate was subjected to the same hot-rolling and blister testing procedure making 
sure that all samples are comparable.
All  samples were irradiated with Iodine at  80 MeV to an integral  ion fluency of  1 *  1017 

ions/cm²  at the MLL tandem accelerator in Garching [8] at a temperature of about 200°C [9].

3. Oxidized Particles
Each kind of the samples with secondary element addition to the matrix was produced with 
and without  an oxide layer  around the UMo particles.  At first,  the sample microstructure 
before irradiation with heavy ions will be considered. Afterwards, the influence of the oxide 
layer on the fuel behaviour during heavy ion irradiation will be discussed. All samples have 

Sample Nr. Alloy Matrix Comment
MAFIA-I-1 U-7Mo Al Reference specimenMAFIA-I-2 U-7Mo-ox Al
MAFIA-I-3 U-7Mo Al98-Si2

Different  Si  concentrations  to  find  the  best 
concentration

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
MAFIA-I-9 U-7Mo Al98-Mg2 Mg accelerates formation of IDL. Reproduction of this 

effect.MAFIA-I-10 U-7Mo-ox Al98-Mg2
MAFIA-I-11 U-7Mo Al98-Ti2 Study the effect of Ti on IDL formation.MAFIA-I-12 U-7Mo-ox Al98-Ti2
MAFIA-I-13 U-7Mo Al98-Bi2

Different  Bi  concentrations  to  find  the  best 
concentration.

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

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

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

Tab. 1: Complete list of samples examined.



been  examined  using  SEM/EDX and laboratory scale  XRD in  combination  with  Rietveld 
analysis. 

a) Pre-irradiation state

Two classes of oxide layers have been found around the UMo particles:

• Thin  oxide layers  with  a thickness  <1  µm have been  found  around some of  the 
particles that have not been intentionally oxidized. In this case, the oxidation must 
have occurred spontaneously during the sample manufacturing process. Already the 
thin oxide layers reveal cracks – compare Fig. 1 A.

• Thicker oxide layer with a thickness up to 5 µm have been found around the UMo 
particles that have been oxidized on air by heating. This kind of oxide layer seems to 
be very brittle and shows large cracks – compare Fig. 1 B. Furthermore, it seems that 
the oxidized UMo particles tend to loose contact with the matrix: gaps between the 
UMo and the oxide layer  have been observed.  Apparently,  the oxide layer  sticks 
rather to the Al matrix than to the UMo particles. This behavior is more obvious at 
spots where an UMo particle was ripped out during the polishing:  the oxide layer 
remained inside the resulting hole – compare  Fig. 1 B.

On average a UO2/(α−U+γ−UMo+UO2) ratio of 24±9wt%  has been found for samples that 
were  intentionally  oxidized.  A  ratio  10±5wt% has  been  found  for  non-oxidized  samples. 
Regarding the XRD diagrams, it seems that the  α−U content is higher inside the samples 
that have been prepared with oxidized powder compared to the ones prepared with non-
oxidized powder. This behavior is in accordance with the production parameters since the 
oxidation was performed by heating the UMo powder.

b) Post-irradiation state

The  behavior  of  the  samples  with  a  large  oxide  layer  around  the  UMo  particles  after 
irradiation with heavy ions differed considerably from the behavior of the samples containing 
atomized powder without or with only a small oxide layer and from the samples containing 
ground powder. In contrast to the other samples examined, a “glittering” of the irradiated 
surfaces has been observed upon visual inspection. A more detailed SEM analysis including 
cross sections through the irradiated surface revealed that the UMo particles had frequently 
lost contact with the Al matrix and stick out of the surface – see Fig. 2 A. However, particles 

A B

Fig.  1:  (A)  Thin  oxide layer  around a UMo particle.  (B)  Thicker  oxide layer  and ripped-out 
particle.



covered with thin oxide layers did not loose contact with the Al matrix during irradiation. In  
these cases,  the oxide layer got  incorporated into the IDL that grew during irradiation.  It 
seems  that  the  oxide  has  not  moved  during  irradiation  relatively  to  the  original  UMo/Al 
interface: it  stayed at the original position – see  Fig.  2 B. XRD analysis of  the irradiated 
samples confirmed that in addition to a slight increased UO2 content due to surface oxidation 
the only new phase was UAl3. It can therefore be concluded that also here the IDL consists 
mainly of this phase.
In contrast, it has been reported before that no IDL has developed after heavy ion irradiation 
with Iodine at 80MeV inside UMo/Al samples in case a thin oxide layer is present around the 
UMo particles [12]. The irradiation temperature during the experiment back then was lower 
than  in  the  case  regarded  in  this  work.  The  fact  that  a  higher  irradiation  temperature 
enhances the formation of the IDL [10] can explain this effect. Moreover, the post irradiation 
examination procedure used nowadays seems to be more adapted to observe even small 
amounts of an IDL inside heavy ion irradiated samples.

An improved irradiation performance - especially a reduction of the IDL growth - of samples 
prepared  with  oxidized  powder  can  not  be  deduced  from  the  heavy  ion  irradiation 
experiments. In fact, the irradiation performance during heavy ion irradiation is worse due to 
the tendency of the UMo particles to loose contact with the matrix. However, this is only a 
surface effect and will not appear in the bulk material that is used during in pile irradiation.
It can be concluded that the improved swelling behavior of in-pile irradiated plates does not 
only result from a reduction of the IDL growth but probably from an improved fission gas 
retainment [11, 12]. The oxide layer gets incorporated into the IDL during burn-up and may 
positively influence its ability to retain fission gases.

4.  UMo/AlTi systems
It  seems that  Ti  retards  the uranium-aluminium diffusion.  In  former  studies,  the  positive 
effect  of  titanium could be observed by adding titanium to the aluminium [13],  by further 
alloying the UMo with titanium [11,14,15,16] and by introducing titanium as a diffusion barrier 
at  the  interface  between  UMo  and  aluminium  [17].  The  following  systems  have  been 
examined:

• Conventional  dispersed  UMo/Al2wt%Ti  samples  were  produced  by  blending  fine 
powders according to the method described above and irradiated with heavy ions.

• Thin  Al/Ti/UMo  layer  system  were  produced  by  DC  magnetron  sputtering.  The 
compatibility of Ti with Al and UMo in the non-irradiated state has been examined 
[18,19,20].

A B

Fig. 2: (A) UMo particle which lost contact during irradiation due to the thick oxide layer. (B) Oxide layer  
that got incorporated into a conventional IDL (red circle).



• Dispersed  samples  consisting  of  ground  U7wt%Mo1wt%Ti  ternary  alloys  were 
produced. The samples have been examined before and after irradiation with heavy 
ions. Results will be presented in section 6.

a) Matrix addition: UMo/Al2wt%Ti

Blended Al-Ti powder of the finest grain size available was used. Since the solid solubility of 
Ti  in  Al  is  lower  than 0.7at% [21],  the  presence  of  Ti  precipitates  in  the  Al  matrix  was 
anticipated. However, the size of the Ti precipitates is larger when using blended powder (5-
10 µm) and the distribution is more heterogeneous as would be expected when using melted 
Al-Ti. No reaction of the aluminium matrix or of the UMo particles with the titanium during the 
production process could be observed, compare Fig. 3 A. 
A surface inspection of the irradiated sample and a cross section examination confirmed that 
the titanium particles were not affected by the diffusion process: The IDL around the UMo 
particles forms according to the shape of the Ti particles nearby – see Fig. 3 B . Laboratory 
scale XRD measurements together with a Rietveld analysis showed that the IDL consists 
mainly of UAl3. 

b) Ti as diffusion barrier

Titanium has been considered to be one of the most effective diffusion barriers to stop or 
delay the UMo/Al diffusion process [17].  Samples produced by DC magnetron sputtering 
served as model systems: on the one hand the compatibility of titanium with aluminium and 
UMo has been tested.  On the other  hand the bond  strength  of  titanium sputtered  onto 
aluminium and of UMo sputtered onto titanium has been determined.
To test the compatibility of titanium with aluminium and UMo, thin layers (each around 5 µm) 
of  titanium and UMo were  sputtered  onto  an aluminium substrate.  Cross  sections  were 
prepared and examined using SEM/EDX. No interaction of the titanium with the UMo or the 

A B

Fig. 3: (A) Colorized SEM image of a fresh UMo/AlTi sample: red indicates aluminum, blue indicates 
UMo,  cyan  indicates  titanium  precipitates.  (B)  Cross  section  examination  through  the  irradiated 
surface: titanium precipitates in contact with UMo and the IDL.



aluminium substrate occurred during the production process. Furthermore, no spontaneous 
debonding of the sputtered layers has been observed [19]. 
In  a  second  step,  the  bonding  strength  between  titanium  sputtered  onto  aluminium 
substrates and between UMo sputtered onto titanium substrates have been tested by tensile 
tests.  Values between 40-70MPa have been found in the first case, and 67MPa has been 
found in the second case. The bond strengths of UMo and Ti to the substrate are therefore 
at least as high as the adhesion between UMo and aluminium that has been reached using 
conventional techniques [20,22]. 

c) Discussion

The titanium particles present in the dispersed UMo/Al samples did neither react with the 
aluminium,  nor  with  the  UMo during  the  production  process  and  during  the  heavy  ion 
irradiation. Furthermore, no reaction between the titanium and the IDL could be observed 
after heavy ion irradiation. The positive effect of a titanium addition to the matrix is limited to 
the fact that as soon as the IDL gets in contact with a titanium precipitate the diffusion stops.
A finer and more homogeneous distribution of titanium in the aluminium matrix as could be 
achieved by co-melting  and casting Al and Ti would be of  no avail:  the smaller  titanium 
precipitates  would  most  probably  be  incorporated  into  the  IDL.  However,  further 
examinations proofed the compatibility of UMo and aluminium with thin layers of titanium. 
These result confirm that titanium would be an excellent diffusion barrier.

5. UMo/Al Mg systems

Earlier [13] and recent literature [23] agree that an addition of several wt% of magnesium to 
the aluminum should be avoided since the UMo/Al diffusion is increased. However, these 
experiments regarded thermal diffusion at temperatures of 400°C-500°C. To verify this effect 
also for irradiation induced diffusion, UMo/Al samples with 2wt%Mg addition to the matrix 
were prepared.
An inspection of the sample surface using SEM/EDX before heavy ion irradiation revealed 
that the magnesium powder has completely and uniformly dissolved in the aluminium matrix 
as could be expected from the phase diagram [21]. No Mg particles or precipitates could be 
found. EDX measurements showed a medial Mg content inside the aluminium of 1.9±0.7wt% 
which is in good accordance with the expected value of 2wt%.
A cross section analysis of the heavy ion irradiated samples reveals that a diffusion layer has 
grown around each irradiated UMo particle. However, the diffusion layer is not thicker than 
the one that has been observed in the reference samples and only slightly thicker than the 
one that has been observed inside the samples with Si addition to the matrix [5]. This result 
is clearly in contradiction to what has been found before in diffusion couple experiments: the 
thickness of the diffusion layer when adding 2-3wt%Mg to the aluminium was at least two 
times higher compared to the reference samples with pure aluminium and up to 50 times 
higher compared to the optimal case with 10wt% silicon addition to the aluminium[13,23].
The phase composition of the samples has been compared before and after irradiation with 
heavy ions  using  laboratory  scale  equipment.  In  addition  to  the  phases  present  before 
irradiation -  γ-UMo, Al, UO2 and a slight  α-U contamination - UAl3 was present after heavy 
ion irradiation. The Mg/(Al+Mg) ratio inside the IDL was 2.6±0.7 which is, within the error 
bars, the same ratio than in the Al matrix. It can therefore not be concluded that magnesium 
was preferably built into the IDL compared to aluminium.

6. Ternary UMo alloys – Ground powder

It has been suggested to further alloy the UMo with ternary elements to increase the γ-phase 
stability and by this mean reduce the UMo-Al interaction.  To test this hypothesis,  ternary 



U8MoX alloys were created where X=1,5wt%Nb, 3wt%Nb,1wt%Ti and 1wt%Pt. The chosen 
elements  and  concentrations  have  shown  to  be  promising  in  other  publications 
[11,12,16,24,25]. Samples based on ground U8MoX powder were produced by the standard 
CERCA procedure from these alloy. 

a) Pre-irradiation state

All four samples have been examined using SEM/EDX and XRD with Rietveld analysis. On 
first view, the SEM reveals the typical microstructure of ground powder: particles of irregular 
sizes and shapes are dispersed in the Al matrix. The particles are oxidized and contain oxide 
stringers [26].
No  signs  of  Nb  or  Pt  precipitation  have  been  found  inside  the  samples  containing 
U8Mo1.5Nb and U8Mo1Pt. These two additions seem to have dissolved uniformly inside the 
UMo - compare Fig.  4.

In contrast, Nb precipitates (size ~1-5 µm) and larger Nb stringers have been found inside 
the U8Mo3Nb – see Fig. 5 A . The small precipitates indicate that the solution limit for Nb 
inside U8Mo may be reached: segregation of small round precipitates of a second phase 
inside a dominant first phase frequently occurs upon cooling from a single phase towards a 
two  phase  regime  [21].  The  rather  large  Nb stringers  indicate,  however,  that  the  initial 
homogenization step, which consisted of frequent remelting and cooling followed by a final 
heat treatment of the U8Mo3Nb alloy, was not sufficient to fully homogenize the sample.
The mean composition  of  the  Nb stringers  and precipitates  has been determined  using 
standardless EDX analysis. While the stringers consist almost exclusively of Nb and contain 
only traces of Mo and U, the precipitates contain a considerable amount of U and Mo (only 
precipitates larger than the size of the EDX probe have been considered).
Precipitation  has  also  been  found  inside  the  sample  containing  U8Mo1Ti.  Here,  Ti  rich 
precipitates of about 1 µm diameter have been found inside the UMo – see  Fig. 5 B. In 
contrast to the U8Mo3Nb alloy, no stringer has been found.
The samples have been investigated using laboratory scale XRD. A full  Rietveld analysis 
has  been  performed  to  determine  the  phases,  lattice  parameters  and  phase  quantities. 
Results have been presented before and can be found elsewhere [26].
It is found that further alloying the UMo with a third element can stabilize the UMo γ-phase 
compared to pure UMo. The addition of 1.5wt% and 3wt% Nb lead to a stabilization of the γ-
UMo where the higher  alloy composition  revealed slightly  better  results.  However,  since 
inside the 3 wt%Nb alloy already precipitation occurred, it is likely that the stabilizing effect 
has already reached its saturation.

A B

Fig.  4: Ground U8Mo powder with 1.5w\%Nb (A) and 1wt%Pt (B) addition. The third element has been 
completely dissolved inside the UMo, no precipitation is visible.



In  the  case  of  1wt%Pt  addition,  the  stabilizing  effect  is  more  pronounced.  Since  no  Pt 
precipitation occurred, it is likely that the effect can be increased by adding more Pt.
In the case of 1wt%Ti addition no effect on the γ-UMo stability compared to unalloyed UMo 
could  be  deduced.  An  explanation  for  this  behavior  is  most  likely  the  occurrence  of  Ti 
precipitates which indicate that virtually no Ti is present inside the UMo lattice.
Regarding the lattice parameters of the α-UMo phase, one finds the same behavior as inside 
the samples containing pure ground U8Mo: the b-parameter is contracted, the a and c cell 
parameter are stretched compared to pure α-U. The absolute values are approximately the 
same as for  pure U8Mo samples [26].  From the lattice parameters of  the  γ-UMo the Mo 
content of the  γ-phase has been calculated. As in the pure U8Mo case the calculated Mo 
values inside the ternary alloys are higher than what has been expected from the alloys 
composition.

b) Post-irradiation state

The general behavior of ground UMo/Al fuels under heavy ion irradiation has already been 
described before [6]. In addition, it is noteworthy that the IDL Al/(U+Mo) composition has not 
been influenced by the different ternary alloy compositions. Indeed, no signs of the ternary 
element  could  be  resolved  inside  the  IDL  using  EDX,  most  probably  to  the  low overall 
content.
Regarding the samples which contained stringers and precipitates inside the UMo before 
irradiation (U8Mo1Ti and U8Mo3Nb) two different effects have been observed: in case of 
Nb, the precipitates and stringers have virtually been dissolved inside the IDL and the UMo 
during irradiation - no signs of precipitates could be found inside the irradiated area.

(A)

   (B)

Fig. 5:  (A) BSE-image of the U8Mo3Nb alloy ground powder. Nb rich precipitates have formed 
(red marked positions. (B) BSE image and EDX map on the Ti K-α line: Ti rich precipitates are 
visible.



The opposite effect occurred inside the samples containing Ti precipitates inside the UMo: 
the Ti precipitates did not dissolve and even got incorporated into the IDL - compare Fig.  6.
The phase composition  of  the  irradiated  samples  has been determined using  laboratory 
scale XRD together with a Rietveld refinement.
Inside all samples UAl3 was present additionally after irradiation which indicates that the IDL 
consists mainly of this phase. 
The ratio α-U/(α-U+γ-UMo) is lower than inside the fresh samples. The phase transformation 
γ-UMo →  α'-UMo+γ-UMo wastherefore reversed during heavy ion irradiation. This effect has 
been observed before after in-pile and heavy ion irradiation [4,27]. 

7. Conclusions

Based on the results  of  this  irradiation  campaign and results  presented before  by other 
groups, the following conclusions can be drawn:

• Additions to the Al matrix and/or additions to the UMo can be reduced to the self-
acting formation of a protective layer at the UMo/Al interface in dispersed fuel.  These 
layers form already during the production process or latest during pile irradiation. In 
case of  second element addition to the Al,  it  is  therefore advisable to choose an 
element with a higher affinity to uranium than to aluminium – as it is the case for a si 
addition to the matrix.  On the other  hand,  in  case of  ternary additions to UMo it 
seems advised to choose elements with higher affinity to aluminum than to uranium. 
In case additions to the UMo and the aluminum are chosen they should have a very 
high affinity to form compounds with each other compared to the other elements in 
the system in order to form a protective layer around the UMo particles [22,23,  28, 
29]

• In order not to reduce the available U-density too much, it is desirable to use thin 
layers in the order of magnitude of 1 µm as diffusion barriers inside dispersed UMo/Al 
fuels. Thin, stable layers like U-oxide or U-nitride layers seem to be advisable [30]. 
The other option is to directly apply a reactive layer like Si, USi or ZrN on the UMo 

Fig.  6: BSE image of an U8Mo1Ti/Al sample after irradiation 
with heavy ions. The Ti precipitates present inside the UMo 
did not dissolve during irradiation and got incorporated into 
the IDL.



particles  before  plate  production  [31].  Since  the fission  products  easily  penetrate 
such a thin layer ion beam mixing will occur. Therefore, these layers will never be 
able  to  suppress  completely  the  U-Al  diffusion.  However,  they  can  control  the 
formation kinetics  and lead to the formation of  stable  diffusion  compounds when 
incorporated into the diffusion layer.

• In case of monolithic fuel, it is possible to insert a rather thick diffusion barrier at the 
interface UMo-Al. The thickness can be much higher than the penetration depth of  
the fission products. An order of magnitude is 20 µm. It is advisable to use materials 
like zirconium, titanium or tantalum that do not easily form compounds with uranium 
and  aluminum.  In  this  way,  the  UMo-Al  diffusion  can be  completely  suppressed. 
Here,  special  attention  must  be  paid  on  the  adhesion  of  the  single  layers.  For 
example,  an  oxide  layer  at  the  Umo-Al  interface  would  reduce  the  adhesion.  In 
contrast, a Zr layer enhances the fuel-cladding bonding [20].

• Ternary additions to the UMo in order to stabilize the γ-UMo upon heating seem to be 
worthless during pile experiments at low temperatures since the decomposition of 
UMo is reversed. These additions are only valuable in case they form a protective 
layer at the UMo/Al interface or in case of annealing of the fuel element prior to the 
irradiation.  In the later case, they will  reduce or avoid an initially present,  thermal 
grown interaction layer.
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ABSTRACT 
 

This paper will give an overview of the IAEA activities related to research reactor 
(RR) networks and coalitions during the last two years. Both recent achievements 
and future planed actions will be reported with the major emphasis on enhanced 
RR utilization through facilitated access to the neighbouring Member States 
without RRs, created new capabilities leading to potential revenue generation, 
revised and implemented strategic and business plans, self-monitoring and self-
evaluation using comprehensive performance indicators. 

 
1. Introduction  
 
Given the projected decrease in operational research reactors (RRs) from 239 today to 
between 100 and 150 by 2020, greater international cooperation and networking will be 
required to assure broad access to such facilities and their efficient use [1]. These networks 
will also contribute to upgrading existing facilities, developing new facilities and improving 
access to countries without RRs. If the benefits from RRs are to be realized, then the 
premises upon which they are built and operated must be reconsidered and updated to fit 
today’s technical, economic and social situation. In this respect, all aspects of research 
reactor utilization, strategy and life cycle management should be re-examined.  
 
Although a number of RRs is steadily decreasing, more than half of the operational RRs 
remain heavily underutilized [2], and in most cases, underfunded. In order to continue to play 
a key role in the further development of peaceful uses of nuclear technology, the decreasing 
and rather old fleet of RRs needs to ensure the provision of useful services to the 
community, in some cases with adequate revenue generation for reliable, safe and secure 
facility management and operation. In a context of declining governmental financial support 
and needs for improvement of physical security and core conversion to LEU, many RRs are 
challenged to generate income to offset increasing operational costs.  
 
Among a number of related efforts, during the last three years the IAEA has been promoting 
networking, coalitions and regional collaboration to improve the efficient and sustainable 
utilization of RRs [3]. A number of RR coalitions and networks have been developed with 
IAEA’s support as a new model to better utilize RRs and facilitate access for the Member 
States without such facilities.  The coalition/network concept involves putting in place 
cooperative arrangements among RR operators, user entities, customers and other 
stakeholders. Ideally, a strong partnership is formed leading to increased utilization of 
individual RRs through collective efforts, including improved self-sustainability and self-
reliability. 
 
2. RR Coalitions and Networks 
 
The IAEA supported coalitions and networks of RRs continued to enhance cooperation 
among RR facility managers, existing and potential users and other stakeholders. Five such 
networks, with shared RR facilities and competencies, collectively offered services to 
regional and international users, and secured entrepreneurial interest and support for 



upgrading existing or for developing new facilities and improving access to countries without 
RRs. With the Mediterranean Research Reactor Network (MRRN), created in September 
2010 in Vienna, presently the efforts of RR Coalitions and Networks involve 35 Member 
States with RRs (out of 56 with RRs) and 12 Member States without RRs (see Fig. 1 and 
Table 1 for details). 

 
Figure 1:  IAEA supported RR coalitions and networks (also see Table 1). 

 
 
RR coalition/network Participating Member Sates Major joint activities 

BRRN –  

Baltic RR Network  

Denmark, Estonia, Finland, 
Germany, Latvia, Lithuania, 
Norway, Poland, Russian 
Federation, Sweden 

• Education and training 

• Irradiation services 

• Neutron beam applications 

• Waste and decommissioning issues

CRRC –  

Caribbean RR Coalition  

Colombia, Jamaica, Mexico • NAA 

EARRC –  

EurAsia RR Coalition 

Czech Republic, Hungary, 
Kazakhstan, Ukraine, USA, 
Uzbekistan 

• Radioisotope production, in 
particular Mo-99 production via 
neutron capture 

EERRI –  

Eastern European RR 
Initiative 

Austria, Czech Republic, 
Hungary, Poland, Romania, 
Serbia, Slovenia 

• Education and training 

• Radioisotope production 

• Research and applications using 
neutron beams 

• Material irradiation and tests 

MRRN –  

Mediterranean RR 
Network 

Azerbaijan, Bulgaria, Egypt, 
Greece, Italy, Montenegro, 
Morocco, Portugal, Slovenia, 
Syria, Tunisia, Turkey  

• Education and training 

• NAA 

• Neutron radiography 

Table 1: Regional Member State representation and major areas of joint activities of RR 
coalitions. 
 
In 2010 the above RR coalitions have succeeded to achieve very concrete results with some 
of the selected examples listed below: 

• EERRI: In 2010, the EERRI, supported by the Agency, organized the second RR 
Group Fellowship Training Course to assist Member States interested in initiating 
their first RR projects. The six-week course, including hands-on experimental 



exercises and technical visits to different RRs in Central Europe, provided training on 
RR utilization and safety, operation and maintenance planning and evaluation, 
including international cooperation. Two additional courses have already been started 
earlier this year with the third one scheduled for late 2011. 

• CRRC: In collaboration with the IAEA, a promotional brochure “CRRC: Partnering for 
Progress” was prepared and published. This publication introduced some of the key 
peaceful nuclear based technologies, especially in the areas of analytical element 
determination, production of radioisotopes, radiation protection, etc. that the CRRC 
can provide to governmental and commercial customers in the region while working 
in partnership for progress. 

• EARRC: Through a number of meetings and expert missions, supported by the IAEA, 
the EARRC was able to finalize its strategic and business plan, including concrete 
actions towards commercial production of Mo-99 through neutron capture pathway. 
Some of the trial target irradiation were made and shipped to the radioisotope 
reprocessing company in the USA as part of the QA/QC process. 

• MRRN: under coordination of the IAEA, MRRN has collected most of the partner 
facility information related to the three major activities of the network. This information 
will be used to create a comprehensive data base on products and services offered 
by RR facilities in the region and plan/implement future joint activities such as 
proficiency tests in NAA and neutron radiography or regional group fellowship course 
on specific RR related topics. 

 
Creation of the new RR Network in Asia-Pacific region under the umbrella of AONSA (Asia-
Oceania Neutron Scattering Association) was recently initiated during the IAEA Consultancy 
Meeting, held in October 2010 in Republic of Korea with 11 Member States representing this 
region. In addition, in 2010 ANSTO, Australia, with its state-of-the-art neutron-beam facilities 
associated with the OPAL RR, was re-designated as an IAEA CC for Neutron Scattering 
Applications, which will further strengthen the access and help build skills in this region 
through a variety of mechanisms in contributing to expected improvements in the fields of 
engineering, health and nutrition, and the environment. 
 
Another initiative for creation of the new RR Network in Central Africa around two small 
power RRs in Nigeria and Ghana (both 30kW, MNSR-type) will be discussed in detail in the 
regional meeting, scheduled in July 2011 in Accra. Here major focus will be on joint activities 
such as education and training and NAA to be offered for the neighboring countries without 
RR facilities. 
 
In summary, although some noticeable results have been obtained in initiating and 
supporting RR coalitions, much more work needs to be accomplished in order to achieve the 
objective of increase utilization of individual RRs through collective effort, on a self-
sustainable and self-reliant basis. In addition to their individual strategic plans, the coalition 
partners need to put into place coalition-based common strategic and management plans as 
a group. They also need to pursue more detailed market analysis and business development 
to identify specific pay-back opportunities through sustainable commercial activities, through 
complementary marketing and delivery of irradiation products and services, education and 
training among other revenue generating applications of RRs. 
 
3. Concept of RRs as International Centres of Excellence or Regional Hubs  
 
Although a few RR facilities have already been established as regional centres of excellence 
or global providers of products and services, most RR managers still focus their strategy on 
the fulfilment of national needs and serve national customers and stakeholders. As a matter 
of fact, more than half of the world’s RRs have very low utilization, and many are challenged 
to obtain appropriate funding. On the other hand, many countries do not have access to RR 
services and would certainly take the advantage if a facilitated access to these facilities could 
be arranged. In this context, there is a clear potential for increased international cooperation 



for both existing and new RR projects. This should result in facilitated access to foreign 
nationals, common research and development programmes on a collaborative or commercial 
basis and more available financial resources for RRs. In addition, being in close contact with 
the enlarged user community, a shared RR will better understand its needs and be able to 
tailor services or develop additional capabilities as user requirements evolve. As a result, 
RRs with a regional or international perspective have access to a much larger user base and 
diversified funding opportunities. This can be translated into improved sustainability as well 
as options for increased capabilities or equipment. Non-host countries that subscribe to such 
RRs would benefit from access to improved capabilities at lower cost than could be achieved 
by constructing a national facility. To access these benefits, a number of issues at the 
technical, financial, regulatory, and intergovernmental levels must be resolved. There is a 
need to envisage and develop sound mechanisms to share RR facilities between countries 
regionally and internationally. The forthcoming IAEA Technical Meeting (9-13 May 2011) on 
“Access and Utilization of RR by non-host Member States” is the first step in defining these 
issues and developing guidelines for their resolution. This meeting is expected to provide a 
forum to identify existing good practices with international RR facilities and to collate practical 
experience with both successes and obstacles to such international cooperation as well as 
other relevant information through presentations and brainstorming discussions. 
 
Another similar initiative is targeting very high-flux RRs, also as multi-user international 
facilities but with potentially shared ownership. Indeed, a number of such powerful RRs are 
expected to be brought into service in the next several years (e.g. CARR-China, PIK-Russia, 
MYRRHA-Belgium, RJH-France, PALLAS-Belgium, MBIR-Russia). Each of these facilities 
has the potential to be important international centres of excellence and scientific hubs for 
cutting edge research and materials investigations, though only few are currently so 
organized (e.g. ILL in France and HBWR in Norway). The applications of these future 
research centres include development of proliferation resistant fuel cycles, burning of long-
lived actinides from thermal reactor fuels, production of advanced radioisotopes, testing of 
materials, cross section studies, and studying of advanced reactor concepts and advanced 
fuels. The benefits of developing an international centre of excellence on the basis of the 
very high flux RRs are twofold:  

1. Such infrastructures are expensive, and they are most effective when they are 
supported intellectually and financially by the World Community. With multilateral 
support they may be able to complete the needed studies more quickly and cost 
effectively, avoiding duplication of R&D investments and fragmentation of scientific 
effort. 

2. Each new well-functioning RR ICE builds confidence in the supra-national approach 
in which a few well-equipped, well-utilized, well-funded, safe and secure facilities can 
substitute for many comparatively isolated facilities with low utilization and limited 
funding challenges. 

These issues will be addressed in another IAEA Technical Meeting on “Options for using 
High Flux Research Reactor Facilities as International Centres of Excellence / Regional 
Hubs” late 2011. As a result of this event and with the follow up activities through 2012-2013 
a dedicated technical document or guidelines will be prepared. 
  
4. Strategic and Business Planning for RRs 
 
RRs are facing increasing pressures to become more commercially responsive and above all 
to increase utilization of their facilities. Whatever the reasons, there is a need for a change in 
mind-set from the RR facility just “being available” to taking control of the facility’s destiny by 
pro-actively seeking out new users and applications. Therefore, facility managers need a 
straightforward and cost-effective approach to both increasing utilization and managing 
efficiently. In that respect, development and implementation of a strategic and business plan 
is crucial in order to achieve increased utilization, while helping to create a positive safety 
culture, a motivated staff, a clear understanding of real costs and a balanced budget. One 
should keep in mind that the IAEA will only support requests for new facilities or equipment 



for RR utilization if they are accompanied by a strategic implementation plan clearly 
demonstrating that the items requested are necessary to achieve the objectives of the plan.  
 
The need for a strategic and business plan is an inseparable part of the IAEA document 
under preparation on “Specific Considerations and Milestones for a Research Reactor 
Project”, where the special emphasis is given to assess the Member State’s own status with 
regard to justification and resourcing for a RR, and the development of the necessary 
supporting infrastructure. This publication describes the four phases of the implementation 
programme, and provides guidance on the timely preparation of a RR project through an 
easy to understand sequential development process. It includes a detailed description of the 
range of infrastructure issues that need to be addressed and the expected level of 
achievement (or milestones) at the end of each phase.  The document will enable the 
Member States to prioritize the activities that they need to order, license, construct and then 
safely operate a RR. This guidance aims to help them to understand their commitments and 
obligations associated with the RR programme, and clarifies that the responsibility for safe 
implementation of a RR project rests with the Member State and its organizations and cannot 
be subcontracted or avoided. Other organizations such as donors, suppliers, nuclear energy 
agencies and utility organizations may also find this publication useful as a basis for project 
assessment and follow up.  Such assessments could build confidence that the country has 
the ability to legislate, regulate, construct, efficiently utilize and manage, safely and securely 
operate a RR. 
 
The justification, conceptual structure and implementation of the RR strategic plan is also 
now introduced in the RR group fellowship courses, organized by the IAEA in cooperation 
with the EERRI, as part of the lecture series given by the IAEA staff. Based on the IAEA-
TECDOC-1212 “Strategic Planning for RRs” [4], the IAEA has also developed a specific 
template with explanatory guidelines to facilitate the creation or revision of such a strategic 
plan for RR facilities. For example, this material, complemented by expert lectures and 
training workshops, was used to elaborate strategic and business plans for the new-comer 
Member States, interested in their first RR projects (e.g. Azerbaijan, Sudan and six GCC 
Member States). The IAEA also is encouraging periodic revision and update of strategic plan 
documents of already operational RRs by organizing expert review missions or assignments 
as it was done in 2010 in the case of RR facilities in Egypt, Ghana, Morocco and Ukraine. 
Last but not the least, in addition to their individual strategic plans, the RR coalition and 
network partners need to put into place coalition-based common strategic and management 
plans as a group. As it was already mentioned above, in 2010 the IAEA has already assisted 
the EARRC in preparation of their strategic and business plan for radioisotope production 
and commercialization. Thanks to the active regional IAEA TC projects, similar actions will 
continue in 2011 both in Europe, Africa and Latin America. 

 
5. Performance Indicators for RR Facilities  
 
As it was mentioned in the previous section, the survivability of many RRs around the world 
will depend upon the development and implementation of an effective strategic and business 
plan. To assist in the implementation process, the IAEA has recently proposed a set of 
performance indicators for RR facilities. The need for self-monitoring and self-evaluation is 
many-fold with the main objectives to  

• Provide quantitative base-line of the actual status of a RR facility 
• Monitor the performance of the facility on periodic basis and compare the changes 

with respect to the base-line or the last year results 
• Measure the effectiveness and impact of different actions taken on result-based 

analysis 
• Provide guidance for future actions and direct input in a revised strategic plan. 

 



Presently proposed RR performance indicators include the following main areas to be 
assessed and monitored: 

A. Operation Data – 14 variables (e.g. neutron scattering operation, hours/year) 
B. Operation Results – 16 variables (e.g. neutron radiography, number of experiments) 
C. Shut-down and Maintenance Data – 9 variables (e.g. number of unscheduled 

shutdowns) 
D. Quality and Safety Control – 16 variables (e.g. number of QA/QC audits) 
E. Radioactive Dose Records – 6 variables (e.g. average dose per staff member) 
F. Radioactive Discharge Records – 9 variables (e.g. iodine release to atmosphere) 
G. Financial Records – 10 variables (e.g. revenue generated from NAA)  

It is intended that numerical values of various variables will allow implementing semi-
automatic analysis according to pre-designed criteria, which can be based on specific 
priorities and objectives of each facility. 
 
Certainly, some of the information included in the table of performance indicators will be 
commercially sensitive and intend for internal use only. Hence it should be stated that the 
IAEA does not expect public disclosure of the information contained therein. The main 
purpose here is to assist the Member States to develop sound methodologies for self-
monitoring and self-evaluation based on quantitative, periodic and comparative analysis. 
 
6. Summary 
 
RRs have played and continue to play an important role within several fields of basic 
science, in the development of nuclear science and technology, in the valuable generation of 
radio-isotopes and other products for various applications, in support of nuclear power 
programmes, including the development of human resources and skills. Nowadays the 
decreasing fleet of these facilities faces a number of critical issues and important challenges 
such as underutilization, inexistent or inappropriate strategic-business plans, ageing and 
needs for modernization-refurbishment, presence of fresh or spent HEU fuel, unavailability of 
qualified high-density LEU fuels, accumulation of spent nuclear fuel, advanced 
decommissioning planning and implementation stages, and, in some cases, safety and 
security issues. In addition to this non-exhaustive list of challenges are the plans to build new 
RRs by MSs without no or little experience in this domain. In response to these challenges, 
the IAEA is taking action and designing activities to tackle these issues and make sure that 
promotion, support and assistance to MSs in the development and uninterrupted operation of 
strong, dynamic, sustainable, safe and secure RRs dedicated to peaceful uses of atomic 
energy and nuclear techniques is preserved. The IAEA’s efforts related to the support of RR 
coalitions and networks, promotion of shared-user and shared-ownership facilities, 
assistance in preparation and revision of strategic and business plans for RRs as well as 
help in design and implementation of performance indicators for RRs are only a few 
examples among other on-going activities to address the issues and challenges RRs are 
facing world-wide.  
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ABSTRACT 
 

A zero power reactor, AGN-201K has been operated in Kyung Hee University 
since 1982 and it was refurbished extensively three years ago. In 2008, Reactor 
Research & Education Center(RREC) was established for student training and 
research. The primary mission of RREC is an educational service for nuclear 
engineering students. Since January 2009, short courses were provided 15 times 
to 160 students from 7 universities. This course has been an one-week dormitory 
housing program in the name of Reactor Experiment and was designed as an 
advanced course customized to undergraduate senior-level. It has introductory 
session, safety guide session, concluding presentation session with six 
experiment sessions; reactor operation and control, measurement of period for 
reactivity, criticality approach, rod worth measurement, measurement of  
temperature feedback coefficient and thermal flux measurement with neutron 
activation analysis(NAA).  
As a R&D effort for future experimental  courses, RREC is now seeking for the 
possibility of reactor utilization for prompt gamma activation analysis, NAA for 
material mass spectroscopy, and neutron radiography(NR). A feasibility study on 
NR was done with MCNP simulation on collimator design and showed that 
calculated thermal flux level was high enough at the object position even though 
image size is very small, less than 4 cm diameter.  
Research activity has been done for sub-criticality measurement with modified 
neutron source multiplication method(MNSM). For sub-criticality evaluation with 
this method, three kinds of the neutron flux distributions such as forward, adjoint, 
fixed source neutron fluxes, which are solution in both eigenvalue and fixed source 
problems are needed. These flux distributions were calculated by using PARTISN 
code systems. Physics conditions are highly dependent on the source locations 
and rod positions as well as detector positions. Recent results showed that this 
method improved accuracy in rod worth prediction compared with conventional 
source multiplication method. As an industrial application of reactor, a feasibility of 
detector calibration is now being studied in depth. An in-core self powered neutron 
detector module can be calibrated in the glory hole because accessibility to the 
core center is high even though rated power level of reactor is very low. 

 
 

1. Introduction  
 
Since 1982, a zero power reactor AGN-201K has been operated in Kyung Hee University for 
student education with rated power of 0.1 wt. Because of obsolescence of control system, 
an extensive refurbishment was carried out during the period of 2004 through 2007.[1] 
Reactor power was up-rated by 100 times and an old analog-type operational console and 
I&C parts were replaced. Additional shielding walls and a new digital-type console were also 
installed. The average thermal flux at the glory hole becomes high to 3.0x108#/cm2-sec. 
Core is a simple cylindrical shape with 9 homogeneous fuel disks made of 19.5w/o UO2 



powders and polyethylene. There is a 1 inch diameter glory hole penetrating the core central 
zone which is utilized for neutron activation. There are 4 beam ports (8 in total in both 
direction) which penetrate a 20cm-thick graphite reflector zone outside of core.  Reflector 
zone is surrounded by 10cm-thick lead for gamma shield and 55cm-thick water for neutron 
shield. Safety against nuclear transients and hypothetical radiation accidents was proved by 
accident analysis. [2]  In 2008, Reactor Research & Education Center(RREC) was 
established for student training and research. This paper summarized recent 
accomplishments both in research and education including current activities and future plans 
for the maximization of reactor utilization.  
 
 
2. Utilization of AGN-201K for Education 
 
After a decommissioning of TRIGA Mark-II in Korea Atomic Energy Research Institute 
(KAERI), HANARO and AGN-201K became last two research reactors available for training 
and education. However, HANARO in KAERI has given too many restrictions in access to 
students. Reactor experiment course as one of requisite subjects had not been served to 
nuclear engineering students since 1996. In the period of 2003 through 2008, therefore, 
selected number of students were sent to Kyoto University Critical Assembly in Reactor 
Research Institute, Osaka every year for 10 days experimental training. This activity was an 
excellent example of international collaboration in education between Japan and Korea. In 
2008, Kyung Hee University, Reactor Research & Education Center(RREC) was established 
as a national-wide student training center. One-week short courses were provided to public 
as dormitory-housing programs.  
 
 

       

Fig 1.  Two reactor consoles (left) and an operational database display  
in a digital console (right) 

 
 
The following Table 1 showed a recent achievement in education service.  Through 15 times 
courses, there has been 160 participants. 131 students from 7 outside  universities and 18 
students from inside completed through 14 courses. One course was served for 11 
HANARO operators as continuing education program. Two courses were proceeded in 
English.  Before every experiment one hour lectures were given for background knowledge, 
and all students should submit reports for all experiment. At the last day, presentation 
session was arranged for further discussion. 
 
 
   



 Education Period Participants Number 
of Trainee

1 Jan. 19-23, 2009 Chosun University UG students 8 

2 Feb. 2-6, 2009 Seoul National University UG students 
& Kyung Hee University Graduate students 6 

3 Feb. 16-20, 2009 Jeju National University UG students 13 
4 Apr. 27- May 1, 2009 Hanyang University UG students  24 
5 Jun 22-26, 2009 KAIST Graduate students 12 
6 July 6-10, 2009 KAERI HANARO operators 11 
7 Sep.-Nov., 2009 Kyung Hee University UG & Graduate students 11 

8 Jan. 27-Feb.2, 2010 Jeju National University UG students 
& KAIST Graduate student 11 

9 Feb.3-9, 2010 Chosun University UG students 12 
10 Feb.17-23, 2010 Dongguk University UG students 8 
11 Nov.1-5, 2010 Hanyang University UG students 8 
12 Sep.-Nov., 2010 Kyung Hee University UG & Graduate students 6 

13 Jan.26-Feb.1, 2011 Chosun University UG students 
& Dankuk University UG student  9 

14 Feb.9-15, 2011 Dongguk University UG students 12 
15 Feb.16-22, 2011 Jeju National University UG students 9 

total 160 

Table 1: Education Record of Short Course - Reactor Experiment 
 

 
Table 2 summarized the contents of six experiments. At the first day, experiment-1 was 
given in the afternoon after the introductory session in the morning. This experiment is 
designed to confirm that reactor have the same control rod position for criticality at different 
power level. In this experiment, students can operate with two control rod under the 
supervision of reactor operator. At the day-2, two experiments were performed with busy 
schedule. Experiment-2 is designed to compare three methods of period measurement from 
power transient. Least square data fitting and statistical evaluation method were compared 
with a simple method of two point evaluation. Experiment-3 is a conventional criticality 
approach based on inverse multiplication. Plot of inverse multiplication for the rod position 
change was made and interpreted as an estimation of U-235 critical mass by extrapolation 
technique. At the third day, in an experiment-4 measurement of control rod worth was 
performed in three techniques; the positive period method for a fine control rod, the 
compensation method using fine control rod and coarse control rod, and the rod drop 
experiment applying prompt drop approximation. At the fourth day, experiment-5 was carried 
out at Monday after the weekend for neutron activation analysis. Gold wire was irradiated on 
Saturday morning and cooled down through weekend. HP Ge detector was used for 
absolute activity measurement of irradiated gold samples. Neutron flux distributions in fast 
and thermal groups were solved with measured cadmium ratios.  The last experiment is a 
measurement of isothermal temperature coefficient  with calculated rod worth curve obtained 
from experiment-4. Replacement of thermal column was done from water to graphite and a 
reflector effect was measured  in core reactivity change. 
 
  
 
 



 Title of Experiments  Activity Goals  

1  Understanding RRs &  AGN-201K, 
   Reactor Operation Practice  Relation between criticality & power level  

2  Measurement of Reactor Period  Handling of measurement errors, 
Calculation of reactivity with Inhour eq.  

3  Critical Mass Approach Experiment  Experiment for subcriticality measurement  

4  Control Rod Calibration  Period measurement method, Rod swap 
method, Rod drop method 

5  Thermal Flux Measurement  Au Foil NAA, Evaluation of Cd ratio,  
MCA counting with HPGe Detector  

6  Reflector & Temperature Feedback Effect Predict the change of reactivity  

Table 2: Course Contents of Reactor Experiment 
 
 
3. Feasibility of AGN-201K for Industrial Services 
 
Because AGN-201K was introduced as an educational reactor, the maximum thermal flux in 
a glory hole is less than 1E+09 at the maximum power. This level is known to be too small 
for an industrial application. For a limited application, a feasibility study has been done for 
AGN-201K including prompt gamma activation analysis.  
 
Although neutron radiography facility is generally installed only at high-flux research reactors, 
the feasibility of thermal column in AGN-201K was evaluated by using MCNP code. 
Specially, thermal flux level at the exit of beam line through collimator was evaluated in order 
to check its feasibility for NRF. Figure 2 shows the cross sectional view of reactor module. 
The upper part of the core is a thermal column which can be removed. [3] 
  
 
3.1 AGN-201K Reactor Modeling 
 
 

  

Fig 2.  Structure of AGN-201K Reactor 
 



In order to design a collimator for neutron radiography facility, the whole reactor system of 
AGN-201K was modeled for MCNP code. The following figures show an example of 3-D 
geometrical model including outside space. Numerical model was compared with 
experimental data of thermal neutron flux at several locations in glory hole and beam ports.  
Calculated data from MCNP showed less than 10% error in core region and maximum 20%  
error at the outer boundary. 
 
 

 

 

Fig 3. AGN-201K model for MCNP code 
 

 
3.2 Collimator Design and Evaluation 
 
One of the most important parts of a neutron radiography(NR) facility is the collimator which 
produce leveled neutron beam. The Collimator characteristics are closely related with 
resolution and exposure time, that depend on the shape and size of collimator. The idea 
about the choice of the best shape of the collimator have been changed rapidly with the 
development of the relatively recent nondestructive technique, as is neutron radiography. In 
the early years of application of NR, the opinion prevailed that parallel beams of neutrons 
were needed to obtain an adequate neutron beam flux at the object to be radio-graphed. 
However, as in early 1967, Barton concluded that a divergent-beam collimator produced the 
highest resolution. [4] 
 
 

 

Fig 4. Divergent Beam Collimator 
 

 



The minimum thermal neutron flux of object needed in NR is about 1.0×105#/㎠-sec. Based 
on the formula, the thermal neutron flux is 2.0×108#/㎠-sec at the entrance of collimator 
where the collimator ratio cannot exceed more than about 15. In other words, collimator is 
determined by the length 30cm. Collimator was modeled to be filled with filling gas of helium, 
after comparison between He and air. For a lining material on the collimator wall was chosen 
as B4C (Boron Carbide), after comparison of beam quantity and shape with different material, 
aluminum, gadolinium and B4C. The thickness of lining is chosen to be 5mm. Distance from 
collimator exit to object is 2 cm. Table 3 shows the geometrical design data for collimator 
and Fig. 5 shows layout of collimator above the core. Fig. 6 shows calculated thermal 
neutron flux distribution across the object line. Calculated thermal flux level was high enough 
at the object position even though image size is very small, less than 4 cm diameter. 
 

Entrance Diameter 20 mm 

Exit Diameter 34 mm 

Collimator Length 300 mm 

Collimator Ratio 15 

Table 3: Dimension of Divergent Beam Collimator 
 

 

Fig 5. Collimator Design for AGN-201K 
 

 

Fig 6. Thermal Neutron Flux Distribution 
 



3.3  Detector Calibration Services 
 
Even though flux level is too small for NAA & NR, AGN-201K has some advantages 
compared with large-sized research reactors. This reactor is dry itself because there is no 
coolant in the core zone. There is a high accessibility near to the core. Therefore reasonable 
flux level can be achieved near to the core compensating low-power core limitation. Neutron 
detector for ex-core detector system and self-powered neutron detector(SPND) for in-core 
detector system are now manufactured in Korea. Now there is a demand for detector test 
and calibration with nuclear reactors. AGN-201K has a high feasibility in this application. 
There is a scheduled plan to test detector modules in AGN-201K based on requests from 
domestic companies.  
 
 
4. Research Application in Subcriticality Measurement 
 
Modified Neutron Source Multiplication method (MNSM)[5] was verified by the various 
experiments in AGN-201K. This method was tested by computational simulation at Kyung 
Hee University in 2006. In order to calculate correction factors, reactor analysis code system 
should be set up for the calculation of neutron fluxes and adjoint fluxes. In 2006, PARTISN 
code and multi-group cross-section library, ZZ-KASHIL199N was established and validated 
by the comparison with MCNP.[6] In this study, calculation module for correction factors was 
invented by using the FORTRAN77 language to handle massive data of flux output from 
PARTISN code. In addition, the investigation of the correction factor effectiveness was done 
with various reactor experimental data. 
 
 
4.1 PARTISN Code Modeling 

 
In a previous study in 2006, PARTISN and ZZ-KASHIL-199N was chosen after a verification 
study in which results of PARTISN were compared with MCNP and DANTSYS for AGN-
201K. PARTISN is a time-dependent, parallel processing, neutron transport calculation code 
developed at Los Alamos National Laboratory as a expanded version of DANTSYS.  ZZ-
KASHIL-199N library is a library (of 199-groups for total and 35 groups for thermal)  
developed for HELIOS code for LWR applications. was chosen to be the best. [7]  
 
The following Fig.7 is a cross-sectional view of AGN-201K and its PARTISN calculation 
model. Because of complex configuration, an approximate model was established where 
cylindrical control rod was approximated as a volume equivalent cylindrical node pieces. 
Total lengths were divided into 31 nodes in R-direction, 10 nodes in theta-direction, 66 
nodes in Z-direction. 
 

     

Fig 7. Calculation Mesh for PARTISN 



4.2  Calculation of Correction Factors 
 
There have been several methods for measurement of sub-criticality. Neutron source 
multiplication method(NSM) is an practical method among them. However, this method does 
not predict an absolute value of certain reactivity. This method always shows relative change 
of reactivity from a reference state. The NSM method is defined as follows: 
 

   
  (1) 

 
where, Mref and Mn are defined as count rate of each reference subcritical state and n-th 
subcritical state. In other to correct the NSM, MNSM method was proposed by Hokkaido 
university in Japan several years ago.  The MNSM method is defined as follows: 
 
 
                                                                         (2) 
 
 
where, ext

nC  is an extraction correction factor which is defined as a ratio of fundamental 

mode extraction of reference state to n-state. im
nC  is an importance field correction factor 

which is defined as a ratio of importance weighted source intensity of n-state to reference-
state. sp

nC  is a spatial  correction factor which is defined as a ratio of detector signal from 
fundamental mode flux of n-state to reference-state. Those three correction factors are 
defined as ratios of weighted integral sum of eigenvalue fluxes or fixed source fluxes. In this 
problem weighting has been done by adjoint fluxes. Therefore, for each state of sub-
criticality where control rod position are different, eigenvalue multi-group diffusion problems 
should be solved for normalized real fluxes and normalized adjoint fluxes.  For each sub-
criticality state, fixed source problems should be also solved for normalized fixed source 
fluxes. Therefore three kinds of problems should be solved in advance for all kinds of reactor 
conditions in order to solve three kinds of fluxes. These three kinds of fluxes should be put 
into formula for three correction factors as a energy-group weighted integrals as well as 
spatial node-volume adjoint-weighted integrals. At each reactor condition-n, three correction 
factors sp

n
im
n

ext
n CCC ,,  are calculated as a ratio to the reference state.  

 
4.3  Measurement of Sub-criticality 
 
In order to test the correction factor effectiveness, various reactor conditions were tested by 
six kinds of experiments. Figure 8 shows condition of reactor experiment and Table 4 shows 
that reactor experiments are classified based on source and detector position. 
 

CASE Reactor experimental conditions 

s0c0 Reference Source : Core center location 
Detector : NE position 

s1c0 Source point 
changes 

At Core boundary 

s2c0 At Core boundary 

s0c1 Detector 
point 

changes 

At SE Reflector position 
s0c2 At SW Reflector position 
s0c3 At NW Outside position 

Table 4: Experimental Test Cases 
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Fig  8. Experimental Cases of Different Source & Detector Positions 
 
 
In this study, MNSM method was estimated through AGN-201K reactor experiments. To 
know the effect of correction, it were compared NSM and MNSM method as integral 
reactivity of respectively subcritical state.  Figure 9 shows the result compare NSM and 
MNSM method as different detector position. And Figure 10 shows the result comparison of 
NSM and MNSM method as different source position. 
 
 

 

Fig  9. Comparison of integral reactivity for different detector position 
(the left: NSM, the right: MNSM) 

 

 

Fig 10. Comparison of integral reactivity for different source position 
(the left: NSM, the right: MNSM) 

 



From Fig. 9, it was found that there is no correction effect following the detector position. 
Even though  detector positions were different at each case, the distance from source to 
detector was the same in this experiment. Therefore correction effect was not shown. 
However, from Fig. 10 there was a correction effect for the source location changes. At this 
cases, distant from source to detector were different at each case.  
 
 
5. Conclusion 
 
Currently utilization of AGN-201K is active only for national-wide education for reactor 
experiment. However, a feasibility to NAA and NR is now studied for research. The use of 
reactor for detector calibration is now under way for industrial service.  
The use of reactor for research in sub-criticality measurement was successfully done even 
though research itself did not show a big progress. 
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Abstract 
 

Education and training are important elements for the future of nuclear 
science, technology and safety. Fields of interest include high-
technology applications in nuclear techniques and neutron sources, 
advances in the areas of power reactor safety, establishing the scientific 
basis of new reactors, training of personnel needed to operate, maintain, 
regulate and improve reactors or other facilities associated with nuclear 
power. Also, creating a knowledgeable public through education usually 
means less opposition and more support. 
Education and training for safeguards, operators, researchers and 
quality programmes (calibration services, etc.) are one of the main 
utilisations of TRIGA research reactors. Use of a reactor as a training 
tool for university students studying nuclear engineering and/or physics, 
where there is a growing demand at European Universities, is of vital 
importance. In particular, the TRIGA Mark II reactor, located at the 
University of Mainz, one of the largest universities in Germany, offers a 
broad range of nuclear-related courses for training and education. 

 
 
 
Introduction 
 
Reseach and training reactors deliver important elements in nuclear science technology, 
education, training and research infrastructures. Training of personnel is needed to operate, 
maintain, regulate and improve reactors and other facilities associated with nuclear power 
activities, and to manage and direct nuclear technology’s development and nuclear science 
research. The basis for advances in power reactor safety and for new reactor designs is well-
educated scientists and engineers. Development of high-technology applications in fields 
such as materials science, fluid dynamics and biomedical science, where neutron sources 
are needed, can profit through utilisation of research reactors. Due to the dismantling of 
power and research reactors, radiation protection and knowledge in the handling of 
radioactivity material becomes even more important.  
 
Due to a decreasing number of students taking nuclear subjects in recent years, the lack of 
young nuclear scientists, technicians and engineers to replace retiring staff and ageing 
research reactor facilities being closed and often not replaced, the future of TRIGA reactors 
which offer excellent training and education possiblities is becoming more and more unsure, 
especially, as announced recently, there could be a loss in the supply of TRIGA fuel in the 
coming years. 
  
The Johannes Gutenberg-Universität Mainz, Germany, with about 35,000 students from 
more than 130 nations, hosts on its campus the research reactor, TRIGA II, which is used 
intensively for education and training. The reactor can be operated in the steady-state mode 
with thermal powers up to a maximum of 100 kW and in the pulse mode with a maximum 



peak power of 250 MW. To date, more than 17,000 pulses have been performed. When 
taking into account past and future operation schedules and the typically low burn-up of 
TRIGA fuel elements (~4g 235U/a for an operation at a power of 100 kW), the reactor can be 
operated for at least another decade. Due to its utilisation, the TRIGA Mainz will be in 
operation until at least 2020. For irradiations, the reactor has a central experimental tube, 
three pneumatic transfer systems and a rotary specimen rack. In addition, four horizontal 
beam ports and a graphite thermal column, which provides a source of well-thermalised 
neutrons, are available. Isotope production and Neutron Activation Analysis (NAA) are 
applied in in-core positions for different applications. A broad spectrum of scientific research 
and commercial applications are executed [1]. For education and training, various courses in 
nuclear and radiochemistry, radiation protection, reactor operation and physics are held at 
the Mainz reactor for scientists, advanced students, teachers, engineers and technicians.  
 
 
Reactor operation and reactor physics 
 
This course consists of lectures in reactor physics and practical training in reactor operation 
at steady state power and in the pulse mode. The course focusses on the understanding of 
the general behaviour of a nuclear reactor. The main objective is to introduce the basics of 
reactor operation, reactor techniques and physics in practical examples at a research 
reactor. The participants receive practical experience in operation of a nuclear reactor. The 
main part of the course includes:  
 

 daily and monthly inspections at the reactor,  
 operation of the reactor in the steady state mode, 
 reactor pulses with different reactivity insertion,  
 neutron flux measurements at different irradiation positions, 
 the influence of test samples, such as Cd, to the reactor operation, 
 calibration of the control rods, 
 fuel inspections, 
 function and sensitivity of the compensated ion chamber, 
 reactivity measurements and 
 error diagnostics. 

 
A complete course is executed in 5 days. The groups are small with the number of 
participants between 8 and 10 to assure an optimal mentoring. In 2010, the course took 
place 4 times, two times for students in physics or chemistry of the University of Mainz and 
two times for the staff of the company AREVA. In 2008, a special 2 weeks reactor Training 
Course for the University of South Carolina was carried out which included also a lecture at 
the Mainzer Microton (MAMI) of the physics department of the University of Mainz and a visit 
to the accelerator at GSI Darmstadt. Due to the success of the course, it will be repeated 
both as a training course and expanded as an exchange programme between students of 
both universities. 
 
The requirements for participation on the reactor operation and reactor physics courses are 
basic theoretical knowledge in nuclear physics, nuclear reactions, fission reactions, 
production of neutrons, cross sections, chain reaction, moderation, critical size, neutron life 
cycle and reactor design. The students should have had lessons in Nuclear Chemistry and 
should have finished the training course in Nuclear Chemistry I. 
 
Every participant receives a printed booklte on the theoretical background, the requirements 
for the experiments, the experimental procedures, tables for measured values and a 
description for the analysis and reporting.  
 
Among the most popular experiments is “the reactor pulses with different reactivity insertion”, 
which can be carried out at TRIGA reactors. Due to the unique characteristics of the Zr-H 



moderator used in TRIGA fuel, one can withdraw a control rod completely and suddenly from 
the critical core. Any other reactor would be severely damaged by this operation, which can 
be performed routinely at the TRIGA and results in a power pulse or power burst. The 
property of the Zr-H moderator that makes this possible is that the H-atoms form oscillations 
around its lattice position. The energy of these oscillations is quantifed similarly to a three-
dimensional harmonic oscillator (Einstein oscillator). Incident neutrons are moderated and 
are then in thermal equilibrium with these atoms. During a power burst, the fuel temperature 
rises and therefore, the population at higher oscillation energy levels of the moderator atoms 
increases, thus reducing the moderating effect of the neutrons. The neutrons may even be 
accelerated by the collisions with the H-atoms and the thermal neutron spectrum is 
hardened. Therefore, the number of fissions and the reactor power is decreased. The whole 
procedure takes about 3 ms while the peak power increases to 250 MW. 
 
In the experiment, the reactor power is raised to 50 W moving the shim rod and the 
regulating rod, the pulse rod stays in its lower position. After switching the control 
instrumentation to "pulse mode", the pulse rod (maximum reactivity value  2 $!) shoots out 
of the critical core and the power pulse takes place. The power peak value can be varied by 
changing the shock absorber position which determines how far the pulse rod is shot out 
from the core and then determines the amount of reactivity inserted into the critical core. 
During and after the pulse, the fuel element temperature and maximum power and energy of 
the pulse can be read from the instrumentation. The procedure may be repeated with the 
following shock absorber positions: 2 $, 1.75 $, 1.5 $ and 1.25 $. The gamma- and neutron 
dose rates are measured during the pulse at the platform.  
 
The Cd experiment demonstrates that the reactivity of the reactor can change during 
operation and be influenced by the samples which are irradiated in the reactor. In this 
experiment, the effect of different Cd samples which are positioned in a polyethylene capsule 
is measured. The first samples are empty PE capsule; the second ones, a Cd plate with a 
mass of 2.9 g and a thickness of 1 mm; the third, two Cd plates on top of each other, each 
with a mass of 2.9 g; and the fourth, a Cd plate with a mass of 5.8 g and a thickness of 1 mm 
and at least 5.5 g Cd as acetate. Cd has a high capture cross section for thermal neutrons, 

Cd = 2450 barn. The reactor is operated at a power level of 10 W for a period of 30 s. The 
changes of the reactivity are determined using the regulating rod calibrations and the results 
discussed.  
 
 
Nuclear Chemistry I 
 
In addition to the course “Reactor operation and reactor physics”, a course “Nuclear 
Chemistry I”, is carried out at the Institute of Nuclear Chemistry. It is based on the course 
“Experimental Radiochemistry (Praktische Radiochemie)” given in the past by Otto Hahn in 
Berlin at the Kaiser Wilhelm Institut to teach his students in the handling of radioisotopes. 
After the foundation of the University of Mainz, this course was established by Fritz 
Strassmann at the, then, Institute of Anorganic Chemistry (today Institute of Nuclear 
Chemistry). 
  
The training course is focused on students of chemistry and physics of the 7th semester. It is 
executed 4 times a year. Each course is two weeks, for a maximum of 18 participants. The 
course teaches the basics of nuclear chemistry, nuclear physics and radiation protection, as 
well as the handling of radioactive material, radiochemical preparations and analysis, and the 
technology to detect radioactive irradiation. Requirements for participation on the course is a 
certificate of successful attendance at the lecture “Introduction of Nuclear Chemistry”[2]. 
Each day has its own subject: 
  

 production and measurement of radioactive isotopes produced at the reactor, 
 decay and production of isotopes, balance of mother – daughter isotopes, 



 the alpha decay, 
 the biological effect of radiation and radiation protection, 
 experiments for gamma radiation, gamma-spectroscopy,  
 beta-decay, utilisation of semiconductor detectors,   
 nuclear reactions with neutrons, 
 nuclear fission, 
 utilisation of radioisotopes, and 
 transuranium – the chemistry of neptunium (element 93) 

 
  

Nuclear Chemistry II 
 

This training course is focussed on research and takes 4 weeks. The participants work in the 
research groups of the institute under the guidance of a PhD student. The offered subjects 
depend on the actual situation of the institute.   

 
A course in the NAA has the aim to demonstrate the capabilities of this method for trace 
analysis of various materials. At the moment, the NAA at the TRIGA Mainz is focused to 
determine trace elements in different materials belonging to projects in archaeometry, 
forensics and semiconductors for photovoltaics. The beam ports and the thermal column of 
the TRIGA Mainz are used for special basic and applied research in medicine, biology, 
chemistry and physics. Experiments are in preparation to determine the fundamental neutron 
properties with very high precision using ultra cold neutrons (UCN) produced at the 
tangential beam port. A second source is under development at the radial piercing beam 
port. Another experiment under development is the determination of ground-state properties 
of radioactive nuclei with very high precision using a penning trap and collinear laser 
spectroscopy. For many years fast chemical separation procedures combining a gas-jet 
transport system installed in one beam tube with either continuous or discontinuous chemical 
separation are carried out. In addition the thermal column of the reactor is also used for 
medical and biological experiments: A project is in progress where patients with liver 
metastases will be treated, similar to the successful application at the TRIGA reactor in Pavia 
(Italy). Also cell cultures are irradiated in the thermal column at different neuron fluxes. All 
these experiments are part of 4-weeks training course in Nuclear Chemistry II [3].  

 
 

Radiation Protection 
 
Education and training courses in radiation protection are offered for technicians, teachers, 
students and the fire brigade. Every year courses to receive knowledge in radiation 
protection are carried out following the requirements of the German Radiation Protection 
Decree. The experimental programme includes measurements of the neutron- and -dose 
rates at the biological shield and at the near-surface reactor pool. The reactor is operated at 
different power levels from a few Watts to 100 kWth with dose rate monitoring as a function of 
reactor power.  
 
For the education and training of students at school, teachers and young scientists, the 
TRIGA Mainz is working together with the German-Swiss Association of Radiation 
Protection. Different support programmes are held to advance the knowledge of the young 
generation and to motivate them to undertake tasks in radiation protection and nuclear field 
activities [4].    
 
 
 
 



Summary   
Education and training is and will be even more so, the main utilisation of the TRIGA Mainz 
for engineers and technicians, teachers, researchers and especially, as a training tool for 
university students studying nuclear engineering and/or physics, where there is a growing 
demand today. Various courses in reactor operation and physics, nuclear and radiochemistry 
and radiation protection are held. The courses are open for participants of external 
institutions and companies.  
 
Research reactors, such as TRIGAs, are necessary to fullfill the requirements for nuclear 
education and training. They provide very useful training to students or researchers in 
neutron and radiation technologies and engineering education, and they provide powerful 
tools for the advancement of other academic disciplines. 
  
The training of nuclear personnel, as conducted currently in many TRIGA facilities, is an 
important contribution not only to the peaceful use of nuclear technologies but to worldwide 
nuclear safety in general. More significantly, the education and training programmes of 
TRIGA reactors can have a long term, substantial and sustainable effect on today’s 
anticipated nuclear renaissance. 
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ABSTRACT 
 

The thermal column of the TRIGA Mark II reactor of the Pavia University is used as an irradiation 
facility to perform biological tests and irradiations of living systems for Boron Neutron Capture Therapy 
(BNCT) research. The suitability of the facility has been ensured by studying the neutron flux and the 
photon background in the irradiation chamber inside the thermal column. This characterization has 
been realized both by flux and dose measurements as well as by Monte Carlo simulations [1,2,3]. The 
routine irradiations concern in vitro cells cultures and different tumor animal models to test the efficacy 
of the BNCT treatment. Some results about these experiments will be described. 
 
1. Introduction 
Boron Neutron Capture Therapy (BNCT) is a binary radiotherapy which exploits the 
synergistic action of a low energy neutron beam and the 10B stable isotope of boron. The 
tumour is first enriched with 10B thanks to a dedicated molecule which is injected in the blood 
stream. Then the tumour is irradiated with an external neutron beam. If the energy of the 
neutron is around 25 meV then the 10B(n,α)7Li neutron capture reaction is highly probable 
(σ=3840 barns). The advantageous features of this reaction are: 1) almost the whole energy 
(≈ 2.8 MeV) is deposited locally thanks to the charged secondary particles; 2) the ranges of 
the α-particle and the 7Li ion are of the same order of magnitude of the mean cell diameter (≈ 
10 µm). As a consequence, the effect of the irradiation is confined to the single 10B loaded 
cell: this is the cellular level selectivity peculiar of the BNCT treatment. At the University of 
Pavia (Italy), an innovative treatment which combined auto-transplantation surgery and 
BNCT was developed thanks to the thermal column of the T.R.I.G.A. Mark II reactor of the 
L.E.N.A. laboratory [4]. An isolated organ (a human liver affected by colon adenocarcinoma 
metastases) was irradiated in the thermal neutron field after being enriched by 10B. Between 
2001 and 2003, two patients have been treated by this procedure. In both cases the efficacy 
of the treatment was clearly demonstrated. The original structure of the T.R.I.G.A. thermal 
column was modified; in particular, an irradiation chamber of about 40*20*100 cm3 has been 
realized inside the column, at about 130 cm from the centre of the core. This chamber is 
characterized by: 1) a highly uniform thermal neutron flux [1]; 2) a low photon background. 
Thanks to these characteristics, the irradiation chamber is suitable for a variety of biological 
tests as well as for prominent studies the BNCT research.  



Since the selectivity of BNCT depends on the 10B microscopic distribution, at the Pavia 
reactor two techniques for 10B quantification have been developed and are nowadays 
routinely used: α-spectroscopy [5] and neutron autoradiography [6]. Cell culture suspensions 
are irradiated at different reactor powers to study the efficacy of the BNCT treatment by the 
survival curve method [7]. To work in a more tissue-like condition, adherent cell cultures will 
be irradiated in their native Petri flask. The flux uniformity, the mean absorbed dose in the cell 
layer as well as the mutual effects of the flasks in a multi-flask irradiation set-up were 
estimated by the Monte Carlo simulations. The suitability of the irradiation chamber as a 
small animal BNCT-facility has been evaluated both by Monte Carlo calculation and by some 
preliminary in vivo tests.  
 
2.1 Material and methods 
In vitro studies 
To perform the radiobiological tests, the DHDK12TRb (DHD) colon adenocarcinoma tumour 
cell line is used. The 10B carrier is the 10BPA-f complex; the cell enrichment is generally 
obtained from a medium concentration of 80 ppm. Just before irradiation, the 10B enriched  
medium is removed and a clean one is added. Cell survival is determined by the plating 
efficiency method. Knowing the absorbed dose received by the cells, it is possible to plot the 
survival curve. At the moment of the irradiation a cell sample is deposited on a mylar support 
to get the 10B concentration by the α-spectrometry technique. 
In vivo studies 
The efficacy of lung BNCT is evaluated. Two animal models are used. 1) 2·107 DHD cells are 
injected intravenously in singenic BD-IX rats; after 10-12 days the tumour is spread in the 
lungs. 2) lung metastases are induced by the B16F1 tumour cell line (pigmented variant of 
murine melanoma B16); 105-106 cells are injected intravenously in C57BL/6 mice; after 14 
days the lungs are invaded by the metastases. In both models, the 10B carrier is the 10BPA-f 
complex and the 10B enrichment is due to a 10BPA-f intra-peritoneal injection (300mg/kg). A 
pharmacokinetics study is ongoing to determine the 10B distribution in both models. At 
varying intervals after 10BPA-f infusion, the animals are sacrificed and their organs are 
collected and frozen in liquid nitrogen. Thin samples of the tissues and of the tumour are 
analyzed by the α-spectrometry technique to determine the 10B content .  
In collaboration with the University of Torino, the feasibility of BNCT mediated by the original 
adduct Gd/B/LDL [8] is evaluated in a melanoma model. 106 B16F10 cells are injected 
subcutaneously in the back-neck region of C57-BL6 mice; after 7 days a macroscopic 
localized tumour is present. The 10B enrichment is due to an intravenous injection of 0.1 
mmol/kg (Gd content) of Gd/B/LDL. The 10B concentration is measured in vivo by Magnetic 
Resonance Imaging (MRI) thanks to the Gadolinium probe of the molecule. To perform these 
in vivo tests a neutron shield is necessary to protect the healthy animal tissues; in fact, 
because of the irradiation chamber characteristics, the whole animal will be placed inside the 
facility. Two shielding materials are under study: 95% 6Li enriched Lithium carbonate and 
99% 10B enriched boric acid. The effectiveness of the first prototype has been characterized 
only by Monte Carlo simulations, whereas the second one has been already used, as 
described in [9] and [10]. Because of the powder nature of the materials, a suitable 
containing structure is necessary. For Lithium carbonate a polystyrene hollow box is under 
study. For boric acid a home-made container of sticky tape has been built; the final thickness 
of the shield is about 0.1 cm (correspondent to 0.14 g/cm2 of boric acid). 
Monte Carlo simulations 
The Monte Carlo N-Particles (MCNP) code is used to simulate the whole reactor facility as 
well as the biological systems. The most critical point in the simulations is the reliability of the 
particle source. The core emission is simulated sampling the neutrons with a uniform 
distribution in the volume of each fuel element. The energy spectrum is the Watt one. The 
simulation outputs are normalized thanks to an intensity factor depending on the reactor 
power of interest (for example: 1.9·1016 s-1 at the maximum power of 250 kW). The validation 
of this source is reported in [1]. 
Depending of the biological system under study, the irradiation chamber geometry and 
materials description is changed. Adherent cell cultures irradiation. The irradiation position is 



at the very end of the chamber. The Petri flask was simulated as a box (about 7.5*9.5*3 cm3) 
with walls made by transparent polystyrene (1.05 g/cm3) of 0.12 cm thickness. At the bottom, 
a thin layer of water (0.3 cm thickness) simulates the 20 ml culture medium. Some 
approximations were made to simulate the adherent cells. The cell layer has been described 
as a continuous layer; the soft tissue composition has been assumed (ICRU-46 [11]: 10.5% 
H, 25.6% C, 2.7% N, 60.2% O, 1% other elements; 0.987 g/cm3). Tallies of neutron flux and 
absorbed dose were set in correspondence of the cell layer. In particular, the single 
components of the total absorbed dose were estimated: the contribution of the 10B reaction, 
that of the 1H(n,γ)2H reaction, the proton contribution from the 14N(n,p)14C reaction and from 
1H scattering. Moreover, varying the number of Petri flasks, it was possible to study the 
mutual effect of the flasks in determining the total absorbed dose. In vivo irradiation set-ups. 
The irradiation position is the same of the cell cultures. To plan animal irradiation, very 
simplified phantoms of the rat (lung metastases BNCT) and of the mouse (Gd/B/LDL BNCT) 
were designed (Fig. 1A, 1B) starting, respectively, from papers [12] and [9].  
 

   
Fig 1. (A) upper rat model vision, (B) lateral mouse model vision, in the irradiation position. In 

both cases the neutrons come from the left. The phantom dimensions are reported (cm). 
 
The organs were described as geometrical volumes; the tissues were defined as in ICRU-46 
[11]. For the lung-BNCT studies, because of the spread structure of the disease, no tumour 
volume was defined but the lung was voxelized and tallies were set at each element. In the 
post-processing analysis of the lung outputs the tumour 10B concentration is assumed to 
evaluate the effects of the treatment on the metastases. On the contrary, since in the Torino 
model the tumour is localized, the mouse phantom was defined with an external spherical 
volume (about 0.5 cm of radius). It is necessary to design a suitable neutron shield to protect 
the animal body. Many geometries and thickness values have been simulated. The incidental 
side-effects of the shield were evaluated; in particular, the secondary γ-emission from the 
shielding materials was evaluated (the 2.2 MeV γ-ray emitted by the 1H(n,γ)2H reaction and 
the 0.478 MeV γ-ray from the excited 7Li* ion produced in the 94% of the 10B capture 
reactions). 
 
2.2 Results 
In vitro studies 
The thermal flux uniformity has been verified. In particular, the decreasing rate along the x 
direction was estimated. Along the total length of the flask (about 15 cm), the flux decrease is 
20%. In the same situation, the cell layer mean absorbed dose has been calculated. In Table 
1 (first four columns) the total dose rate and the various contributions are reported at the 
maximum reactor power (250 kW) and for 1 ppm of 10B in the cells. A linear correlation exists 
between the power reactor and the calculated neutron flux, as well as between the total dose 
rate and the 10B concentration. Finally, some multi-flasks set-ups have been studied. In these 
situations, it was interesting to evaluate the effects on the absorbed dose that each flask 
produces on the neighbouring one. Because of its interactions, only the photon emission was 
studied. Due to the large amount of Hydrogen, the important reaction is the radiative capture 
1H(n,γ)2H. Secondly, because of the 10B uptake by the cells, another monochromatic γ-ray 
field of 0.478 MeV is produced. Last column of Table 1 reports the results for the two- and 
three-flasks cases. 
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geometry D (Gy/s) % (α+7Li) % 

(protons) 
% (γ) γ auto-

irradiation 
γ ext 

irradiation 
1 flask 6.1 · 10-3 18% 39% 43% 100% 0% 

2 flasks 6.2 · 10-3 17.7% 38.7% 43.5% 98.8% 1.2% 
3 flasks 6.2 · 10-3 17.7% 38.7% 43.5% 96.25% 3.75% 
Table 1. Total absorbed dose in the cell layer and its components; in the last two columns, 

the mutual effects in the gamma fraction in presence of multiple flasks. 
 
In vivo efficacy tests of the BNCT treatment for lung metastases 
10B pharmacokinetics. The 10B concentration in the tumour and in the normal lung of the rat 
model was studied as a function of time. The tumour/lung ratio reaches a quite high value (≈ 
3.5) starting 4 hours after 10BPA-f infusion, so this time was chosen for irradiation. Just 
nowadays, the 10B concentration in the other normal tissues is under study by the α-
spectrometry method. In Table 2 some biodistribution results of the B16F1 model (developed 
by the Padova-Legnaro group) are reported. These values are very preliminary; in particular, 
they refer only to lung mixed samples. An analysis of the adjacent histology samples is 
scheduled, to get the correct estimation for the metastases and the normal parenchyma. 
 

time (hours) 10B conc (ppm) [± 20%] 
2 4.2 
4 4.1 
6 2.5 

Table 2. 10B pharmacokinetics of the mouse lung metastases 
 
Irradiation set-up. The shield nowadays under study was designed for the rat model. It is a 
polystyrene box (7*31*7 cm3, 1.15 cm thickness) with empty walls for the 95% 6Li enriched 
Lithium carbonate. The required thickness of the layer is 0.15 cm. The lung irradiation will be 
carried out thanks to a 4*4.5 cm2 window in one of the box walls. Table 3 reports the 
estimated total weighted doses in the various organs of the phantom. Various contributions 
are considered in determining these total doses: the charged particle contribution and the 
photon contribution from the facility background, from the natural tissue composition as well 
as from the compound structure of the shielding materials. The reported values refer to the 
10B concentration as well as to the RBE and CBE factors measured by Coderre et al. [12]; 
the tumour uptake was estimated from the normal lung one adopting the 3.5 ratio measured 
in Pavia. To optimize the treatment, the animal is rotated by 180° at the half of the irradiation. 
The further development of the shield in planned to get a multi-purpose structure, for 
example using a removable wall. Building specific patterns of the irradiation windows in the 
inter-changeable walls, the box would fit different animal models. For example, taking 
advantage of the small dimensions of the B16F1 mouse model, up to six windows of 1.55*2 
cm2 could be opened. Some MCNP simulations are ongoing; when the pharmacokinetics of 
this model will be completed, the dose estimations for the described irradiation set-up will be 
calculated. 
 

(A) rat model (B) mouse model 
tissues 10B ppm D (Gyw) T.D. (Gy) Tissues 10B ppm D (Gy)
metastases 76,6 23 – 47.5  tumour bulk 30.8 11.2 
lung 21,9 2.9 – 6 7 Liver 55 3.7 
heart 21.2 4.8 9.9 Lung 0.7 3.4 
brain 11.2 0.4 9.9 Intestine 0.7 3.3 
esophagus 32.4 2.4 13 soft tissue 7.7 4.1 
intestine 32.4 2.0 18 whole body  8.4 4.0 
spinal cord 11.2 1.4 17  
kidney 108.5 8 8.6 
skin inshield 21.5 3 42 



skin outshield 21.5 22.5 42 
Table 3. (A) Estimated total weighted doses in the rat phantom of the DHD lung metastases 

treated with 10BPA-f; the 10B ppms are from the paper [12] and refer to 4 hours after the BPA-f 
infusion; the tolerance values come from clinical literature. (B)  Estimated total absorbed 
doses in the B16F10 murine melanoma treated with Gd/B/LDL; the 10B ppms refer to 4-6 

hours after the Gd/B/LDL infusion. 
 
In vivo feasibility test of the BNCT treatment mediated by the adduct Gd/B/LDL 
The irradiation took place in correspondence of the maximum 10B concentration in the tumour 
bulk and lasted 7 minutes not to exceed the tolerable limits. The 10B pharmacokinetics of the 
Gd/B/LDL is reported in [10]. The shield set-up was based on boric acid shields, three for 
each mouse, so it is able to cover all the body except the neck region. The shields are the 
same used in [9] To improve the treatment flux intensity, the animals were placed on a 45° 
rotated support. In this way the estimated flux in the tumour volume was about 5·109 cm-2s-1. 
Table 5 reports the 10B concentrations at 4-6 hours after Gd/B/LDL infusion, as well as the 
total absorbed doses estimated by MCNP simulations. The follow up of the treated animals 
has shown that the tumour growth has been considerably reduced with respect to the 
irradiated control groups (Fig. 2B). 
 

   
Fig 2. the relative tumour growth as a time function after the irradiation; there were two 

control groups: the irradiated controls group which was treated by a (neutron irradiation + no 
10B enrichment) and the controls group which did not receive any irradiation or any 10B 

enrichment 
 
3 Conclusions 
 
The suitability of the T.R.I.G.A. reactor thermal column at the University of Pavia has been 
demonstrated and described. Its flexibility makes possible the implementation of a wide 
variety of biological experiments, with particular importance for BNCT research. 
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ABSTRACT 

An innovative fast spectrum experimental facility MYRRHA has being developed by 
the Belgian Nuclear Research Centre SCK•CEN. The MYRRHA is an accelerator-
driven system with a core loaded with fast reactor MOX fuel and cooled by liquid lead-
bismuth eutectic. At this stage the selection of the facility operation mode and the fuel 
management scenario is of great importance. In the present article two different 
modes of the MYRRHA core management are compared: at constant power and at 
constant proton beam current. The results of neutronic and thermo-mechanical 
modeling are presented. It is shown that safer thermomechanical conditions for the 
fuel elements are predicted in the case of the core reshuffling with batches of ten fuel 
assemblies and with the ADS operation mode at a constant proton beam current.  

1. Introduction 

Since 1998 the Belgian Nuclear Research Centre SCK•CEN has being developed an 
innovative fast spectrum experimental facility MYRRHA (Multipurpose hYbrid Research 
Reactor for High-tech Applications). The MYRRHA is an accelerator-driven system (ADS) 
with a core loaded with fast reactor MOX fuel and cooled by liquid lead-bismuth eutectic (Pb-
Bi). It can work in critical and subcritical mode; in the last case it is fed by a spallation 
neutron Pb-Bi source driven by a proton accelerator [1]. From the beginning this project is in 
close relation with EURATOM Framework Programs [2]. At this stage the selection of the 
facility operation mode and the fuel management scenario is of great importance. This can 
affect the main performances, availability and operation costs. The present article compares 
scenarios of the MYRRHA ADS core management with two different modes of operation: at a 
constant core power and at a constant proton beam current. First a general description of the 
MYRRHA core and its performances is given, then the proposed core reshuffling scheme is 
explained. In the forth section modeling tools are briefly described. The results of neutronic 
and thermo-mechanical modeling are presented and discussed in the fifth section. It is 
shown that the proposed design can achieve the targeted neutronic performances practically 
in both considered cases, and that a large margin to the fuel melting exists until the end of 
the targeted fuel residence time of about three years. However, safer thermomechanical 
conditions for the fuel elements are predicted in the case of the operation mode at a constant 
proton beam current. 



 

 

2. MYRRHA core performances at start 

The radial schematic view of a variant of the MYRRHA ADS core and schematic axial views 
of a fuel assembly (FA) and a fuel element (FE) are presented in Figure 1. A space of 3 
central hexagons is occupied by a spallation target module. The core can contain up to 183 
hexagonal assemblies of which 65 to 97 are FA. 8 positions are occupied by in-pile sections 
for irradiation devices. Dummy assemblies form a reflector layer around the active zone.  

    

Fig 1. Schematic views of variants of MYRRHA core, fuel assembly and fuel element 

Each FA contains 90 FEs with a diameter of 6.55 mm surrounding a central instrumentation 
rod within a T91 steel hexagonal wrapper (94 mm width). Each FE contains MOX fuel pellets, 
reflector segments, gas plenums within a cladding made of T91 steel closed from both sides 
with plugs. A more detailed description of this variant of the MYRRHA core, fuel assembly 
and fuel element can be found in [3]. The main core parameters are given in Table 1. As 
MYRRHA is conceived as irradiation facility, the fast neutron flux (~1015 cm-2 s-1) is 
considered as the most important characteristic of its performances. 

Parameter Unit Value 
Accelerator:   
Proton beam energy MeV 600 
Proton beam current mA 3.2 

Spallation target:   
Proton beam deposited heat MW 1.5 
Total neutron yield per incident proton  15.3 
Core:   
Fuel type MOX (U, Pu)O2-x 

Initial Pu fraction in heavy metal (HM) wt% 35 
Core neutron multiplication factor (keff)  0.955 
Thermal power MW 85 

Peak segment linear power  W cm-1 380 
Maximum neutron flux:        Φtot  1015 cm-2s-1 4.5 
                                            Φ>0.1 MeV   3.3 
                                            Φ>1MeV  0.78 

Table 1: Main parameters of the considered variant of the MYRRHA core at start 

Spallation target 



 

 

The normal operation of the MYRRHA ADS is organized in cycles of 90 days separated by 
shutdown periods of 30 or 90 days for the reactor maintenance, reloading irradiation devices 
and the core reshuffling. The normal shutdown period is of 30 days; a shutdown period of 90 
days is organised after every three operation cycles. 

3. Core reshuffling scheme 

In order to compensate the core reactivity loss caused by the fuel burning, it is needed either 
to add new fuel assemblies, or to replace some partially “burned” assemblies with fresh 
ones. Different core reshuffling schemes were analysed in the framework of the MYRRHA 
and EUROTRANS projects [3,4]. Finally a scheme was selected [5], where ten fuel 
assemblies with close burnup are organised in batches, and each batch is moved after every 
cycle in the outward radial direction from its initial position to the position of the next batch 
with lower average burnup. At equilibrium ten fuel assemblies are removed from the core 
after each cycle and ten fresh fuel assemblies are added. 

Two scenarios were selected for more detailed analysis: in the first one the core power is 
kept constant by means of an increase in the proton beam current; in the second the proton 
beam current is constant. An intermediate variant is a scenario with a constant neutron flux. 

4. Modelling tools  

Neutronic modelling was performed with MCNPX [6] using the neutronic data library JEFF3.1 
and with the Monte Carlo burn-up code system ALEPH [7] (developed at SCK•CEN), 
employing the MCNPX, the modified version of the ORIGEN-2.2 burnup code [8] and the ZZ 
ALEPH-LIB-JEFF3.1 continuous energy multi-temperature nuclear data library. During 
calculations the used input nuclear data are adapted at each step to the neutronic spectrum 
calculated by MCNPX at the precedent step.  

Thermomechanical modelling of the behaviour of the hottest fuel elements was performed 
with the FEMAXI-SCK fuel performance code. This code is based on the FEMAXI-V fuel 
performance code (developed by M. Suzuki at JAERI) [9]). New database for properties of 
MOX fuel, T91 cladding material and Pb-Bi coolant were introduced and some models were 
modified in order to apply this code for the preliminary design of the MYRRHA driver fuel and 
for the estimation of its thermo-mechanical performances.  

5. Neutronic analysis  

The number of the fresh FAs needed to reach the targeted keff ~0,95 at start of the reactor 
operation is 65 in both cases, “constant power” (A) and “constant current” (B). Then, in the 
case A, the FA number grows up to 83 and fluctuates between 82 and 83; in the case B the 
FA number increases up to 80 (Fig. 2). Because 10 fuel assemblies belong to a “batch”, each 
batch will reside in the core 8 cycles at equilibrium, except for 2-3 outer FAs in the case A; 
they are managed independently. A larger number of FAs at equilibrium in the “constant 
power” case is explained by a slightly higher power density. 

The core criticality level at the beginning of each cycle (BOC) is in the interval of 0.954-0.957 
(Fig. 2), while the criticality drop per cycle becomes slightly smaller for the later operation 
because of the larger fuel amount in the core. The averaged criticality drop at equilibrium is 
about 1550 pcm in the A case and 1400 pcm in the B case.  

In the case A, the beam current is strengthened during each cycle to compensate the 
criticality drop as shown in Figure 3 (left). The maximum current of 4.8 mA and the maximum 
neutron flux of 5×1015 cm-2 s-1 are reached in the end of the 1st cycle; these values reduce in 



 

 

the following cycles where the core is larger. In the B case, the core power and the neutron 
flux reduce in each cycle, as seen in Figure 3 (right).  
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Fig. 2. Number of fuel assemblies in the core and keff in each cycle at BOC and EOC 
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Fig. 3. Evolution of the core power, proton beam current and total neutron flux  

Figure 4 provides the fuel linear power, fuel burn-up and clad radiation damage in the hottest 
segments of the hottest fuel element of the first batch. The fuel peak linear power at start is 
380 W cm-1 and reduces to about 180 W cm-1 in the case A and 150 W cm-1 in the case B by 
the end of the 9th cycle. The fuel burn-up reaches respectively 105 and 90 MWd kgHM

-1. The 
radiation damage of the cladding in "atom displacements per atom" (dpa) in the end of the 
batch residence time is 54 dpa in the case A and 50 dpa in the case B. 
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   Fig. 4. Evolution of the fuel linear power, fuel burn-up and clad radiation damage in the 
hottest fuel element of the first batch  

 



 

 

6 Thermomechanical behaviour 

In the preliminary design of a fuel element of MYRRHA ADS it was aimed to avoid a strong 
pellet-cladding mechanical interaction (PCMI) during a whole period of fuel operation at the 
nominal power level. In spite of the fact that PCMI is permitted in traditional power reactors, 
two peculiarities of MYRRHA-ADS push us to take care of PCMI: the cladding material 
embitterment and frequent trip/restarts of the proton beam. It is expected that T91 can suffer 
sever embrittlement under typical MYRRHA conditions; therefore, a "rapid" PCMI can be very 
dangerous. It was assumed that the fuel lifetime in the MYRRHA core should be limited by 
the time of the onset of a strong PCMI. The conservative hottest fuel element position in 
each batch was considered in all cases for thermo-mechanical modelling. 

The results of the performed modelling show that in both considered cases, A and B, a large 
margin to fuel melting exists until the end of the 9th cycle (Fig. 5). The maximum gas 
pressure within the hottest fuel elements reaches 1.6-1.7 MPa. This is significantly below the 
estimated permitted level even for the fresh cladding (~20 MPa).  
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Fig. 5. Peak temperature and gas pressure in the hottest fuel element of the first batch 
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Fig. 6. Radial gap and contact pressure in the hottest fuel element of the first batch 

In Figure 6 (left) it can be seen that in the “constant power” case (A) the pellet-cladding gap 
is closed already in the 3rd cycle and the built contact pressure achieves (~20 MPa) in the 
end of the 6th cycle (peak burnup ~42 MWd kgHM

-1). This contact pressure, however, still 
remains below the allowed limit for the irradiated at this doses cladding until the end of the 
residence period of nine cycles. In the “constant beam” case the pellet-cladding gap is 
completely open until the end of the seventh cycle (peak burnup ~75 MWd kgHM

-1). In the 8th 
cycle the PCMI is very weak and reaches ~3.2 MPa in the end of the 9th cycle (Fig. 6, right).  

 



 

 

7 Conclusions 

This work presents some results of studies of multi-step fuel re-shuffling in the core of 
MYRRHA ADS. Two scenarios were analyzed in more details: at a constant core power and 
at a constant proton beam current. In both cases a batch of ten fuel assemblies with similar 
burnup is moved after each operation cycle in the outside radial direction. After each cycle, 
one of the batches is discharged and replaced by fresh one. In the constant power case, the 
proton beam current is gradually increased during each cycle to partially compensate for the 
reactivity loss; in the constant proton beam case, this compensation is not done and one has 
to live with a decreasing power.  Starting with a fully fresh core with 65 fuel assemblies, a 
kind of equilibrium situation is reached with about 80-83 fuel assemblies.  

Using the results of the neutronic analysis, the preliminary estimation of the 
thermomechanical behaviour of the hottest fuel elements was done. The conservative cases 
were considered where the studied fuel elements were placed in every batch in the hottest 
position. The obtained results show that in both cases the fuel elements will survive during 
nine cycles of normal operation, however, the constant proton beam current case would be a 
better choice from the point of view of safety and simplicity of management. Nevertheless, 
depending on strategy and needs of the reactor utilisation, one can keep constant either the 
core power, or the neutron flux in the in-pile irradiation sections, or the proton beam current. 
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ABSTRACT 
 
This work is part of a larger project initiated by the University of Mainz and 
aiming to use the university’s TRIGA reactor to develop a treatment for liver 
metastases based on Boron Neutron Capture Therapy (BNCT). Diffuse 
distribution of cancerous cells within the organ makes complete resection 
difficult and the vicinity to radiosensitive organs impedes external irradiation. 
Therefore the method of “autotransplantation”, first established at the 
University of Pavia, is used. The liver is taken out of the body, irradiated in the 
thermal column of the reactor, therewith purged of metastases and then 
reimplanted. A highly precise dosimetry system is to be developed by means 
of measurements at the University of Mainz and computational calculations at 
the AIT. 
The stochastic MCNP-5 Monte Carlo-Code, developed by Los Alamos 
Laboratories, is applied. To verify the calculations of the flux and the absorbed 
dose in matter a number of measurements are performed irradiating different 
phantoms and liver sections in a 20cm x 20cm beam tube, which was created 
by removing graphite blocks from the thermal column of the reactor. The 
detector material consists of L- α –alanine pellets which are thought to be the 
most suitable because of their good tissue equivalence, small size and their 
wide response range. Another experiment focuses on the determination of the 
relative biological effectiveness (RBE-factor) of the neutron and photon dose 
for liver cells. Therefore cell culture plates with the cell medium enriched with 
157Gd and 10B at different concentrations are irradiated.  
With regard to the alanine pellets MCNP-5 calculations give stable results. 
Nevertheless the absorbed dose is underestimated compared to the 
measurements, a phenomenon already observed in previous works. The cell 
culture calculations showed the enormous impact of the added isotopes with 
high thermal neutron cross sections, especially 157Gd, on the absorbed dose, 
increasing it by a factor up to 100. 
 

 
Introduction 
It was first shown at the TRIGA reactor in Pavia that the autotransplantation method is 
feasible in order to cure disseminated liver metastases which are not treatable by the 
traditional means such as surgery, chemotherapy, external beam therapy or brachytherapy.  
Neutron Capture Therapy is based on the idea of accumulating a tracer with a high cross 



section for neutrons in cancerous tissue to make this tissue more sensitive to neutron 
irradiation [1]. Therefore it uses a form of biological targeting, i.e. the metabolic properties of 
the tracer determine the dose distribution pattern whereas in conventional radiotherapy the 
targeting is of physical form, i.e. altering the irradiation geometry and the spectrum of the 
photon beam. Boron and Gadolinium isotopes are used for neutron capture at several 
institutions and huge research effort is spent on suitable carrier molecules [2,3]. 
The autotransplantation method is thought to overcome the drawbacks of cumbersome 
redesigning of the TRIGA reactor for beam collimation as well as unwanted dose deposition 
in healthy tissue [4,5]. To demonstrate the effectiveness of the autotransplantation method 
and its advantage over external beam radiotherapy in the case of disseminated liver 
metastases a dose monitoring system has to be established and parameter studies are to be 
undertaken. 
 
Materials and Methods 
The stochastic MCNP-5 Monte Carlo-Code, developed by Los Alamos Laboratories [6], is 
applied to simulate the neutron and gamma flux from the reactor core through the thermal 
column. The thermal column of the reactor had been identified in previous parameter studies 
[7] as the optimal site for the irradiation of the explanted liver. Not only do the dimensions 
permit an easy placement of the organ with the opportunity of rotation but the column also 
shows a very constant flux of thermal neutrons in the center. A central beam tube can easily 
be realized by removing one or more graphite blocks. At a final stage a 40cm x 40cm beam 
tube is planned, but for preliminary evaluations a 20cm x 20cm beam tube with a 5cm 
Bismuth gamma shielding has been realized where a box with an explanted liver can be 
introduced and irradiated. 
 

         
       
 

Fig 1: top view of the reactor model where a detailed 
simulation of the reactor core was replaced by a particle 
emitting plane (63cm from core) indicated by the two arrows 

Fig 2: geometry of the   thermal 
column 

Core 



 
The very constant neutron and gamma fluxes in the thermal column allow for simplification of 
the reactor model in the Monte Carlo simulations [8]: The origin of the particles in fuel 
cylinders of the reactor core can be neglected and a particle emitting plane at the beginning 
of the thermal column (63cm from the reactor center) can be used instead. This source plane 
is suggested as a two dimensional isotropic 119.4cm x 119.4cm source with a number of 
energy bins and particle probabilities which were established and evaluated in previous 
works [7,9,10,11]. 
 
The irradiation experiments that take place at the TRIGA reactor in Mainz and are modelled 
via MCNP in this work are set up as follows: The dissected liver lobe is cut into slices and 
alanine dosimeters are shrink-wrapped in PE foil and sewed into it together with gold foils. 
The irradiated alanine dosimeters are analyzed using an electron spin resonance (ESR) 
spectrometer [12]. The value of the ESR signal correlates to the number of radicals and to 
the amount of absorbed dose. The alanine dosimeters are read out at NPL (National 
Physical Laboratory, UK), applying the Hansen & Olsen model for the alanine detector 
response [13,14,15,16]. In this way the total absorbed dose in the dosimeters can be 
assessed.  
    
The second series of irradiation experiments are performed in order to determine the RBE-
factors [17] and use cell lines from liver carcinoma with and without 10B- and 57Gd enrichment 
at different concentrations. For both the liver lobes equipped with detectors as well as the cell 
cultures the total absorbed dose in the respective volumes will be calculated using the MCNP 
dose deposition protocols.  
 

            
Fig 3: 98well cell culture plate with 10B and 157Gd at different concentrations 
 
Results 
The first evaluations of the simulated radiation field for the irradiation of the autotransplanted 
liver in the thermal column of the TRIGA Mainz show a good correlation between measured 
and simulated values. Nevertheless a slight underestimation can be observed. This lack of 
accuracy can be attributed to uncertain geometric dimensions of the liver (simulated as an 
ellipsoid) and/or other simplifications in the simulation model such as the immediate 
surrounding.. 
 
 
 



 
Fig 4: Measured response of the alanine dosimeters (purple) and MCNP simulations (blue) 
and their relative position in the liver 
 
The cell culture calculations show the enormous impact of the added isotopes with high 
thermal neutron cross sections, especially 157Gd (254000 barn), on the absorbed dose, 
increasing it by a factor up to 100! 
 
Further calculations will focus on the dose discrimination between the different contributors to 
the total absorbed dose. A more effective gamma shielding is to be implemented in the 
irradiation facility TRIGA Mainz to maximize the therapeutic outcome.   
 
 

 
Fig 5: Total absorbed dose in the wells. The two high plateaus correspond to157Gd enriched 
media  
 
 
Conclusions 
The observed underestimation in simulation of the irradiated liver is still being investigated. 
Besides liver geometry and boron concentration other causes as oversimplification of the 
reactor model and inaccurate representation of the source are possible. For further 
improvement criticality calculations will be performed which crosscheck the currently used 
data for source strengths and spectra of neutrons and photons. This is done by developing a 
MCNP criticality calculation which incorporates the burn up history from the first core to the 
current one.  In the course of this work step experience gained at the TRIGA Vienna will be 
used to model the calculations for the TRIGA reactors in Mainz and Pavia.  
 

              liver 
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ABSTRACT 

The conversion of the 10 Mw research reactor of the Institute of Nuclear Physics in Tashkent 
from 90% enriched fuel to the low (19.7% enrichment) one was done in two major steps.  First 
step, which started in August 1998 and completed in February 1999, was including a conversion 
of reactor to 36% enrichment fuel. The second stage (started in February 2008 and accomplished 
in November 2009) allowed the full conversion of reactor to 19.7% enrichment fuel.  In parallel 
with these activities the continuous works on testing of the new types of fuel elements were 
carried out. 

We present the review of our experience obtained from conversion of research reactor to the low 
enriched fuel including theoretical estimates, the chosen geometry of core elements, the results 
on neutron flux measurements as well as other data on reactor utilization which were 
accumulated after full conversion of reactor. 
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1. Introduction.  
The water-water research reactor WWR-SM of  the Institute of Nuclear Physics of Uzbekistan 
Academy of Sciences ( Tashkent)  was commissioned  in  October 1959. From 1959 till 1978, 
reactor has been operating at power of 2 MW. After reconstruction and upgrading works in 
period from 1974 till 1977   its power has been increased up to 10 MW. The reactor belongs to 
the standard type of research reactors supplied in 1960-70’s by former Soviet Union to some 
nuclear research centers including several countries in the Eastern Europe.  
At earlier stages reactor was using the 10%-enrichment fuel and then starting from 1979 it has 
been converted to 90%-enrichment fuel. That type of fuel has been used till 1997 and  in 1998 
reactor was converted to 36%-enriched fuel as a first stage of program of full conversion to 
19.6% fuel  by  2008-2009. 
Currently  reactor  is  used (the average operational time is about 4000 hours per year)   for basic 
and applied research in nuclear  physics, radiation physics of condensed matter, modification of 
materials, radiochemistry, activation analysis as well as for testing new types of reactor fuel and 
reactor materials. Applied research includes creation of technologies for new type of isotopes, 
application of neutron diffraction methods, studies in radiation hardness etc. The most of its time 
reactor operates for production of radioisotopes and irradiation services ( for more information 
about utilization of reactor see e.g.[1]). In 2006 the highly enriched spent fuel from reactor was 
sent to Chelyabinsk (Russia) in the framework of RRRRF program [2].  
 
2. Reactor Parameters and  Conversion to Low Enriched Fuel 
The reactor WWR-SM has cylindrical core of about 58 cm in diameter and 60 cm height, 10 
control rods of which 3 are safety rods (B4C), 6 - shim rods (B4C) and one is automatic 
regulating rod. The neutron reflector consists of beryllium blocks. The reactor   has  44 vertical 
and 9  horizontal channels, the average total flux of neutrons is about 2.0*1014 neutrons per cm2 
sec.  Normally reactor operates from 5000 to 6000 hours per year depending upon requests and 
orders. There is one 480 hour operating cycle per month.      
After commissioning in October 1959  reactor was using 10%-enrichment fuel of type EK-10 
and had thermal power 2 MW.  Since 1971 reactor started to operate with new fuel, 90%-
enrichment of  IRT-2M type.   The upgrading and reconstruction works performed in period 
from 1972 till 1978 allowed to increase the thermal power of reactor up 10 MW and since 1979 
till the middle of 1998 the machine was operating with use of 90%-enrichment fuel of  IRT-3M 
type.    
From the end of 1998 till March 2008 reactor was operating with 36%-enrichment fuel also of  
IRT-3M type.   The fuel assembly (FA) with 36%-enrichment is made of (UO2-Al)- alloy (meat) 
with Al cladding and has 880mm in length of which the fuel meat part is  600mm. There are 6 
concentric layers ( 5 square round tubes inside and 1 external one). The fuel meat thickness is 
0.5mm and cladding thickness is minimum 0.3mm.  The average burn-up of fuel was not less 
than 60%.  This has been achieved by several experiments which confirmed the firmness and 
good behavior of fuel elements despite the producer’s 40% of burn-up warranty. In order to keep 
the neutron flux at previous level some changes the geometry of fuel load have been done  and 
additional fuel assembles ( up to 24 pieces with total content of U-235   6.4 kg) were added.  
As a first step in full conversion of reactor to 19.7% fuel in March 2008 reactor started to operate 
with a mixture of sixteen 36% - and four 19.7%-enrichment fuel assembles  (IRT-4M type).  In 
total 11 cycles ( with shutting down and re-starting reactor, unloading highly enriched and 
downloading low enriched fuel, measuring the isotope content of water, controlling all necessary 



parameters of reactor operation) were carried out  and no any noticeable deviations in reactor 
operation were recorded.  In May 2008 another four additional 19.7%-enrichment IRT-4M fuel 
assembles were loaded instead of 36% - enrichment FA.  And on 17 November 2009 the reactor 
was fully downloaded with twenty 19.6% FA only.  
 
3. Conclusion 
 
From our experience gained till now we can conclude that after full conversion of reactor to 
19.7%-enriched fuel the fluxes of neutrons did not changed dramatically. For example the flux of 
thermal neutrons ( En ≤  0.625 MeV)  decreased by about (7-10)%  and  within experimental 
uncertainties that  is in consistence with theoretical calculations which were performed earlier in 
cooperation with Argonne National Laboratory team [3].  At the same time we observe up to 7% 
increase in the flux of fast ( E n ≥ 0.821 MeV) neutrons which means that irradiation time for 
production of some types of isotopes ( for example P-33) remains practically at the same level if 
not less.  Also while operating with 19.7% enriched fuel we did not observe any noticeable 
changes in operational parameters of reactor like the reactivity coefficient, the chemical 
composition and radioactivity of coolant, the levels of aerosol and radioactive gases etc[5,6].  
The fuel burn-up reached has 60%.  
However, one should notice that unexpected  increase of fuel cost within the short period of time 
and increase in number of fuel assembles per load resulted in operational cost of reactor. 
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ABSTRACT 
In order to convert HEU to LEU for fission Mo target, higher uranium density material is 
more beneficial. The uranium aluminide targets used world widely for commercial 99Mo 
production are limited to 3.0 g-U/cc in uranium density in the target meat. A consideration 
of high uranium density using uranium metal particles dispersion plate target is taken into 
account. The dispersion target is quite same as the dispersion fuel of research reactors in 
the fabrication aspect. When the uranium particles are produced by atomization process, 
the spherical shape particles would enable the uranium particles volume fraction up to 50 
volume %. Consequently the maximum achievable uranium density would be achievable 
up to about 9.0 g-U/cc in the target meat. The temperature increase of the dispersion 
target center was calculated to be about 20 °C, which is considered almost not to cause t 
the degradation of the target integrity by irradiation. In order to enhance the fuel 
performance some alloying elements such as Si, Cr, Fe, and Mo known as grain 
refinement could be added to uranium particles. A small amount of Si could be alloyed to 
aluminum of matrix phase for retarding the interaction between uranium particles and 
aluminum matrix. In separation process the aluminum material of matrix phase and 
cladding could be removed by alkaline dissolution as a low level of radioactive waste. 
The remained residue could be treated following the Cintichem process.  

 
1. Introduction 
 

The medical isotope of 99Mo has been produced mainly by extracting fission products of uranium. 
From productivity aspect highly enriched uranium has been used as the raw material for fission Mo. 
Now a days HEU minimization efforts in fission Mo production are underway in connection with global 
threat reduction policy. In order to convert HEU to LEU for fission Mo target, higher uranium density 
material could be applied. From the stable behaviour during irradiation UAlx and UO2 have been 
mainly used as fission Mo target material. The HEU UO2 annular target could be replaced easily with 
the uranium foil target developed by ANL. This study focused on the dispersion plate target, which is 
very similar with the dispersion plate fuel of research reactor. The uranium aluminide targets used 
world widely for commercial 99Mo production are limited to 3.0 g-U/cc in uranium density of the target 
meat. A consideration of high uranium density using uranium metal particles dispersion plate target is 
taken into account. When fission Mo target is compared to research reactor fuel, the irradiation burnup 
is much lower such as 6 % of fission fragments. The irradiation period is very short as less than 7 days. 
Pure uranium material has higher thermal conductivity than uranium compounds or alloys, which are 
uranium aluminide, uranium silicide and U-Mo. It is considered that the degradation by the irradiation 
would be almost negligible.  
In this study using the computer code of the PLATE developed by ANL the irradiation behavior was 
estimated. Some considerations were taken to improve the irradiation performance further. It has been 
known that some alloying elements of Si, Cr, Fe, and Mo are beneficial for reducing the swelling by 
grain refinement. Recently in the RERTR program the interaction problem could be solved by adding a 



small amount of Si to aluminum matrix phase. The fabrication process and the separation process for 
the proposed atomized uranium particles dispersion target were reviewed.  
 
2. Suggestion of A Very High Uranium Density Plate Target  
 

In connection with converting HEU to LEU higher uranium density material has been requested as a 
candidate of fission Mo target to secure the fissionable material of 235U. In developing the high 
uranium density fuel development of research reactor fuel, the various uranium densities were 
reviewed for various candidate materials as in Table 1. From the density point of view pure uranium is 
best for LEU fission target material. The uranium density of pure uranium metal is 19.05 g/cm3, which 
is 4.2 times than uranium density of UAlx. It was reported that the uranium density of the fission Mo 
target in South Africa is about 3.0 g-U/cm3. The UAl2 phase in the mixture UAlx is presumed to be 
higher than the mixture UAlx in the table.    
 
Table 1. Density date for fuel compounds.  
 

Material Density 
(g⋅cm-3) 

U density 
(g⋅cm-3) Material Density 

(g⋅cm-3) 
U density 
(g⋅cm-3) 

UAl4 5.7 3.7 U3Si2 12.2 11.3 
UAl3 6.8 5.1 U3Si 15.3 14.7 
UAl2 8.14 6.64 U-10wt%Mo 17.2 15.5 
*UAlx 6.4 4.6 U-7.5wt%Mo 17.6 16.3 
U3O8 8.3 7.0 U-5wt%Mo 18.0 17.1 
UO2 10.96 9.67 U 19.05 19.05 
* A mixture of 69wt.% UAl3 and 31 wt%.% UAl4 
 
In KAERI, atomization technology for producing uranium silicide as well as U-Mo powders had been 
developed in 1990s. In the mean time some pure uranium metal powder has been produced many 
times to provide to an advanced nuclear fuel development. So it is considered that the pure uranium 
metal powder can be supplied without any difficulties.  
The fabrication process of UAl plate target was reported as in Fig. 1. If fission Mo target meat is 
supposed atomized uranium powder, atomized U metal powder is mixed with aluminum powder and 
pressed to a compact using a forming die. The compact is loaded in the space among a frame and 
cover plates of upper and bottom sides as in the dispersion plate fuel fabrication process for research 
reactor. The other steps are almost same as the fabrication process of UAl plate target. It is 
considered that the process of atomized particles dispersion plate target could be established with 
some modification.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Comparison for the fabrication processes of UAlx plate target and atomized particles 
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Atomized uranium particle tends to have a spherical shape. In general the spherical particles powder 
has better plasticity in rolling work than irregular particles powder due to smooth surface. The average 
fabrication porosity of research reactor fuel dispersed with atomized particles appeared to be very 
small such as less than 3 Vol.% from the better plasticity. The average volume of U3Si2 dispersion fuel 
by rolling work was about 45 Vol.%. The maximum volume fraction of dispersion fuel was reported 
about 55 Vol.%. If the volume fraction is supposed 50 Vol.% in case of atomized spherical particles 
powder, the available highest uranium density would be 9.2 g-U/cm3. When HEU fission Mo target of 
1.5 g-U/cm3 is converted to LEU, uranium density of LEU is required more than 7.5 g-U/cm3. It is 
considered that the atomized U metal particles dispersion plate target of more than 9.0 g-U/cm3 would 
be much enough.  
 

3. Estimation on target temperatures during irradiation  
 

The fission Mo target should maintain the integrity during the irradiation. The 1st major degradation of 
the target is swelling. Especially uranium metal is very weak in temperature. Accordingly the target 
center temperature was calculated using the PLATE computer code developed by ANL with supposing 
that heat flux and cooling water speed are 250 W/cm2.and 6 m/sec, respectively. The average thermal 
conductivity of atomized particles dispersion was calculated 85 W/m-K. The temperature increases for 
uranium particles dispersion target with thickness 1.0 mm and cladding with thickness 0.3 mm were 
calculated 4.5 °C and 1.5 °C. The temperature increase at the interface between cladding and 
coolant water was about 25 °C. When the coolant temperature at outlet is supposed 40 °C, the peak 
temperature at the target center is estimated 71 °C. It is considered that these values are negligible 
from the aspect of affecting the thermal inducing swelling. It is considered that these values have 
enough safe margins from the aspect of affecting the thermal inducing swelling. The center 
temperature of about 71 °C is presumed to be too low to induce an interaction at the interface 
between uranium particles and aluminium matrix.  
 
4. Application of Other Fuel R&D Experiences to improve Dispersion Target 

Performance 
 
In uranium metal fuel the irradiation behaviour could be improved by alloying some elements of Fe, si, 
Al, Cr, and Mo. The irradiation test could be extended to greater than 10,000 MWd/t at temperature up 
to 400 °C. Silicon concentrations of 250 to 350 ppm alone, or in conjunction with other alloying 
elements, especially Mo, were most effective for exposures up to 5000 MWd/t. At exposures over 
10,000 MWd/t, alloys containing 800 ppm Al in conjunction with other alloying were more swelling- 
resistant than those containing 250 to ppm silicon.  
The fission Mo target is irradiated less than 8 at% burnup, which is approximately equivalent to 15,000 
MWd/t. As shown in the above, the fission target temperature is much lower than the metal fuel 
temperature due to very thin thickness. The irradiation period of the fission target in reactor is much 
shorter than that of research reactor fuel. It is considered that the integrity of the atomized uranium 
particles dispersion target could maintain up to the aiming irradiation.  
The dispersed uranium particles containing those kinds of alloying elements can be easily made by 
adding the alloying elements into crucible when the melting operation is prepared. The atomization 
process has an advantage of very rapidly solidification in forming particles. So the grains inside the 
particles are very fine. The grain sizes for atomized U particles were measured to be a few microns 
while the grain sizes of uranium common cast ingot were measured several hundred microns. There 
would be possible not to add the grain refining alloying elements.    
In developing U-Mo dispersion fuel for high performance research reactor an interaction problem 
between dispersed U-Mo particles and Al matrix occurred. Silicon addition to aluminium matrix was 
found to give a good effect on retarding the interaction rate. If it is supposed that the interaction at the 
interface between uranium particles and aluminium matrix occurs, the dispersion target temperature 
would increase. Then the thermal conductivity would decrease gradually. As the irradiation continues, 
the temperature increasing rate would be accelerated. However, the calculated temperature is rightly 



estimated, such a quite low temperature would not approach up to the accelerating stage criteria.   

 

5. Advantages on other areas 
 

In the aspect of the fabrication process, the existing fabricators can adapt this atomized particles 
dispersion process if atomized U powder is supplied effectively. The additional steps such as mixing of 
u powder and Al powder and compacting are very common and proven technology in research reactor 
fuel fabrication. Presumably the cost could not increase much for adapting the additional steps.  
In dissolving steps for separating 99Mo from the solution, the fission target can put into the dissolving 
vessel. Because the target is not opened, any leakage radioactive gas would not take place. If 
aluminium matrix and cladding is dissolved by NaOH and the solution containing aluminium is 
decanted, aluminium material can be separated as a low level- waste. Then the remaining particles 
can be dissolved by HNO3. The following steps are same as the CITICHEM process. Most of fission 
products are contained in the uranium particles. The high radioactive waste would be produced as a 
small quantity. Presumably the radioactive would be more easily managed.   

 
6. Conclusion  
 

Taking an advantage of atomization technology developed in KAERI, a very high uranium fission 
target with atomized uranium particles dispersion in aluminium matrix is taken into a consideration. If 
the volume fraction is supposed 50 Vol.%, the available highest uranium density would be more than 
9.02 g-U/cm3. The temperature increases for uranium particles dispersion target with thickness 1.0 
mm and cladding with thickness 0.3 mm were calculated 4.5 °C and 1.5 °C. The temperature 
increase at the interface between cladding and coolant water was about 25 °C. It is considered that 
these values have enough safe margins from the aspect of affecting the thermal inducing swelling. 
The atomization process has an advantage of very rapidly solidification in forming particles. So the 
grains inside the particles are very fine. The dispersed uranium particles containing alloying elements 
of Fe, Si, Al, Cr, and Mo, which are used for grain refinement, can be easily made by adding the 
alloying elements into crucible when the melting operation is prepared. These additions could improve 
the irradiation behaviour of target. In the aspect of the fabrication process, the existing fabricators can 
adapt this atomized particles dispersion process if atomized U powder is supplied effectively. 
Presumably the production cost could not increase much for adapting the additional steps. In 
dissolving steps for separating 99Mo from the solution, the fission target can put into the dissolving 
vessel. Because the target is not opened, any leakage radioactive gas would not take place. If 
aluminium matrix and cladding is dissolved by NaOH and the solution containing aluminium is 
decanted, aluminium material can be separated as a low level- waste. 
 
7. Reference  
1) William R. McDonell, George R. Caskey, and Carl L. Angerman, “High-performance Uranium-

Metal Fuels foe Savannah River Reactors”, WSRC-MS-2000-00061 
2) Parrish Staples, “Global Threat reduction Initiaves”, IAEA Consultancy Meeting, 2010 
3) J.L. Snelgrove et al. “Development of Very-High Density Fuels by the RERTR Program”, The 19th 

RERTR Meeting, Seoul 
4) Chris Whipple et al. ”Medical Isotope Production without Highly enriched Uranium”, The national 

academies  
5) C.K. Kim, J.M. park, H.J. Ryu, “Use of a Centrifugal Atomization Process in the Development of 

Research Reactor Fuel” Nuclear Engineering and Technology, Vol. 39, No. 5, 2007   



QUALIFICATION OF URANIUM-MOLYBDENUM ALLOYS FOR 
RESEARCH REACTOR COMMUNITY 

 

T.G. SCHAAFF, V.F. BELT, A.M. LIKENS, K.E. JOYCE, J.F. BARRY 
Analytical Chemistry Organization 
Y-12 National Security Complex 

Oak Ridge, Tennessee 37831 USA 
 

ABSTRACT 

Uranium-molybdenum (U-Mo) alloys are being produced to refuel international research 
reactors – replacing current highly-enriched uranium fuel assemblies.  Over the past two 
years, Y-12 Analytical Chemistry has been the primary qualification laboratory for current 
U-Mo materials development in the U.S.  During this time, multiple analytical techniques 
have been explored to obtain complete and accurate characterization of U-Mo materials.  
For the chemical characterization of U-Mo materials, three primary techniques have been 
utilized: (i) thermal ionization mass spectrometry (TIMS) for uranium content and isotopic 
analyses, (ii) a combination of inductively-coupled plasma (ICP) techniques for 
determination of molybdenum content and trace elemental concentrations and (iii) 
combustion analyses for trace elemental analyses.  Determination of uranium content, 
uranium isotopic composition and elemental impurities by combustion analyses (H, C, O, 
N) required only minimal changes to existing analytical methodology for uranium metal 
analyses. However, spectral interferences (both isobaric and optical) due to high 
molybdenum content presented significant challenges to the use of ICP instrumentation.  
While providing a brief description of methods for determination of uranium content and 
H, C, O and N content, this manuscript concentrates on the challenges faced in applying 
ICP techniques to qualification of U-Mo fuels. Multiple ICP techniques were explored to 
determine the effectiveness (e.g., accuracy, precision, speed of analysis, etc.) for 
determining both molybdenum content and trace elemental impurity concentrations:  
high-resolution inductively-coupled plasma mass spectrometry (HR-ICPMS), inductively-
coupled plasma quadrupole mass spectrometry (ICP-QMS) and inductively-coupled 
plasma optical emission spectroscopy (ICP-OES).  The merits and limitations of these 
techniques for qualification of U-Mo alloys are presented, to include the limits of 
quantitation and uncertainties of measurements regarding the most efficient methods for 
qualifying the U-Mo alloys.   

1. Introduction 
While the development of U-Mo fuel for Reduced Enrichment for Research and Test 

Reactors program has been underway for many years, the development of modern analytical 
techniques for qualifying this fuel has lagged significantly.  The modeling and ultimate 
performance of this high density fuel will depend heavily on the chemical composition of the fuel 
and all elemental constituents in the final product.  While the determination of the uranium and 
molybdenum content and the uranium enrichment level is of utmost importance, the elemental 
impurities in the resulting fuel product must be included to provide accurate models for the 
performance of the fuel. Of special consideration, the trace-level concentrations of nuclear fuel 
poisons (e.g. boron, cadmium, dysprosium, gadolinium, samarium, etc.) must be determined as 
accurately as possible to model the precise flux produced by the fuel assembly. 



Standard methods exist for measurement of uranium isotopic content (by thermal ionization 
mass spectrometry1) and total uranium content (by either isotope dilution mass spectrometry2 or 
Davies-Gray titration3).  In addition, the determination of trace-level hydrogen, carbon, nitrogen 
and oxygen in uranium-molybdenum alloys do not differ significantly from standard methods of 
measurement for these elements in metals and alloys (for example, see reference 4).  However, 
determining the concentration of elemental constituents and (trace-level) metallic impurities in 
alloy systems can provide a significant challenge to modern (trace-) elemental analysis 
techniques.  Inductively-coupled plasma (ICP) techniques are widely used to determine the 
trace-level concentrations of elements in a variety of metals and alloys.  Because of the highly 
energetic atomization (and ionization) efficiency of ICP-based analytical methods, multiple 
spectral interferences must be considered to determine the concentration of metallic impurities.  
In ICP optical emission spectroscopy (ICP-OES), emission from excited atoms and ions of 
elemental constituents can interfere with the measurement of emission from trace-level 
elements of interest.  Likewise, isotopes from various elemental constituents can interfere with 
the measurement of trace-elements when using ICP mass spectrometry (ICP-MS).   

In addition to simple atomic isobaric interferences in ICP-MS, the formation of polyatomic 
ions in the plasma can interfere with the measurement of elements of interest.  Of specific 
concern to analyzing U-Mo materials for nuclear application, the multiple, abundant isotopes of 
molybdenum present a significant challenge to accurately determining the concentration of a 
number of elements by ICP-MS.  This manuscript describes the multiple ICP-based techniques 
used to determine the concentration of both major (molybdenum) and trace-level constituents in 
U-Mo alloys being considered for the RERTR program. 
 
2. Experimental 

Figure 1 provides a general overview of the current techniques being employed for 
complete elemental analysis of U-Mo alloys. The uranium content and isotopic composition of 
the uranium is performed by isotope dilution mass spectrometry (using thermal ionization mass 
spectrometry).5  Similarly, the concentration of trace-level hydrogen, carbon, nitrogen and 
oxygen are determined by standard methods based on the analysis of metals and alloys.4  In 
these tests, ~0.5 g of solid material is combusted under various atmospheric conditions to 
produce gases that are measured by either infrared spectroscopy or gas chromatographic 
separation.  These analyses (and results) for the U-Mo alloy did not differ appreciably from 
standard combustion analyses and are not provided in this manuscript.  The concentrations of 
the remainder of elements in the periodic table are determined by either ICP optical emission 
spectroscopy or ICP mass spectrometry.  The following sections give a general description of 
the methods used to dissolve the solid sample and present the dissolved solid to the various 
ICP instrumentation. 

Dissolution of solid samples (received as either powders or foils) was achieved by  
weighing a solid aliquot (between 0.49g and 0.51g to nearest 0.0001g) of the sample and 
dissolving the solid in 20 mL of 8M nitric acid, 0.1M hydrofluoric acid, 0.1M hydrochloric acid 
and placed in a hot block digestion system. The sample was then heated at 70-75 oC until 
completely dissolved.  After cooling to room temperature, the solution was inspected for any 
non-dissolved solids and then diluted to 50 mL with ultra-pure water. [Precipitation of molybdate 
species was observed when HF was not used.]  The resulting solution was used for all ICP-
based analytical techniques – i.e. aliquots were removed and further processed according to 
technique being employed for measurement: high-resolution ICP mass spectrometry (HR-
ICPMS), ICP Optical Emission Spectroscopy (ICP-OES), and/or ICP-Quadrupole Mass 
Spectrometry (ICP-QMS). 

HR-ICPMS analysis represents the most fundamental analysis method employed.  The 
dissolved solid solution was simply diluted to approximately 100 ug(solid)/mL and injected into 
the instrument. The instrument used for these studies is a ThermoFisher (Bremen, Germany) 



Element2 high-resolution inductively-coupled plasma mass spectrometer (HR-ICPMS) with high 
abundance-sensitivity optics.  The sample introduction consists of a Cetac AS-500 series 
autosampler followed by HF-resistant components (Elemental Sciences, Inc. Omaha, NE).  The 
sample is nebulized through a PFA-Microflow self-aspirating nebulizer into a PFA 
PureChamber/PureCap spray chamber.  The resulting aerosol then flows through an o-ring free 
sapphire injector, which is mounted in a quartz torch.   

ICP-OES and ICP-QMS analyses required multiple steps to prepare solutions that 
minimized spectral interferences (See Scheme 1).  The molybdenum content was determined 
on multiple aliquots of the dissolved sample by dilution and injection of the resulting solution into 
a Prodigy High-Dispersion spectrophotometer with large-format programmable array detector. 
(Teledyne-Leeman).  To determine the concentration of the trace metallic elements, a 
combination of ICP-QMS and ICP-OES techniques were used. The first step was removal of a 
small aliquot of the dissolved solid solution, dilution and injection of the resulting solution into an 
X-Series ICP-quadrupole mass spectrometer (ICP-QMS). The elemental concentrations 
determined in this step are shown as blue (MS-A), and the analysis was performed within 1-2 
hours of dissolution due to significant loss of gold by precipitation from the solution.  After 
removal of this small aliquot, the remainder of the solution is passed through a UTEVA column 
(Eichrom) to remove the uranium from the solution because the optical emission from uranium 
can interfere with measurement of multiple elements by ICP-OES.  After collection of the eluent 
from the column separation, the solution is presented to both ICP-OES and ICP-QMS 
instrumentation.  The concentrations of elements denoted by a yellow background are 
determined from ICP-QMS analysis of the resulting eluent (MS-B).  The instruments used for 
both MS-A and MS-B analyses are ThermoFisher Scientific X-Series inductively-coupled 
plasma quadrupole mass spectrometers (ICP-QMS).  The concentrations of elements denoted 
by green background are determined from ICP-OES analysis of the resulting eluent solution 
using a Prodigy High-Dispersion spectrophotometer with large-format programmable array 
detector. (Teledyne-Leeman).   
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Figure 1:  Techniques used to provide complete characterization of U-Mo fuels.  Blue background denotes 
direct ICP-QMS analysis of diluted solution, yellow background denotes ICP-QMS analysis of eluent from 
column stripping and green denotes ICP-OES analysis of eluent from column stripping. Orange corresponds 
to ICP-OES %-molybdenum analysis, red corresponds to thermal ionization mass spectrometry and gray 
corresponds to combustion analysis. 



Various molybdenum-containing sample types were used to develop the current methods 
and general approach to obtaining the complete compositional analysis of U-Mo alloys:  (i) pure 
molybdenum stock and feed for U-Mo alloys, (ii) mixtures of aqueous solutions obtained from 
NIST-traceable standards (High-Purity Standards and CPI Standards), (iii) mixtures of aqueous 
solutions from uranium and molybdenum solids and (iv) uranium/molybdenum alloy samples.  
However, currently no U-Mo standard or control sample exists to provide direct (matrix-
matched) comparison of analytical results to 
‘known’ values. 

 
3. Results and Discussion 

Initial inductively-coupled plasma studies for 
trace-level impurities revolved around the use of 
high-resolution inductively-coupled plasma mass 
spectrometry (HR-ICPMS) because this 
technique holds the possibility of analyzing for 
all elements with a single technique.  However, 
polyatomic ion interferences present using this 
technique proved insurmountable for the U-Mo 
alloys.  Higher-mass peaks corresponding to 
[MoOxHy]+ ions (where x=2-3 and y=1-3) 
interfered with the measurement of many 
elements in the lanthanide series.  Figure 2 
shows segments of the mass spectrum 
corresponding to ions from the lanthanide 
elements in the presence of molybdenum. Of 
special note is the inability to resolve the 
isotopes of samarium from the interference ions 
generated from the molybdenum-oxygen-
hydrogen ions generated in the plasma. Even 
when ions corresponding to these lanthanide 
isotopes could be resolved by the instrumental 
conditions, this mode of operation did not allow 
for sufficiently low detection limits and limits of 
quantitation to meet the current material 
specifications.  

After determining all elemental impurities 
could not be analyzed by HR-ICPMS methods 
effectively, a combination of ICP-optical 
emission and quadrupole mass spectrometry 
techniques were applied to provide complete 
coverage of the periodic table.  While not 
providing the low-level sensitivity of HR-ICPMS, 
the combination of ICP-OES and ICP-QMS 
methods did allow for both %-level quantitation of molybdenum content and trace-level 
determination of elemental impurities (down to high-ppb concentration).    

Initial studies involved the measurement of Mo-content by ICP-OES.  Solutions prepared as 
above were diluted to 500 microgram-per-gram and injected into the instrument. Atomic 
emission lines (202.030 nm and 204.598 nm) were used to determine the molybdenum content 
in the diluted solution and corrected for background due to the broad atomic emission of 
uranium in the solution.  Figure 3 shows the measurement of molybdenum content in 36 U-Mo 

Figure 2:  Overlays of the m/z region from 140 to 
150 obtained at high resolution for a standard 
containing no molybdenum with analytes at 1 ng/mL 
(Black), a 10 ug/mL solution of molybdenum (Red) 
and a 10 ug/mL solution of molybdenum spiked with 
the analytes at 0.5 ng/mL (Blue).  Unless clearly 
resolved, only the most abundant MoO3H(0-3)+ 
species was labeled. 
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alloys during 2010 – the materials were well within the tentative specifications for molybdenum 
(9-11%) at 95% confidence level.  

Using the ICP-OES/ICP-QMS combined 
analyses provided the best approach to 
achieve full trace elemental coverage for the 
U-Mo fuel analysis.  This approach allowed for 
multiple measurements of the dissolved solid 
solutions for selected elements by two 
independent techniques.  Table 1 provides the 
limits of quantitation (LOQ) and estimated 
uncertainties (Uc) for 8 selected elements 
(chosen due to importance in fuel fabrication).  
Four elements from this selective list are 
consistently measured above LOQ values: (i) 
boron between 0.2 and 1 ug/g, (ii) carbon 
between 100 and 400 ug/g, (iii) iron between 
100 and 200 ug/g and (iv) silicon between 100 
and 200 ug/g.  The other (rare-earth) elements 
and cadmium have not been measured above 
their respective LOQ values in typical U-Mo 
samples to date. 
 
4. Conclusions 

While the current methodology provides an 
avenue to complete elemental analysis of the 
U-Mo fuels, significant improvement in 
uncertainties and measurement efficiency can 
be made.  Additional investigations are 
planned in 2011 and 2012 to determine the 
homogeneity of uranium isotopic composition, 
molybdenum content and trace-element 
content using laser ablation mass HR-ICPMS. 
Currently, a reference material does not exist 
for this specialized fuel.  Y-12 is in the process 
of retaining a larger sample that can be used both as a measurement control monitor for 
analytical results and provide future validation to methods being developed for analysis.  
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Figure 3:  Molybdenum content for 36 U-Mo samples 
during FY2010.  The yellow lines correspond to 2-sigma 
limits and the red line corresponds to 3-sigma limits. 

 

Table 1: Method of Analysis, Limits of Quantitation and 
Uncertainty for Selected Elements in U-Mo Fuels 

Element Method LOQ (ug/g) Uc (ug/g)
Boron ICP‐QMS 0.2 0.1
Cadmium ICP‐OES 0.5 0.1
Carbon Leco 20 5.9
Europium ICP‐QMS 0.15 0.067
Gadolinium ICP‐QMS 0.15 0.072
Iron ICP‐OES 21 4.1
Samarium ICP‐QMS 0.05 0.018
Silicon ICP‐OES 18 4.7
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ABSTRACT 
 

 A new qualification irradiation of high-density (8gU/cc) LEU fuel plates containing 
different dispersed UMo fuel compositions and different cladding has been 
performed at the BR2 high flux material testing reactor. The irradiation of U7Mo 
plates was performed in the framework of the LEONIDAS programme at the BR2 
reactor during 3 operating cycles inside a dedicated E-FUTURE basket. Irradiation 
conditions in U7Mo plates have been optimised in order to be equivalent to the 
conditions at which HEU fuel plates are operating in high flux research reactors. 
Special attention during preparing irradiation programme and choosing operating 
conditions at the BR2 was given to the position inside the BR2 core which provides 
equivalent conditions for all U7Mo tested plates. Optimization and determination of 
irradiation conditions in U7Mo plates for all irradiation cycles were processed using 
a BR2 computer model with the help of MCNP Monte Carlo transport code. 
Credibility of the model has been verified on available dosimetry and thermal 
balance measurements in different experiments during BR2 irradiation cycles. 
Three-dimensional calculation model of BR2 permits to simulate simultaneously 
spatial distributions of heat fluxes and the fuel burn-up distribution in all plates of 
the full-scale prototype of LEU fuel during several successive irradiation cycles of 
BR2. The model is using the prediction-correction approach for calculating an 
evolution of 3-D burn-up distributions in fuel plates and includes simulations of 
neutron transport and the fuel burn-up using MCNP Monte Carlo transport and 
SCALE burn-up codes. It is anticipated that the maximum thermal heat flux on the 
cooling surface of the irradiated U7MO plates during irradiation is comparable with 
operating condition for existing HEU fuel plates. An evaluation of the maximum 
burn-up of the 235U reached in plates during irradiation was performed using the 
present simulation model.  

 
 
1. Introduction 
 
The development of high-density LEU fuels has made important progress in the last years. In 
particular, the qualification of the dispersed UMo fuel system with densities up to ~  7.5 - 8.5 
gUtot/cm³ is making substantial progress although irradiation tests at very high heat-fluxes 
still are to be performed.    
 
BR2 is actively involved in the qualification process of high-density (~8 gUtot/cc) LEU fuel 
based on dispersed UMo.          
A European group (the so-called LEONIDAS group) for the qualification of high density LEU 
fuel based on dispersed UMo has been formed early 2009 and is launching an experimental 
program (irradiations & PIE) of common interest in close collaboration with the US 
GTRI/Convert program.    
 



The first irradiation concerns 4 full-size flat high density U7Mo plates containing Al+Si matrix 
with 235U enrichment of 19.7%. The experimental plates have been manufactured by AREVA-
CERCA. After commissioning tests, including destructive tests and cutting of some plates, 7 
plates were still available for irradiation. The final choice of the plates to be irradiated was 
made during the final commissioning of the manufactured plates at the Romans plant of 
CERCA (see Table 1).     
 
Plate label U7Mo, g Utot, g 235U, g Matrix 

Al+Si, g 
Si, % T, oC Cladding 

U7MC6111 151.90 140.36 27.59 22.46 6 425 - 2h AlFeNi 
U7MC6301 151.85 140.31 27.58 22.46 6 475 - 4h AG3 
U7MC4111 152.14 140.88 27.55 22.51 4 425 - 2h AlFeNi 
U7MC4202 152.27 140.00 27.57 22.53 4 475 - 2h AG3 

Tab 1: Specifications of U7Mo plates chosen for irradiation 
 

The irradiation conditions to be fulfilled for these plates at the BR2 are the following:   
• the irradiation conditions of all 4 plates should be as similar as possible as the outcome 

of this irradiation should be used for the selection of one set of fuel plate manufacture 
parameters (%Si, heat treatment), 

• at BOC of the first irradiation cycle a maximum heat flux of 470 W/cm² should be 
obtained on at least one plate, while the minimum value of 450 W/cm² should be 
obtained for all plates,  

• the irradiation scenario for the following two or three cycles will be fixed when the 
results of the first irradiation cycle are known (wet-sipping, visual inspection),   

• the plates should be irradiated up to a mean burn-up of at least 50% (with a maximum 
value of at least 80%).  

 
2. Characteristics of U7Mo plates and of E-Future basket 
 
The E-FUTURE fuel plates are placed in the dedicated E-FUTURE irradiation basket (see 
Fig.1). A distance between fuel plates in the basket is equal to 6.4 mm. The central holder 
plate in the basket is designed to receive dosimeter wires for measurements of thermal and 
fast neutron fluxes. 

Fig.1  E-FUTURE basket with four U7Mo fuel plates in  BR2 channel (left figure) and an 
example of adaptive material mesh for simulating fuel burn-up in UMo plates( on the right 
figure)  
 
 
 
 
 



Geometrical specifications for U7Mo fuel plates  
Mean width of fuel zone,  mm 45 
Mean length of fuel zone,  mm 762 
Mean thickness of fuel zone,  mm 0.51 
Fuel plate thickness,  mm 1.27 
Water gap between plates and the basket,  mm 6.4 
E-Future basket material AlMgSi1 

Tab 2. Geometrical specifications of U7Mo fuel plates and E-Future basket 
 
 
3. Irradiation of U7Mo fuel plates at BR2 
3.1 Provisional power density in the hot spot 
 
The choice of the E-FUTURE irradiation channel in BR2 is very much influenced by the 
progress of the EVITA irradiation programme in the central 200 mm flux-trap channel and 
depends on type of the plug loaded in this channel. A provisional simulation of the not-
confirmed BR2 reactor core loads for cycle 03/2010 was performed in order to find an 
optimal position of the E-FUTURE-E basket (see Fig.2). The confirmed load of a BR2 cycle is 
a load realized in the core that will effectively be operated (see Fig.2). The best irradiation 
conditions for all 4 E-FUTURE plates were obtained for an appropriate orientation of the E-
Future basket in channel D-240 at a BR2 operating power of 59 MW. At this reactor power 
the maximum heat flux in all 4 plates is equal to 460-470Wcm2. The mean heat flux over the 
width of U7Mo plates at hot plane level is about 380 W/cm2 in all 4 plates. 

 
Fig.2  E-FUTURE basket with four U7Mo fuel plates in BR2 core 

 
 
3.2 Provisional cladding temperature for plates irradiated in the E-Future 

basket 
 
The initial design of the basket was made for a peak heat flux of 500 W/cm².  With the 
foreseen flow rate of 30.9 l/s (corresponding to a water speed between the experimental 
plates of ~14.2 m/s) the maximum cladding temperature was evaluated to be 167 °C. This 
evaluation was made with a 3D mesh model, programmed by the assigned project engineer 
on basis of the FEM methodology.  
Test measurements in the out-of-pile test-loop H4 (which simulates a standard BR2 reactor 
channel) have shown that the actual flow through the E-FUTURE basket (for the nominal 
BR2 hydraulic conditions) was only 25.4 l/s (corresponding to a water speed between the 
experimental plates of ~11.4 m/s). The maximum cladding temperature was again 
investigated for a maximum heat flux of 470 W/cm²: the 3D model gave a value of 182.5 °C. 



This still leaves some margin to the ONB limit of 189.5 °C. At the same time, another 
calculation with a 1D model based on the basic heat transfer theory yielded 165°C.    
A third evaluation with the PLTEMP code (using the Dittus-Boelter correlation) also gave 165 
°C. When using the Sieder-Tate correlation a value of only 142 °C. All these temperature 
evaluations don't take into account the influence of an oxide-layer formation on the outer 
surfaces of the plates.     
 Most evaluations have been made for 470 W/cm² as this is the maximum allowed heat flux 
for the standard BR2 driver fuel elements. Let us note that at BOC of the first irradiation cycle 
of the E-FUTURE basket (cycle 04/2010A.4) the maximum heat flux on the hottest 
experimental plate was evaluated ~ 470 W/cm².          
 
 
3.3 Actual power history of BR2 during irradiation 
 
The first LEONIDAS irradiation programme (the 4 selected LEU U7Mo plates) using the E-
FUTURE basket has been started at the BR2 cycle 03/10 (June 2010) and continued during 
3 cycles. The history of BR2 power variation during irradiation is shown in Fig.3.     
 

Fig 3.  Operating power of BR2 during irradiation of U7Mo plates 
 
Computer model, used to determine irradiation conditions in the E-FUTURE basket in cycle 
04/2010, includes neutronic simulation of neutron transport in the whole BR2 core, simulation 
of fuel burn-up in fuel elements and in all experimental devices, simulation of Be  poisoning 
and movement of controls rods. Calculations of the fuel burn-up in U7Mo plates during 
irradiation were performed on a uniform adaptive material mesh inside the fuel zones of 
U7Mo fuel plates. The dimension of each mesh cell is equal to 3.75×42.3mm, i.e. each plate 
contains 216 fuel zones with own distribution of fuel compositions, which are dependent on 
the calculated distribution of 235U burn-up. An example of the material mesh, used in the fuel 
zone of one U7Mo plate, is presented in Fig.1. Each of four U7Mo plates is processed with 
independent 2D distributions of 235U burn-up. Calculations were performed using a 
prediction-correction approach with the help of MCNP-4c [1], and SCALE-4.4a [2] codes and 
applying additional post-processing algorithm to perform fuel burn-up calculation on material 
meshes.  
After the visual inspection of plates, and before the cycle 05/2010, an orientation of one 
U7Mo plate in the basket was changed (plate #6111 was rotated by 180o relative z-axis), 
while the rest three plates kept their positions in the basket during all three irradiation cycles. 
This modification in the plate position was introduced into the computer simulation model for 
the last irradiation cycle. Estimated variations of power density in the hot spot for each plate 
during irradiation are presented in Table 3. Mean burn-up of 235U at the end of irradiation in 
plates is approximately  equal in all U7Mo plates (see Table4) and is about 47-48%, while in 
the hot spot the calculated maximum of the 235U burn-up is about 67-72%.  



An example of calculated two-dimensional distributions of the power density on the cooling 
surface of fuel plates and distributions of 235U burn-up are presented in Figs. 4-5 for selected 
irradiation moments. 
Irradiation performance graph (Fig.6) presents an evolution of the heat flux in the hot spot 
versus the fuel burn-up in the hot spot during irradiation. The plates 6301, 4111, and 4202 
were irradiated with gradually decreasing heat fluxes in the hot sport during increasing the 
fuel burn-up. Because of the plate 6111 rotation in cycle 5/10, the irradiation performance 
graph for this plate has a second maximum at the fuel burn-up equal to 50% (see left Fig.6). 
 

 Cycle 3/10 Cycle 4/10 Cycle 5/10 
Plate # BOC 7d EOC BOC 7d EOC BOC 10d EOC 
6111 465 436 336 333 320 272 450 320 272 
6301 472 425 337 336 325 267 318 288 259 
4111 457 429 329 336 320 263 309 286 254 
4202 453 424 328 324 316 263 305 278 249 

Tab 3. Hot spot (W/cm2) in U7Mo plates during irradiation 
 
 

Plate Cycle 3/10 Cycle 4/10 Cycle 5/10 
U7MC6111 ~18.4% ~34.8% ~46.9% 
U7MC6301 ~18.4% ~35.1% ~47.2% 
U7MC4111 ~18.9% ~35.7% ~47.8% 
U7MC4202 ~18.9% ~35.7% ~47.8% 

Tab 4. Mean burn-up of 235U, 5βmean,  reached in U7Mo plates during irradiation. 
 
 
   BOC 3/10                BOC 4/10                               BOC 5/10              BOC 5/10  

Fig 4.  Variation of 2D distribution of power density distribution on cooling surface of the plate 
6301 at BOC of cycles 3/4/5. The plate 6111 was rotated by 180 degree before cycle  
5/10 
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EOC 3/10              EOC 4/10                                     EOC 5/10              EOC 5/10 
Fig 5. Calculated 2D distribution of 235U burn-up in the plate 6301 at EOC after each 
irradiation cycle. The plate 6111 was rotated by 180 degree in cycle 5/10 

            plate 6111                                                         plates: 6301, 4111, 4202 
Fig 6. Irradiation performance graph for the maximum power density versus the fuel burn-up 
in the hot spot of U7Mo plate (left figure - the plate 6111, right figure – plates 6301, 4202, 
and 4111) 
 
4. Summary 
 
Irradiation  of 4 U7Mo high density fuel plates with Al+Si matrix were performed at the BR2 
High Flux Material Testing Reactor during 3 irradiation cycles in the framework of LEONIDAS 
programme at the conditions comparable with the conditions for BR2 HEU fuel plates. No 
release of fission products was detected during irradiation. Visual inspection after irradiation 
revealed no apparent damages on the surface of fuel plates. The maximum hot spot of heat 
flux in plates was estimated using computer simulation model: qmax≈450-470 W/cm2. The 
mean burn-up of 235U in plates as estimated is about 47-48%, while the maximum burn-up is 
about 67-72%.      
 
5. References 
[1]  J.F.Breismeister, “MCNPTM-A General Monte Carlo N-Particle Transport Code. Version 
4c”,LA-13709-M (2000) 
[2]  SCALE 4.4a, NUREG/CR-0200, Revision 6, ORNL/NUREG/CSD-2/V2/R. 

2 4 6 8 10 12
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

6301

25~31

%

width of fuel plate

2 4 6 8 10 12
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

a
x
ia

l 
z
o
n

e
s

0
4
8
12
16
20
24
28
32
36
40
44
48
52
56
60
64
68

69

2 4 6 8 10 12
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

0
4
8
12
16
20
24
28
32
36
40
44
48
52
56
60
64
68

6111 6301

61~71~65

2 4 6 8 10 12
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

0

4

8

12

16

20

24

28

32

36

40

44

48

52

56

6301

47~56

Plate 6301                plate 6301                                  plate 6111             plate 6301 



1 
 

The Y-12 National Security Complex Foreign Research 
Reactor Uranium Supply Production 

  
 

T. Nelson 
Nuclear Technology and Nonproliferation Programs, B& W Y-12, L.L.C. 

Y-12 National Security Complex 
Oak Ridge, Tennessee 

 
A. P. Keller 

Disposition and Supply Programs, B& W Y-12, L.L.C. 
 Y-12 National Security Complex 

Oak Ridge, Tennessee 
 
 
Abstract 
 
The Foreign Research Reactor (FRR) Uranium Supply Program at the  
Y-12 National Security Complex supports the nonproliferation 
objectives of the National Nuclear Security Administration (NNSA) 
HEU Disposition, the Reduced Enrichment Research and Test 
Reactors (RERTR), and the United States (U.S.) FRR Spent Nuclear 
Fuel (SNF) Acceptance Programs. The FRR Supply Program supports 
the important U.S. government nuclear nonproliferation commitment 
to serve as a reliable and cost-effective uranium supplier for those 
foreign research reactors that are converting or have converted to 
Low-Enriched Uranium (LEU) fuel under the RERTR Program. The 
NNSA Y-12 Site Office maintains the prime contracts with foreign 
government agencies for the supply of LEU for their research reactors. 
The LEU is produced by down blending Highly Enriched Uranium 
(HEU) that has been declared surplus to the U.S. national defense 
needs. The down blending and sale of the LEU supports the Surplus 
HEU Disposition Program Record of Decision to make the HEU non-
weapons usable and to recover the economic value of the uranium to 
the extent feasible.  In addition to uranium metal feedstock for fuel 
fabrication, Y-12 can produce LEU in different forms to support new 
fuel development or target fabrication for medical isotope production. 
With production improvements and efficient delivery preparations, Y-
12 continues to successfully support the global research reactor 
community. 
 
Y-12 Foreign Research Reactor Supply Program Overview 
 
Y-12 supplies foreign research reactors with low enriched uranium 
(LEU) at 19.75 wt. % 235U under the Foreign Research Reactor (FRR) 
Uranium Supply Program, primarily in the form of uranium metal.   
For small-scale research and development, Y-12 has the capability to 
provide various forms and enrichments of LEU based on research 
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reactor requirements.  The LEU is produced at Y-12 by down blending 
surplus U.S.-origin HEU.  In 1995, approximately 174 metric tons 
(MT) of highly enriched uranium (HEU) were declared surplus to the 
national security needs by the President of the United States.  A 
commitment was made by the U.S. to permanently remove this 
material from the U.S. defense stockpile and to use it for peaceful 
uses to the extent possible.  In 2005, an additional 200 MT were 
declared excess to national defense purposes. Between the two 
surplus declarations, approximately 10 MT HEU have been designated 
for disposition to research and test reactor fuel and targets for medical 
isotope production through at least 2028. 

The down blending and sale of the LEU for FRR fuel or targets for 
medical isotope production supports the Record of Decision for the 
Surplus HEU Disposition Program to make the weapons non-weapons 
usable and to recover the economic value of the uranium to the extent 
feasible.  As of the end of January 2011, over 134 MT of surplus HEU 
have been down blended and approximately 3.7 MT have been down 
blended at Y-12 for research reactor fuel and target feedstock.  

The FRR uranium supply program supports the important U.S. 
government nuclear nonproliferation commitment to serve as a 
reliable and cost-effective supplier of feed material for those foreign 
research reactors that are converting or have converted to LEU fuel 
under the guidance of the NNSA Reduced Enrichment for Research 
and Test Reactors (RERTR).  The Y-12 NNSA Site Office is authorized 
to administer the FRR uranium supply contracts with foreign 
governments  in accordance with Section 54a of the Atomic Energy 
Act of 1954, as amended, and Section 3112 (d) and (e) of the United 
States Enrichment Corporation (USEC) Privatization Act of 1996. DOE 
NNSA is authorized to distribute special nuclear material to countries 
that have entered into an Agreement for Cooperation with the U.S. 
Government concerning peaceful uses of nuclear energy and that DOE 
may sell enriched uranium to “any State or local agency or nonprofit, 
charitable, or educational institution for use other than the generation 
of electricity for commercial use.”  In addition, DOE may sell LEU to 
commercial entities as long as the material is not necessary for 
national security needs; that the sale will not have an adverse impact 
on the domestic uranium industry and the price is not less than the 
fair market value of the material. 
 
In support of the NNSA Office of Global Threat Reduction and the FRR 
Spent Nuclear Fuel (SNF) Acceptance Program goal for the safe, secure 
removal of U.S.–origin HEU from foreign research reactors, NNSA 
often negotiates the removal of HEU by offering an equivalent LEU 
credit based on the net value of the material to be returned.  The FRR 
can apply the LEU credit to an order under an LEU supply contract 
with NNSA Y-12. 
 
LEU Production Process 
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melted in a vacuum induction furnace and cast into a right annular 
cylinder (or hollow log), which has a critically safe geometry.  The 
batch sizes range between 18 and 20 kgs U. 
 
Samples are drilled from the hollow log and the samples are analyzed 
to ensure enrichment, uranium isotopic composition and impurities 
meet the material specifications for each batch.  One sample per 
casting batch can be provided to the customer with the bulk metal.  
Depending on the shipping container, the sample is wrapped in 
aluminum foil or placed in an inerted sample bottle. The sample is 
then placed inside one of the inner cans with the bulk metal. 
 
The hollow logs are broken in a hydraulic press, and then sheared to 
make broken metal pieces ranging in size from 80 to 300 grams. The 
broken metal is loaded into carbon steel or stainless steel cans with 
press-fit lids under an argon atmosphere.  The cans are 4¼ inches 
(10.8 cm) by either 4¾ (12.1 cm), 8¾ (22.2 cm) or 10 (25.4 cm) inches 
tall and are lined with either aluminum or carbon steel mesh to 
minimize damage to the cans during transport.  
 
When a customer’s order is placed, the cans are loaded into the 
selected shipping container certified for international transport of 
fissile material.  A Mylar tamper indicating device is applied to the 
cans and/or shipping container.  The containers are then staged for 
shipment. 
 
In 2010, a certificate of compliance was issued for the U.S. DOE-
designed ES-3100 Type-B shipping container for air transport of 
unirradiated bulk uranium metal, certain uranium compounds, and 
specific fuel elements.  Having the empty containers available at Y-12 
allows the LEU to be packaged in a more efficient manner.  Loading of 
the shipping containers can be campaigned in the production work 
schedule to maximize use of resources.  The loaded ES-3100s can 
then be stored in the new enriched uranium storage facility at Y-12 
well in advance of the scheduled delivery. The containers can be 
staged for shipment whenever the transport agent arranges for pick 
up from Y-12 and subsequent delivery to the fuel and/or target 
fabricator. 
 
 
 
LEU Quality 
 
The origin of the material in the production of LEU for the research 
reactor community is the major contributor to the quality of the LEU 
product.  At Y-12, the LEU is produced by down blending weapons-
grade HEU material with a carefully selected diluent.   Reprocessed 
material is usually less suitable due to the minor uranium isotope 
concentrations and the processing required to remove the impurities. 
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Efforts have been made in the past by research reactor suppliers to 
agree upon a worldwide unified technical specification for LEU. An 
American Standards and Test Materials (ASTM) standard specification 
(ASTM specification C-1462-00) was developed in order to facilitate 
supplies of LEU for fabrication of research reactor fuel elements.  
However, the effort to develop one specification that met the different 
organizational needs created a specification that is not acceptable to 
many research reactor customers.  For example, C-1462-00 has 
higher 234U, 236U, and transuranic element limits to allow for the use 
of reprocessed uranium, which is not acceptable to some of the fuel 
and target fabricators and reactor users.    
 
Consequently, Y-12 developed a standard specification for LEU based 
on its understanding of the material quality and the requirements of 
the various FRR customers.  By producing LEU that meets a standard 
specification, Y-12 is able to maintain an inventory of LEU metal in 
support of current and future NNSA uranium supply contracts. 
 
All the limits (except for dysprosium) in the Y-12 LEU Standard Metal 
Specifications for Research and Test Reactors are equal to or less than 
the ASTM-C-1462-00 specification limits.  Table 1 shows a 
comparison of the specification limits for several of the parameters 
between the Y-12 LEU metal produced from down blended HEU and 
the ASTM-C-1462-00 standard specification limits.  
 
For the 99Mo targets for medical isotope production, the tungsten (W) 
levels need to be very low in the feed material as the target 
manufacturing process often introduces W which affects the 
performance of the target.  An analysis of all LEU batches (over 400), 
excluding the LEU/Molybdenum (Mo) batches, produced at Y-12 since 
2002 shows W levels with a mean 3.526 ug/gU even though the Y-12 
standard and ASTM specification for W is 100 ug/gU. 
 
 
 
 

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

 
 

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

 
 
Standardization has enabled Y-12 to respond quicker to FRR 
customer requests by maintaining an LEU inventory that meets a 
standard specification and it has simplified production requirements 
and quality control checks which have improved Y-12’s efficiency to 
prepare LEU orders for delivery. 
 
Y-12 continues to evaluate ways to standardize the uranium metal 
form that is provided to its FRR customers.  The current form is 
broken metal with irregular shaped pieces.  One objective is to cast 
material into small, regular shapes at a more uniform mass that 
would meet a customer’s equipment and process requirements.  
Several mold designs were tested on surrogate material and one has 
been accepted that produces “gumdrop” shaped pieces of LEU at ~ 
180 kg U.  Samples of the test LEU castings are currently being 
analyzed to determine homogeneity of the down blending and casting 
process.  A standard form will also greatly optimize production 
efficiency by reducing material handling and packaging requirements. 
 
Y-12 is actively involved in the development of new LEU fuels in 
support of the RERTR Program in order for reactors to convert from 
HEU to LEU fuel with developing and validating a production oriented, 
monolithic uranium molybdenum (U-Mo) foil fabrication process. 
Between 2006 and 2010, Y-12 developed and validated its foil 
fabrication process by producing multiple U-Mo foils and coupons to 
meet design specifications.  Also, Y-12 is currently evaluating the re-
implementation  of its metal powder atomization and oxide processes 
for production of research and development scale quantities for the 
development of new LEU fuels and targets. 
 
Summary 
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The U.S. DOE NNSA and Y-12 is honored to support the global 
research reactor community. The Y-12 production process has 
resulted in a reliable and cost-effective FRR uranium supply program. 
The Y-12 supply of high-quality LEU is essential to the present and 
future successful operation of the world’s research reactors. 
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ABSTRACT 
 

The paper presents new experimental device developed for a study of the reactor 
dynamics at zero power reactor VR-1 and the first experiences of its utilisation.  
VR-1 reactor has been operating by Czech Technical University (CTU). It is a pool-
type light water reactor based on enriched uranium with maximum thermal power 
1kW and for short time period up to 5kW. The reactor has been utilised very 
efficiently particularly for education and training of university students and NPP’s 
specialists more than 20 years.  
The improvement of the reactor equipment and experimental instrumentation is 
necessary background for keeping the reactor attractive for students. The example 
of such way is the installation of the device for dynamics study in the VR-1 reactor 
which was developed in a close cooperation between CTU and ŠKODA JS 
Company. The device is based on a pneumatic drive which allows carrying out fast 
movement of absorbing or fissionable specimens. In this way the fast reactivity 
changes are caused in the reactor core. The specimen is located in a dry 
aluminium channel (with outer diameter 14 mm). Channel dimension allows its 
placing into various core positions. A user can select one of the three predefined 
modes for specimen movements: step, pulse or cycle. 
The step mode represents the specimen transfer from the start position to the 
upper/lower position and stay there within predefined time. The pulse mode allows 
the specimen transfer either from the start position to the upper/lower position and 
its prompt return to the start position. The cycle mode represents a periodical 
movement of sample around the start position. One cycle is defined as the 
specimen movement from the start position to the upper/lower position and then to 
the lower/upper position and back to the start position. Therefore it is possible to 
study the reactor response to wide range of reactivity perturbations and observe its 
dynamics behaviour, e.g. pulse or transient characteristic. Furthermore the device 
can be used also as an experimental tool, e.g. for determination of βeff.  
The new experimental instrumentation for study of reactor dynamics has been 
included into the education at the reactor at the end 2009. The first experiences of 
its utilisation show that it brings new potential in the educational process and 
improve quality of training at the reactor VR-1. 

 
 
1. Introduction 
The training reactor VR-1 was commissioned in 1990 at the Czech Technical University in 
Prague (CTU). The reactor is a pool-type light-water reactor based on low enriched uranium 
with maximum thermal power 1kW and for short time period up to 5kW [1]. The moderator of 
neutrons is light demineralised water, which is also used as a reflector, a biological shielding, 
and a coolant. Heat is removed from the core by natural convection. The pool disposition of 
the reactor facilitates access to the core, setting and removing of various experimental 
samples and detectors, easy and safe handling of fuel assemblies. The reactor core contains 
15 to 21 fuel assemblies, depending on the geometric arrangement and kind of experiments 
to be performed in the reactor. The core is accommodated in a cylindrical stainless steel 
vessel - pool, which is filled with water. The reactor is used mainly for education of technical 
university students, training of specialists in the nuclear industry, and finally in promotional 
activities within the field of nuclear power. 



CTU as a reactor licensee makes permanent effort to improve the reactor equipment, 
experimental instrumentation and to develop the educational and training methodologies. It is 
way how to provide education and training at very effective level and keep the reactor 
attractive for the students [2]. The example of such improvement is new device for study of 
reactor dynamics which has been installed at the VR-1 reactor. The device was designed 
and developed in a close cooperation between CTU and ŠKODA JS Company. 
 
2. Device for Study of Reactor Dynamics in VR-1 Reactor 
The device for study of reactor dynamics is based on a pneumatic drive which allows 
carrying out fast movement of absorbing or fissionable specimens. In this way the fast 
reactivity changes are caused in the reactor core. Therefore it is possible to study basic 
reactor dynamics characteristics such as reactor response to the pulse, step and periodical 
reactivity changes.  
The device consists of: 
• control unit, 
• pneumatic drive, 
• guide rod, 
• case for specimen, 
• dry channel. 
The drive contains a microprocessor-controlled pneumatic valve which control inlet of 
pressure air going under and over pneumatic drive plunger (piston). The system ensures up-
and-down movement of specimens which is well defined and controlled by the control unit.  
A specimen is closed in the aluminium case which is easily demountable through the 
bayonet joint. From Fig 1 follows maximal dimension of specimen which can be inserted in 
the aluminium case. Cadmium sheet is used at the VR-1 reactor but the case can be filled 
also by other materials (e.g. boron carbide or uranium). The case is attached to the guide rod 
and it is connected to the pneumatic drive (see Fig 1).  
 

 
Fig 1. The device for dynamics study - main components [1] 



The guide rod with case containing specimens is located in a dry aluminium channel (with 
outer diameter 14 mm). Channel dimension allows its placing into an arbitrary position of 
reactor core (e.g. fuel assembly or fuel dummy). The specimen may move through the entire 
core height: i.e. from the bottom support plate to the core top (in total 750 mm). 
The specimen movement is fully controlled by a control unit. The unit contains a 
programmable logic controller for definition of movement modes, setting the movement 
parameters and controls the pneumatic drive. A user can select one of the three predefined 
modes for specimen movement:  
• step, 
• pulse, 
• cycle. 
The step mode can define and perform 
the specimen transfer from the start 
position to the upper/lower position and 
to remain there. The pulse mode 
enables to define transfer of the 
specimen either from the start position 
to the upper/lower position and its 
prompt return to the start position. The 
cycle mode provides a periodical 
movement of sample around the start 
position. The cycle is defined as the 
specimen movement from the start 
position to the upper/lower position and 
then to the lower/upper position and 
back to the start position. The following 
parameters of specimen movement can 
be set up within the modes: 
• maximal movement velocity, the 

range is from 10 to 1000 mm.s-1 
• the start movement point, the range 

is from 10 to 740 mm 
• movement range from start point to 

lower position 
• movement range from start point to 

upper position 
• delay time in lower position, the 

range is from 0 to 999 s 
• delay time in upper position, the 

range is from 0 to 999 s 
• number of cycles for periodical 

movement, the range is 0 to 99 
cycles. 

Fig 2 shows schematic disposition of the 
device for dynamics study in the VR-1 
reactor and its connection to the neutron 
flux monitoring system. One plastic tube 
distributes pressure air from a pressure air supply system through filters (removing potential 
impurities from pressure air) to the pneumatic drive. Two lines ensure communication 
between control unit and pneumatic drive. The first line connects control unit with pneumatic 
drive control. Information about specimen position is sent through the second line. Control 
unit can send specimen position data to the neutron flux monitoring system as well. The data 
are sent as a TTL signal of frequency from 0 to 40 kHz which is proportional to the pneumatic 
piston position.  
The neutron flux monitoring system consists of a low current monitor TEMA LCM310 [3] and 
compensated ionisation chamber. TEMA LCM310 is a compact apparatus which is used for 

Fig 2. Schematic disposition and connection of 
the device for dynamics study in the VR-1 reactor



a processing of a current signal from neutron detectors working in current mode. The minimal 
dwell time of the apparatus is 1 ms which sufficiently allows register the reactor response to 
the fast reactivity changes. TEMA LCM310 is connected by coax cable to control unit of 
device for dynamics study and received TTL signal about the specimen position. It allows 
synchronized measurement of neutron flux and specimen position. 
 
3. Testing and first experiences 
Device for study of reactor dynamics was designed at CTU in the year 2007 and it was 
produces by SKODA JS Company in the year 2008. Device was installed on December 2008 
and first preliminary tests, mainly manipulation tests, were performed soon after delivery.  
Later on, during spring semester, complex testing of the device was carried out. Educational 
and training methodologies were developed in the fall semester in 2009 and device was fully 
incorporated to the education process at VR-1 reactor in the beginning of the year 2010.  
The tests confirmed that the suitable choice of specimen allows device operation in all 
modes with no influence on reactor safety system. The optimal specimen is a ring with 
diameter of 5 mm and length of 10 mm, made from a thin (1 mm) cadmium sheet. Such 
specimen causes a low but well measurable reactivity changes which allows very fast 
movement of the specimen (e.g very fast reactivity changes) without activating the safety 
signals at the reactor control and safety system. The device was connected with system for 
neutron flux monitoring and tested.  
More than one year experiences with the device utilisation show that it brings big benefit to 
experimental education and training. It allows the students compare the theory of zero power 
reactor dynamics and its basic fundamentals with experiments. Fig 3 and Fig 4 show reactor 
response to the step and periodic reactivity changes carried out by device for dynamics study 
and measured by TEMA LCM310 monitoring system. 
Furthermore the device is used as an experimental tool for determination of effective delayed 
neutron fraction (βeff) also. The experimental method has been prepared and verified in close 
cooperation with Slovak Technical University in Bratislava. The method is based on an in-pile 
kinetic technique applied to zero-power reactor response to periodical low-worth reactivity 
changes. In such way the experimental value of βeff for VR-1 reactor was determined for the 
first time and corresponds to calculated value from MCNP analyses [4]. 
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Fig. 3. The response of the VR-1 reactor to the step reactivity perturbation [1] 
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Fig 4. The response of the VR-1 reactor to the periodical reactivity oscillation [1] 

 
4. Conclusions 
Czech Technical University in Prague and SKODA JS Company have designed and 
developed new experimental instrumentation for study of reactor dynamics. Complete 
instrumentation was included into the education at the reactor in the beginning of the year 
2010. The first year experiences confirmed that the device is suitable for effective education 
and training and help to keep the reactor attractive for the students. The instrumentation 
allows precisely define and carry out step, pulse or periodical reactivity changes and monitor 
the reactor response to them. It helps to students to better understand the principles of zero 
power reactor dynamics and to verify related theory. 
The instrumentation has become an important experimental tool for education and training at 
VR-1 reactor. Furthermore it extended the experimental possibilities of the reactor. 
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Abstract 
 

The resurgence of world-wide interest for utilization of nuclear materials to produce 
energy in the last decades, and common problems in the area of nuclear fuel and 
material developments, are motivating the establishment of joint research efforts. The 
OECD Halden Reactor Project (HRP) is a good example of such a cooperative effort. 
The Halden Boiling Water Reactor (HBWR) at the heart of the HRP is able to simulate 
in-core conditions of modern commercial power reactors. The experimental 
capabilities of the Halden Reactor enable the HRP to be a crucial test facility for 
nuclear fuels and materials development for many years. Long-term international 
cooperation at the HRP is based on a flexible organizational structure and ensures the 
Project’s continuing success. 
This paper describes the experience of the Halden reactor utilization and a description 
of the important experimental capabilities, which are constantly upgraded to meet the 
requirements of industry for innovative fuel and material development. The 
achievements of the HRP and future prospective plans rely on the versatility of the 
research carried out in the reactor with reliable testing techniques and in-pile 
instrumentation.  
 

1. Introduction 
 
The Halden Reactor Project (HRP) is well known as an undertaking of many nuclear 
organisations from 18 countries (in 2010) which joined efforts with the main objective to support 
safe, reliable and effective utilization of nuclear fuel in operating 
commercial nuclear power plants. This international Project is 
hosted by the Norwegian Institute for Energy Technology (IFE) 
which is leading the HRP joint nuclear research program 
established from member countries shown in Figure 1. The 
program is renewed by the member organizations every third 
year to meet nuclear industry requirements. In addition to the 
joint program experiments, a number of organisations from the 
participating countries execute their own development work on 
a bilateral or multilateral basis with IFE-HRP structures. The 
researchers are utilizing the HRP infrastructure with the 
maximum possible effectiveness whereas IFE is committed to 
continue efficiently responding on technical issues and to 
maintain the facilities in the conditions keeping high competitive capacity. [1]  

 Figure 1 HRP member 
countries as for 2010 



The Halden Boiling Water Reactor (HBWR) has been operated for many years and at the same 
time has been progressively upgraded with innovative techniques and systems which enable it 
to be one of the most versatile test reactors having unique experimental capabilities [2]. 
This paper shares the experience of HBWR utilisation, describes its experimental capabilities 
and provides information about systems upgrading for innovative fuel and material 
investigations. The reactor is operated under close supervision of the national and international 
radiation protection authorities, who make recommendations in regard of enhancing the reactor 
system operational safety as well as extending reactor lifetime. The current and future programs 
of the HRP are thus based on the long-term operation of HBWR. 
 
2. Upgrading of the Halden Boiling Water Reactor 
 
The Halden reactor is located in a coastal town in the south-
east of Norway near to the Sweden border. The reactor hall 
(see Figure 2) is built in a rock cavern with an area of about 
7000 m2 and 30 – 60 m thick that acts as a natural 
containment. The control room, service buildings with offices, 
workshops and laboratories are placed outside the 
excavation as shown in Figure 3.  
From history, IFE (original name: Institute for Atomic Energy) 
was initially established with the plan to build a prototype 
nuclear reactor for civil industry. The HBWR was initially 
designed to utilize natural, metallic uranium loaded in a steel 
pressure vessel with heavy water as the moderator and also 
the coolant, circulating under natural convection. The energy 
released in the reactor was transferred by steam 
transformers to a second, closed circuit containing light water. 
The pipes transporting the steam in the second circuit 
passed out of the containment, transferring the heat to a third, 
light water circuit which in turn delivered steam to the 
neighbouring paper factory. The circulatory system of the HBWR has the same design today, 
and steam is still delivered to the neighbouring paper factory, however the fuel core has 
undergone many design changes.  
The first fuel core of the Halden reactor 
comprised seven tons of natural uranium 
generating a maximum power output of 5 MW 
with steam at about 150°C. The research 
performed during the initial reactor operating 
cycles focused mainly on reactor physics, 
water chemistry and the effects of radiation. 
Since 1967, the reactor has operated at a 
pressure of 33 bar, with a corresponding 
saturation temperature of 240°C, and has 
utilized enriched fuel to generate a maximum 
thermal power of 25 MW. This made the 
HBWR a unique research reactor, with its 
spacious and accessible core where it is 
possible to irradiate simultaneously 30-35 fuel 
and material test rigs. The scheme of the 
reactor core is shown in Figure 4 and 
operational data are given in Table 1.  

Figure 2 Halden reactor hall 

Figure 3 HBWR plant site 



Data on the driver fuel assemblies for the 
reactor are given in Table 2.  
Utilization of enriched driver fuel enabled 
the active core radius to be reduced 
enabling not only fuel testing in the central part of 
the core under higher power but also a reduction in  
radiation dose to the reactor vessel and hence a 
prolongation of the reactor lifetime. In addition, the 
vessel welds are protected by neutron shield bolts. 
According to the requirements, the inspection and 
test programmes include ultrasonic examination of 
vessel welds, lid, bolts, bottom nozzle and primary 
system piping. The irradiation induced changes in 
the vessel material are being monitored by material 
testing every 6th year, flux evaluations and fracture 
mechanics analysis. Charpy testing and fracture 
mechanics analysis of surveillance specimens are 
performed by VTT’s laboratory in Finland, using 
material specimens with appropriate fluence. Flux 
assessments during operational time enable 
quantification of the fluence received by the different parts of the vessel, taking into account the 
changing core loading over the years. Figure 5 shows the current and predicted adjusted 
reference temperature of the vessel surveillance samples tests vs. fast neutron fluence 
evaluated for the HBWR vessel. The material tests and the analysis performed have shown that 
the reactor can be operated safely well beyond 2030. 
The average availability of the HBWR is around 50% from calendar time, thus the actual time of 
the reactor vessel irradiation is less than 30 years of its lifetime. During all the years of operation 
the HBWR, systems have been constantly upgraded during periodic shutdowns and short-stops 
for refurbishments. While about 70% of all the outage time has been used for inspection of 
current tests, loading new test rigs and unloading of completed tests, the remaining 30% (or 8 
years) of this accumulated outage time has been dedicated to plant refurbishments and 
upgrading. The reactor control systems, primary and secondary cooling circuits, electrical 

Figure 4 HBWR core with indication of  
some of the special test rigs 

Table 1 HBWR data 
Power Up to 20 MW 
Reactor type Pressurized vessel 

reactor 
Moderator / coolant D2O 
Pressure 33.3 bar 
Saturation temperature 240 oC 
Primary circuit Natural +forced 
Primary flow 160 ton/h 
Total number of cells 300 
Number of central cells 110 
Number of control 
stations 

30 

Number of cells for 
experiments 

30 

Max height of fuel  1.71 m 
Height of active core 0.8 m 
Driver fuel* (Table 2) Fuel rod assemblies 
Lattice pitch Hexagonal – 130 mm 
Av. thermal neutron flux 3.0 1013 n/cm2 s 

Table 2 HBWR driver fuel data 
Shroud diameter 71 mm 
Wall thickness 1.0 mm 
Number of rods 8 
Length  0.8 m 
Fuel  UO2 
Form Sintered pellets 
Enrichment 6% 
Density 10.5 g/cm3 
Pellet diameter 10.5 mm 
Pellet height  8.5 – 10.8 mm 
Cladding  Zr-2, Zr-4 
Wall thickness  0.8 mm 
Inner diameter  10.67 mm 



supply systems, instrumentation, safety system 
and other parts important for normal operation 
have been upgraded or replaced as indicated in 
Table 3. 
The components and pipes in the primary, 
secondary and tertiary systems are also all 
inspected within 9-year periods. In 2003, during 
planned in-service inspection of the primary sub-
cooler pipe, non-penetrating micro-cracks in the 
welds were detected by improved x-rays technique. 
The welds were repaired by the Weld Overlay 
Repair technique (WOR).  
 

Table 3 Upgrading of the Halden reactor for years of operation and plans for the future 
Upgrading / periods 1960-70 1970-80 1980-90 1990-2000 2000-2009 2010-2020 

(plans)  
Control rods X    X  
Safety systems  X   X X 
Control room X     X 
Electrical systems X   X X X 
Cooling system X X  X   
Heat exchangers  X   X  
Instrumentation   X X   X 
Water Purification   X  X X 
Pumps   X    
Primary circuits    X X  
Secondary circuits     X X 
Handling technique      X 

 
The following main upgrades were done recently: 

• Replacement of the two steam transformers 
• Replacement of valves and piping in primary steam and sub-cooler circuits 
• Replacement of manifold in primary sub-cooler circuit 
• Replacement of one sub-cooler 
• Replacement of pipes and valves in secondary circuit 
• Replacement of the system for regulating of the control rods 
• Installation of a new alarm system 
• Installation of a new electrical transformer in the reactor hall 
• Upgrading of fire safety in compliance with IAEA requirements. 

 
As a result, the reactor vessel, lower main pipe and the steam manifold are the only remaining 
parts of the original construction as shown in Figure 6. 
 
In addition there is a plan for upgrading of the reactor systems in the period of 2010-2020: 

• Installation of new safety and shut down valves 
• Rebuilding of the heavy water purification system in primary circuit and installation of 

purification system in secondary circuit 
• Replacement of Uninterrupted Power Supply unit Replacement of three electrical 

transformers 
• Building of new handling compartment 
• Installation of large screen control room 

 
Figure 5 Surveillance data on vessel 



 
The main objectives of the upgrading are: 
• Maintain a high level of safety: 

o Monitor vessel embrittlement 
o Update safety and alarm systems 
o Perform IAEA reviews 

• Extend the reactor licence beyond 2018 
• Increase reactor availability up to 60 % 
 
The other main long-term and strategic goal of 
the HBWR upgrades is to enhance thermal and 
fast fluxes, which will create more testing 
opportunities for irradiation of low enriched / high 
burn-up fuel, power ramps and materials tests. 
This is possible to achieve by reducing the 
neutron absorbing materials in the reactor core 
and the following measures are being considered: 

• Exchange/upgrading of the D2O moderator 
• Minimising the stainless steel volume in the 

reactor by Zr-replacement where possible 
• Reducing utilization of B-10 (absorbing 

isotope) in PWR loops by replacement with 
B-11 (non-absorbing isotope) 

• Substituting light water with heavy water in 
test loops where PWR thermal-hydraulic 
conditions are required with no special 
requirements for the water chemistry 

• Optimising the number and placement of instruments that are neutron absorbing 
• Utilizing alternative materials for production of tests rig or instrument parts that are less 

neutron absorbing than the materials currently used 
 
It should be noted that there is no issue of transition from HEU to LEU for the HBWR because 
the driver fuel elements already in use are of only 6 wt% enrichment. Nevertheless, the 
economic aspect of using 4.95 wt% enriched fuel is under consideration also for the strategic 
advantage it would bring due to the wider availability of this enrichment compared to higher 
enrichments. Alternatively, higher U-density fuel is also being considered as a future candidate 
for the driver fuel assemblies. 
 
3. HBWR Experimental Systems and Upgrading of Experimental Capabilities 
 
From the 1980’s, the experiments in the Halden reactor needed to be more complex to study 
detailed properties and behaviour of nuclear fuel and reactor materials under irradiation [3]. This 
was achieved by means of sophisticated experimental systems and in-pile instrumentation 
developed and produced in-house. In addition to the basic experiments performed under HBWR 
moderator conditions, a number of high-pressure water loops were installed to enable 
investigations of re-fabricated commercial fuel and core component materials under 
representative PWR, BWR and CANDU thermo-hydraulic conditions. More demanding 
corrosion tests also increased the requirements to cooling water quality, which led to the 
installation of new water purification systems and also interim inspection techniques. Nowadays 

 
Figure 6 Upgrading of the HBWR 

primary circuit: 
Grey: keep original; 
Red: replaced pipes;  
Blue: replaced components 



the external systems employed at HRP to perform special in-pile experiments in the Halden 
reactor are shown in Table 4. 
 

Table 4 HBWR external systems used for special experiments 
Tests / 

Systems 
Water 
loops 

Gas 
flow 

system 

Ultra high 
pressure 

(to 500 bar) 

Hydraulic 
drive 

system 

He-3 
power 
control 

Inspection 
technique 

Gamma 
scan 

system 
FGR and 
PCMI X    X   

Ramp X   X X X X 
LOCA X    X  X 
Dry out X      X 
Lift-off X X X     
Fuel rod 
gas flow  X     X 

Clad 
corrosion X     X  

Clad creep X  X X    
Fuel creep  X X     
CRUD 
deposition X   X  X  

Second 
degradation      X X 

Material 
relaxation  X X     

Crack 
propagation X X X     

IASCC test X X X   X  
Material 
creep  X X     

 
The gas flow and ultra-high pressure 
systems were developed for a series of 
tests such as fuel rod overpressure (lift off) 
and fuel rod flow test to study fission 
product with on-line gamma spectrometry. 
The ultra-high gas pressure system (up to 
500 bar) is also used for stress loading via 
bellows units to study cladding and fuel 
creep as well as reactor material 
degradation in specially designed test units. 
The increasing complexity of the HRP 
research program has also made it 
necessary to extend the experimental 
control room at the reactor.  
In the last decade, the HRP members 
initiated a test programme for the 
investigation of high burn-up fuel behaviour 
under LOCA conditions. A specially 
designed test rig and water loop, with 
simulation of blow-down and a radioactive dump-tank, were developed for the series of 
experiments. Figure 7 shows a schematic view of the rig and an example of the fuel gamma 
scan obtained just after one of the LOCA tests. New gamma scanning equipment has also been 

  
Figure 7 LOCA test rig and gamma scan of the rod 

tested 



installed for these tests to investigate fuel relocation inside the ballooned region of the fuel 
cladding. 
Recently, some of the external systems have been upgraded to improve or to automate the 
control of experiments. For example, the He-3 gas power control system has been updated with 
the installation of a PLC (Programme Logical Controller) and with a He-3 gas purification system. 
The system is employed for the power ramping programme. A new test rig has also been 
designed for ramping four fuel rods in one loading by moving them one at a time into the axial 
centre of the reactor core by means of a hydraulic drive system as show in Figure 8  
 

 
The HRP irradiation programme also relies on the extensive use of in-pile instrumentation for 
online monitoring of key parameters like gas pressure (fission gas release), fuel and cladding 
temperatures, fuel and cladding elongation (swelling, densification, irradiation growth and stress 
relaxation) and cladding diameter tracing (creep and CRUD deposition). The basis of many of 
the in-pile instruments developed at Halden is the LVDT (Linear Voltage Differential 
Transformer – see Figure 9 ), which can provide in-pile measurements during a 5-10 year 
period. 

The quality of HBWR experiments are also 
maintained by the development of new 
instruments and special units for material tests. 
The latest instrument development currently 
underway is for on-line corrosion measurement 
that will assist in the study of material corrosion 
mechanisms. In this regard, new ECP sensors 
with different electrodes, on-line potential drop 
corrosion monitors and Electrochemical 
Impedance Spectroscopy (EIS) units are under 
development and testing in the Halden reactor. 
Each of the test rigs loaded in the Halden 

reactor have different specific objectives, but 
many also have the overall goal to investigate innovative fuel and cladding materials, which are 
being developed to enable improved safe and reliable operation to as higher as practicable fuel 
burn-up. Fission gas release and cladding corrosion are the main issues which can directly limit 
allowed fuel discharge burn-up and reduce the effectiveness of NPPs. The sophistication of the 
experimental systems and test rigs with purpose-built instrumentation at the HBWR allows an 
integral approach for investigations of different types of innovative fuel and cladding materials. 
In this way the HRP are supporting the industry in resolving these issues. 

 
 

Figure 8 Hydraulic drive system used for ramp tests in HBWR 

Figure 9. LVDT principal design  



The following are examples of innovative types of fuel under investigation in the HBWR: 
 

• UO2 large grain fuels which are potentially able to suppress excessive FGR at high burnup 
• Additive fuels containing Gd isotopes for suppressing initial reactivity of the reactor core 
• High conductivity UO2 fuel containing BeO enabling reduced fuel temperature with the 

consequence of reduced FGR for the same operating power 
 
There are plans to investigate other perspective fuels in future. The recently developed Zr-
based cladding alloys with improved corrosion resistance, like ZIRLO, M5, E110M and M-MDA, 
are currently under testing in the Halden reactor. The possibility of testing innovative SiC 
claddings in the HBWR in the future is also under consideration.  
There is also considerable and increasing interest to study aging of construction materials under 
irradiation, in order to enable extension of current NPP design lifetime. The HBWR flux, external 
experimental systems and instrumental capabilities are essentially suitable for such kinds of 
tests. 
It should also be mentioned that the HRP is participating in a measured way in Generation IV 
reactor research. A feasibility study for the possible installation of a supercritical water loop in 
the Halden reactor for fuel and material irradiation at higher pressure and temperature (250 bar 
and 600oC) has been carried out and the development of instruments able to withstand such 
conditions is underway [4]. 
 
4. Conclusion 
During many years of operation, the Halden reactor played an important role in support of world-
wide nuclear energy development, particularly in the area of reliable, safe and effective 
utilization of nuclear fuel and materials [3]. 
A history of the HRP establishment gives a picture of an international Project which successfully 
relies on the versatility of the research carried out in its reactor with reliable testing techniques 
and in-pile instrumentation. The results from the Halden reactor continue to be the basis for the 
safe introduction of innovative fuels and materials to NPPs. 
The reactor and its associated experimental systems have been steadily updated. The constant 
availability of the HBWR is based on maintenance, upgrading and supervision of the reactor 
systems which play a key role in safe operation. The recent modifications as well as plans for 
upgrading will continue the HBWR long term operation in the future. 
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As a prototype of future instrumented material experiments in the Jules Horowitz 
Reactor (JHR), the CEA in collaboration with VTT is in the process of starting the 
MeLoDIE experiment in the OSIRIS reactor in about a year. MeLoDIE is an initiative to 
go beyond the “cook and look” concept, often used for past material experiments in 
MTRs. Its innovative sample holder aims to an online measurement of the biaxial 
creep of a LWR cladding sample under twice the typical fast neutron flux in LWRs. It is 
designed to perform an online-controlled biaxial loading of the sample and an online 
biaxial measurement of its deformation with sensors co-designed with IFE Halden. 
Technical challenge is to perform reliably accurate measurements under the high 
nuclear heat load of in-core locations while keeping within their tight space and safety 
constraints.  

 
Index Terms — OSIRIS, JHR, Zircaloy, biaxial stress, irradiation creep, online instrumentation 

Introduction 
During its stay inside a Light Water Reactor, zircaloy fuel cladding undergoes non-monotonic 
and multiaxial stresses due to the combination of the rise of fission gas pressure and of 
Pellet-Cladding Mechanical Interaction. Prediction of their effect is even made more complex 
by the anisotropic properties of zircaloy products of industrial use.  
This drives the need for reliable experimental data on their behaviour under irradiation, when 
subjected to multiaxial stresses. This need was addressed at the conceptual design level by 
the work package WP1.1 of the European MTR+I3 program [1]. 
The MeLoDIE proof-of-principle experiment is a follow-on of this program [2]. It started in 
2009 as a collaboration between CEA Nuclear Energy division and VTT  Technical Research 
Center of Finland, in the framework of the Jules Horowitz Reactor project. 
To meet these needs, The MeLoDIE sample holder is able to apply a biaxial stress on a fuel 
clad sample with full online control and also to measure online its biaxial creep. Reliability of 
instrumentation in a harsh environment and capability to apply high stresses with tight 
constraints on the space available for the loading frame are the main issues in its design. 
This paper reports on the present status of MeLoDIE. 

I. MELODIE overall setup 
MeLoDIE, an acronym which stands for Mechanical Loading Device for Irradiation 

Experiment, has already been described elsewhere [2]. It is an instrumented in-core creep 
experiment for a fuel cladding tube specimen under controlled bi-axial loading. The 
irradiation will be carried out in one of the core positions of the OSIRIS research reactor, in 
static NaK, using a CHOUCA capsule. Target temperature is 350oC. The lower part of the 
MeLoDIE sample holder is shown in Figure 1. 

                                                           
1 Corresponding author : philippe.guimbal@cea.fr 

STATUS OF THE MELODIE EXPERIMENT,  
AN ADVANCED DEVICE FOR ONLINE BIAXIAL STUDY  

OF THE IRRADIATION CREEP OF LWR CLADDING 
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The core of MeLoDIE experiment is a mechanical device with pneumatic controls, i.e. the 
biaxial loading is induced by independent control of both the internal pressure and the 
bellows pressures to induce various hoop and axial stresses on the pressurized tube 
specimen. Additionally, the axial creep strain is measured continuously during the 
experiment by using a fixed LVDT probe and the diametral strain is measured periodically 
along the specimen surface, by a moving DG diameter gauge. Displacement of this DG 
probe is driven by a pneumatic mover and controlled by a second LVDT probe. 
Instrumentation of the MeLoDIE experiment requires a total of 12 thermocouples, 4 pressure 
tubes and 6 LVDT signal cables. 

Figure 1. The lower part of the MeLoDIE sample holder showing from left: LVDT of mover, DG probe 
mover, specimen LVDT, bidirectional axial loading device, specimen and DG probe. 

II. Helium loop and pressure control 
MeLoDIE closed helium loop is designed to generate a continuous helium gas flow for 

four servo-controlled pressure loops (see figure 2). These loops are used to control: 
- the internal pressure of the test specimen, 
- the pressures of the two bellows of the loading device,  
- and the pressure of the bellows of the mover.  
The servo-valves and pressure sensors of each loop are electrically connected to the 

programmable servo-controller together with the DG and LVDT sensors. The closed helium 
loop is based on a gas booster which works as a pressure intensifier. The maximum helium 
feed pressure to the circulation loop is 180 bars and the return pressure from the  loops is 4-
6 bars. Operation of the closed helium loop relies on pressurized air and pneumatic control 
valves without any electrical components. The closed helium loop is connected to an helium 
reservoir in order to compensate for the unavoidable leakages. 

The pressure control loops are fed by a continuous helium gas flow through the 
electrically controlled servo-valves. The movement of the bellows is controlled either by 
LVDT probe or by bellows pressure which give the feedback signal for the servo-controller. 
This controller compares the actual feedback signal to the set value and close/open servo 
valves to induce the movement of the bellows by increase/decrease of their pressure [3]. 
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Figure 2 : Schematics of the MeLoDIE experiment : top is out-of-pile gas management system (online 
stress control), bottom is the in-pile section with the Zy-4 sample and the biaxial loading and strain 
measurement system. 

III. Measurement systems 
Measuring online the sample elongation and diameter change is a major challenge for 

the MeLoDIE experiment. In Material Testing Reactors, fuel or material deformations are 
primarily detected using electromagnetic sensors. Furthermore, many MTRs rely on LVDTs 
fabricated by the Institutt For Energiteknikk (IFE) in Halden, Norway [4]. 

However, for use in MeLoDIE experiment, changes were required on IFE sensors to 
meet both the measurement needs and the geometrical constraints. For this reason CEA, in 
collaboration with the IFE, initiated an effort to enhance the performance of LVDTs and DGs 
and proposed several improvements to standard designs. 

One is the development of ‘5-wire’ or “self compensating” sensors and electronics. Due 
to the use of the secondary signal ratio to quantify dimension changes rather than the 
combined secondary signal, these sensors are virtually no longer susceptible to Curie 
temperature effects. IFE tests showed that the influence of temperature on the signal around 
the Curie point is reduced considerably compared to standard 4-wire configuration. Tests 
performed at CEA in 2010 showed that these 5-wire sensors have also better sensibility and 
accuracy than their 4-wire counterparts. As an illustration, the measured repeatability of the 
5-wire LVDTs and DGs for 1mm range was respectively 3.0 µm and 1.0 µm (2σ). 

Secondly, geometrical adaptations of standard IFE diameter gauges were necessary for 
implementation on the MeLoDIE sample holder, as the usable diameter in this irradiation 
experiment is only 24 mm. Thus CEA and IFE proposed a new DG design in which the 
sensor body is positioned axially under the sample. Three arms ended by ceramic feelers 
surround the sample and scan its diameter. The contact between the sample and the feelers 
is driven by two counterweights located at the DG bottom. 

Profile measurements are performed by moving the DG up and down with a pneumatic 
drive system. The precise position of the DG is detected online using an additional LVDT 
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having an extended measurement range of 80 mm. A calibration step is incorporated in the 
bottom end plug of the sample, and is used as a reference diameter. For each diameter 
trace, the DG moves over this calibration step before and after the scan. The DG sensitivity 
can thus be checked and corrected at each profile measurement. Tests performed by VTT 
on MeLoDIE mock-up in Espoo showed the good repeatability of this profile measurement as 
indicated in Figure 3. 
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Figure 3. The MeLoDIE mock-up tests indicating a) the mover performance, i.e., mover pressure and 
corresponding DG position measured by LVDT80 and b) measured DG signal along the test specimen 
showing the effect of calibration step. 

IV. Thermal simulations 
Thermal simulations for the MeLoDIE loading device were carried out for the OSIRIS 

reactor core position 44, with a fast neutron flux of 2.1018 n/m2/s (above 1 MeV) and a 
specific nuclear heating of 9.5 W/g. The temperature distribution obtained by an 
axisymmetric model with an external heating power of 15 kW/m is shown in Figure 4. The 
results indicate that the maximum temperature is about 420oC at the upper and lower 
specimen fixing flanges. They also show temperature variations of about ±15 K along the 
vertical direction of the test specimen. These temperature gradients are caused by the higher 
mass distribution close to the specimen ends and by the gradient in the nuclear heating flux. 
 

 
 

 
 

Figure 4. Axisymmetric model and corresponding temperature distributions of the loading device 
and DG probe when the DG probe is in the resting position with external heating power of 15 kW/m. 
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In order to simulate heating effects of the moving DG probe on the specimen 
temperature, a transient heat transfer analysis was performed. The movement of the DG 
probe was simulated by changing instantly at t=0 the material properties and thus the thermal 
loading in the zircaloy sample neighborhood. This means that, at the initial state of the 
simulation, the feelers are assigned to have the material properties and thermal loading of 
the NaK alloy, thus the initial state of the transient case is equivalent to the steady-state case 
calculations. This time-dependent transient simulation should predict the temperature 
perturbation during diameter scans in the MeLoDIE experiment more realistically than 
steady-state simulations which give the temperature distribution after an infinite period of 
time. 

 The results of the transient analysis, performed using the ABAQUS code, are presented 
in Figure 5. After 3 seconds the temperature of the contact point between the feeler arms 
and test specimen increase of about 9 K, i.e. about 3 K per second. This shows the need for 
a quick scan not to alter the local properties of the sample. 

 

 
t =0 s,  Tmax = 356.2°C 

 
 

 
t =3 s,  Tmax = 365.5°C 

 
Figure 5. 3D transient analysis of the feeler arms of the DG probe showing temperature 

distribution after 0 and 3 seconds time interval. 

Conclusion 
The pneumatic systems and lower part of the sample holder of the MeLoDIE experiment are 
now operational. More work is to be done to fine tune and to assess the accuracy and the 
reliability of the diameter electromagnetic gauge. Data collection should start in about a year 
in the OSIRIS reactor. First irradiation will be devoted to benchmark MeLoDIE capabilities 
with a well-known material, the AREVA Zy-4 SR alloy.  
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ABSTRACT 

 

1. Introduction 

Spontaneous breaking of fundamental 

symmetries is an attractive topic in 

modern particle physics. Understanding 

qualitatively and quantitatively the 

parameters involved in these kinds of 

processes could help to explain the 

unbalanced presence of matter (baryons) 

with respect to antimatter (anti-baryons) in 

the universe. Due to their intrinsic 

properties, ultra cold neutrons (UCN) are 

excellent candidates for experiments 

measuring with high level of accuracy 

parameters like the electric dipole moment 

(EDM), the neutron lifetime (τn), the axial-vector coupling constant (gA), or in search of 

quantum effects of gravity. (1) 

The research of these fundamental questions is the motivation to implement the UCN 

Laboratory at the FRM II in Garching. Furthermore UCN densities actually reached (see 

Figure 1) shall be improved up to 104 UCN/cm³. The project is supported in addition by the 

THE ULTRA-COLD NEUTRON LABORATORY 
AT THE FRM II 

R. STOEPLER, A. FREI, S. PAUL  

Technische Universität München  

James Franck Straße 1, 85478 Garching – Germany  

H. GERSTENBERG, W. PETRY   

FRM II Technische Universität München  

Lichtenbergstraße 1, 85747 Garching - Germany 

A new strong source for the production of ultra-cold neutrons (UCN) is currently built up at the 
Forschungsneutronenquelle Heinz Maier-Leibnitz (FRMII).It will be installed at the horizontal beam 
tube SR-6, with a solid hydrogen pre-moderator and a solid deuterium UCN-converter located 

approx. 60 cm away from the fuel element. UCN are produced inside the solid deuterium via the 
superthermal principle of conversion of the pre-cooled neutrons coming from the solid hydrogen. The 
UCN will be extracted out of the converter and guided through the biological shield to several 

experiments located inside the experiment halls of the FRMII. These experiments are investigating 
fundamental properties of the free neutron, such as its lifetime, a possible electric dipole moment or 
the quantum mechanical interaction of neutrons with the earth’s gravitational field field. The expected 

UCN densities in the experiments will be 2-3 orders of magnitude higher than the densities reached 
at the currently strongest UCN-source located at the ILL. This talk will give an overview of the setup 
of the UCN source at the FRM-II, technologies used, and of the connected experiments. The current 

status of the project and future developments will be presented. 

Figure 1 UCN Densities of existing Sources 



DFG Excellence Cluster “Origin and Structure of the Universe”. Hereafter the major 

components of this laboratory are described. 

2. The Ultra Cold Neutron Source 

The Munich high-flux reactor FRM II offers the possibility to install a unique source for ultra 

cold neutrons (UCN) with a small 

volume of solid deuterium (50 g) at a 

temperature of 5 K as converter, 

exposed to a neutron flux produced by 

solid hydrogen in the same converter 

assembly. One key-component in this 

new scientific equipment is the neutron 

converter: a customized vessel filled 

with solid hydrogen inside and solid 

deuterium (see figure 2). The converter 

will be installed in a through going beam 

tube (SR6). In order to manage safely 

this very cold material in different 

operation phases and accordingly the 

thermal loads, a dedicated cryogenic 

system was designed.  The major 

characteristics are a supercritical helium 

loop at 3.5 barabs and am mass flow rate of 120 g/s.  

Furthermore gas handling systems for the deuterium and hydrogen are required. The storage 

of 12.5 mol of deuterium and hydrogen each requires vessels of ~300 l. The system is 

operated by valves driven by pneumatic actuators powered with helium. 

The design work was supported by many simulations based on Monte Carlo and finite 

element methods. The load on the converter is based on a maximum thermal neutron flux of 

Φtherm= 1.25 ·1014 1/[cm²· s]. The heat load on the converter parts is between 0.12 and 0.3 

W/g depending on the material and their position. (2) . 

A major focus was on the safety of the system. On the one hand side the given research 

reactor protective requirements shall not be violated and on the other hand side the handling 

of radioactive tritium and potential explosive hydrogen has to be managed. 

All barriers containing radioactive matter are constructed following higher quality standards.  

The helium loop entering the beam tube is separated by an extra heat exchanger from the 

compressor loop of the helium cooling system.  

The potential ignitable gases hydrogen 

and deuterium are in double walled 

containments with a pressure below 

ambient and the outer part is filled with 

helium under higher pressure than 

atmosphere. This allows detection of leaks 

before an air inflow takes place. Finally the 

vessels are designed to withstand a 

potential blast.  

The converter lance (appr. 3.5 m length) is 

installed in EN AW 6061T6 aluminum tube 

which protects beam tube SR6 in case of 

increased pressure. Figure 3 shows the 

Figure 2 UCN Converter Mockup with frozen Deuterium 

 Diameter 110 mm Temperatur 6-10 K 

Figure 3 Stress & Strain Diagram for EN AW6061 T6 Double 
Tube in case of mixture ignition 



stress to be expected. (3) The yellow bars are showing the pressure influence on the 

material of the two possible scenarios, which are in the elastic range of the aluminum.  

Figure 4 shows the situation of the UCN Laboratory in the FRM II. 

3. The Lifetime Experiment 

The lifetime of the free neutron is about (885.7±0.8) 

s(4). Improving the uncertainty of this value shall help to 

understand the processes of baryogenesis during the 

first seconds of the early universe.  

The Lifetime experiment consists of a 

superconducting magnetic bottle (see Figure 5) which 

allows the storage of ultra cold neutrons due to their 

magnetic dipole moment. The neutron decay is 

measured indirectly by the measurement of the 

protons produced during the decay time. Out of these 

observations the lifetime is derived. The experiment 

shall be located in the FRM II experiment hall. 

The cryo cooling system of the UCN source will also 
support the experiment with respect to the liquid 

helium cooling of the superconducting  magnets. 

Figure 5   Superconducting 
magnetic storage bottle of 
Lifetime Experiment Diameter 
0.6m height 1.8 m

Figure 4 Situation of UCN Laboratory at FRM II 
Experiment Hall 40 x 40 m 



4. The Neutron EDM Experiment 

A measurement of the neutron EDM is typically based on Ramsey’s method of separated 

oscillatory fields(5), an interferometric nuclear magnetic resonance method applied to 

trapped ultra-cold neutrons. This experiment requires polarized UCN. To minimize statistical 

and systematical uncertainties highest UCN densities in this experiment are required. 

 
 

Figure 6 Measurement cell for neutron electrical dipole moment measurement about 0.5 m diameter  

 

This is done in a chamber (see Figure 6) which has to be placed in an environment with 

controlled magnetic field gradients. This equipment is planned to be built up in the eastern 

experiment hall of FRM II. 

To fill the experiment with UCN in about 35 m distance from the UCN source sophisticated 

UCN guide tubes are required. Special replica techniques are developed in cooperation with 

TUM to prepare such guides having transmission- factors of ~99%/m. 
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ABSTRACT 
 

The 20 MW research reactor FRM II operated by the Technische Universität 
München is equipped with a hot neutron source (HNS). The source is aimed to shift 
the well thermalized neutron spectrum in the heavy water moderator tank to higher 
energies as requested by the experimental users. 
 
The main component of the HNS is a solid graphite cylinder being heated by gamma 
radiation from the reactor core up to a temperature of about 2000 °C. The hot 
graphite cylinder is surrounded by a high-temperature insulation of carbon fiber, to 
achieve and maintain the high temperature. Due to the extremely harsh environment, 
the high temperature and the nuclear radiation, the temperature inside the graphite 
cylinder is measured by a purpose-built noise thermometer. It measures the white 
noise of an electrical resistor and determines the absolute temperature of the graphite 
cylinder. 
 
During nuclear commissioning of the hot neutron source, the temperature of the 
graphite cylinder was measured by the noise thermometer at several power steps of 
the reactor. The following relevant parametrs of the HNS had been determined: the 
maximum temperature, the heating rate and the cooling rate after shut down of the 
reactor. The relative long time needed to reach the maximum temperature was used 
to measure the heat-up effect of the HNS.  
 
Since the nuclear start-up of the reactor the noise thermometer of the HNS is 
operated without significant problems.  
 

1. Introduction 
FRM II is a heavy water moderated 20 MW multi-purpose research reactor. Among many 
other experimental installations the FRM II is equipped with a hot neutron source (HNS), a 
spectrum shifter aiming the increase of the flux density of superthermal neutrons as they are 
needed to investigate particular problems in condensed matter physics [1]. The central 
component of the HNS is a hot moderator, which is located within the D2O-reflector tank of 
the FRM II close to the thermal neutron flux density maximum. A beam tube is directed 
towards the vessel of the HNS and supplies up to two experiments with hot neutrons of 
energies from 0.1 to 1 eV.  
 
The essential part of the HNS is the hot moderator, a cylinder-shaped installation made out 
of nuclear-grade graphite. The cylinder is 200 mm in diameter and 300 mm in height. It is 
heated by gamma radiation of the reactor core to temperatures of about 2000 °C. To achieve 
this high temperature, the cylinder is thermally insulated by several layers of carbon fiber and 
a rigid hemisphere made of bounded carbon fiber at the bottom. Besides insulation these 



components are also used to fix the graphite cylinder in the center of the HNS to avoid the 
contact with the “cold” walls. 
 

Fig. 1 Cross section of the hot neutron source 
 
 
The hot graphite cylinder and the insulation are encapsulated in two vessels made of 
Zircaloy 4. The inner vessel is filled with neon gas at a pressure of 200 mbar and the small 
space between both vessels is filled with helium gas at 3 bar. The pressure value in both 
vessels is permanently monitored. Hence there are two barriers, which safely separate the 
hot graphite from air and water. For supervision in particular with respect to safety aspects, 
the HNS is equipped with 36 chromel/alumel thermocouples, which measure the surface 
temperature of the inner vessel. Further design details of the hot neutron source can be 
found in [2]. 
 
As major parameter from the user’s perspective the temperature of the hot graphite cylinder 
is monitored permanently. Due to the extremely harsh environmental conditions as high 
temperature, chemical reactivity with graphite and nuclear radiation, the temperature of the 
graphite cylinder is very difficult to measure. Thermocouples, resistance thermometers, and 
pyrometers are not suitable for this purpose because they drift in an unpredictable way. 
Therefore a purpose-built noise thermometer that is hardly affected by radiation and/or 
temperature induced changes of the sensor was installed to measure the temperature of the 
hot graphite cylinder (Fig. 1). 
 
 
 

2. Noise Thermometer  
A noise thermometer is a contact thermometer. It measures the noise voltage of a passive 
electrical resistor and determines its absolute temperature. The basis of this measuring 
technique is a phenomenon which has for the first time been described by H. Nyquist and J. 
B. Johnson in 1928. They published [3] [4] that the mean square voltage fluctuating around 
zero at the clamps of a passive, unloaded resistor is directly proportional to the absolute 
temperature. 
 

 

2 vessels (Zircaloy 4) 

insulation of carbon fiber 

graphite cylinder 

noise thermometer 

36 thermocouples 



 
 U2 = 4 × kb × T × R × Δf U2  mean square of noise voltage 
 kb Boltzmann constant 
 T absolute temperature 
 R noise resistor 
 Δf frequency interval 
 
 
The absolute temperature of a noise resistor is determined from the above equation by 
measuring the mean square noise voltage U2  of a known noise resistor R in a frequency 
interval band Δf [5]. 
 
The noise sensor of the hot neutron source was developed by the Technische Universität 
München and tested successfully in a mock-up test before installation. Like the HNS itself it 
is manufactured from graphite and fixed in the graphite cylinder of the hot neutron source. 
The resistance of the noise sensor is 4 Ω at 20 °C and changes to 1.7 Ω at 2000 °C. This low 
resistance has been chosen because of the high temperatures that will force a decrease of 
the electric resistance of the insulation material. Consequently the noise voltage of the 
sensor is extremely low and has a value in the nanovolt-range at 2000 °C. 
 
For the proper measurement of those low voltages a special equipment being based on the 
detection of the noise voltage by means of a correlation technique is used. The striking 
advantage of this technique is that all parasitic contributions to the noise voltage like the 
ones from cables, switches and preamplifier are eliminated [5]. The measurement system is 
made up of a preamplifier, a main unit and a PC. It was delivered from the Central Institute 
for Electronics (ZEL) of the Forschungszentrum Jülich in Germany [6]. 
 
The noise sensor and the measuring system are connected inside the hot neutron source via 
a 5.5 m long mineral isolated cable and outside the source via an 18.2 m long Kapton 
isolated cable. The cable is dual shielded and the wires are in a twisted-pair arrangement to 
avoid an influence of electromagnetic interferences on the small noise voltage. 
 
The frequency interval of the measurement lies between 50 – 155 kHz. 
 
 
 

3. Measurements using the noise thermometer 

3.1 The temperature of the hot graphite cylinder 
Already during nuclear commissioning of the FRM II in 2004, the temperature of the hot 
graphite cylinder was measured by the noise thermometer. Figure 2 shows the resulting 
temperatures as they had been recorded at different nuclear power steps and after thermal 
equilibrium within the HNS had been achieved.  
 
It has to be noted that the temperature is not rising linear with reactor power. This effect is 
due the thermal conductivity of the insulation carbon fiber that changes with temperature. At 
full reactor power of the FRM II (20 MW) the graphite cylinder reaches a maximum 
temperature of 2030 °C. 
 



Temperature at 20 MW 2030 °C 

Fig. 2 Graphite temperature within the hot neutron source while nuclear commissioning 
 
 
This maximum measured temperature of 2030 °C agrees sufficiently well with the 
precalculated temperature of 2200°C. The difference is attributed to the fact that the 
insulating carbon fibers were compressed strongly during manufacturing of the HNS in order 
to fix the graphite cylinder. Consequently the structure of carbon fibers was densified and its 
heat conductivity was increased as compared to the values used in the calculation. 
 
 
 

3.2 Temperature transients of the hot graphite cylinder 
Figure 3 will gives an idea how long the hot neutron source needs to reach the maximum 
temperature and how long it takes to cool down.  
 

Fig. 3 Temperature transients of the hot moderator at 20 MW reactor power 
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When the FRM II reactor is run at full power (20 MW) the hot neutron source will reach the 
temperature of 2030 °C within 12 hours (red curve in Figure 3). The graphite cylinder has a 
weight of approximately 15 kg and consequently a considerable heat capacity. This fact 
explains the long time for the heating up. 
 
After shut down of the reactor, the HNS cools down to room temperature over more than 
20 h (blue curve). 
 
 

3.3 Heat-Up effect of the HNS  
The long time needed to reach the maximum temperature was used to measure the heat-up 
effect of the HNS on the counting rate of superthermal neutrons exhibiting a wavelength of 
0.552 Ǻ in the connected beam tube (Fig. 4).  

Fig. 4 Heat-Up effect of hot neutron source at 19 MW reactor power 

At the start of the data taking the reactor power was increased to 19 MW and kept constant. 
The corresponding temperature of the hot moderator was 700 °C and the monitor counted 
1700 neutrons per second. 
 
Six hours later, the temperature had risen to 1900 °C and the corresponding neutron count 
rate to 2300 neutrons per second. Fig. 4 demonstrates that the HNS at FRM II works as 
envisaged and provides a considerably increased flux density of superthermal neutrons to 
the scientific users of FRM II.  
 
 

4. Conclusion 
The noise thermometer at the FRM II hot neutron source is now being operated for a period 
of more than six years. In this time the temperature of the graphite cylinder had been 
monitored continuously. It turned out that the equilibrium temperature of the cylinder has 
dropped around approx. 100 °C during this period. The most probable reason for this 
observation is the ongoing densification of the graphite fiber insulation. 
 

Start measurements  
at 700 °C / 19 MW 

Neutron measurements  
at 1900 °C / 19 MW 



In summary, the feasibility of an exact measurement of high temperatures in the very harsh 
environment of a nuclear research reactor even on a long term scale has been proven by the 
noise thermometer of the HNS. Besides other parameters and its value for the scientific user 
the temperature of the graphite cylinder measured by the noise thermometer gives the in-
house staff of FRM II important information on the proper operation of the hot neutron 
source.  
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ABSTRACT 
 

The Dalat Nuclear Research Reactor (DNRR) is a pool type research reactor 
which was reconstructed in 1982 from the old 250 kW TRIGA-MARK II reactor. 
The  spent fuel storage was newly designed and installed in the place of the old  
thermalizing column for biological irradiation. The core was loaded by Russian 
WWR-M2 fuel assemblies (FAs) with 36% enrichment. The reconstructed reactor 
reached its initial criticality in November 1983 and attained it nominal power of 500 
kW in February 1984. The first fuel reloading was executed in April 1994 after 
more than 10 years of operation with 89 highly enriched uranium (HEU) FAs. The 
third fuel reloading by shuffling of HEU FAs was executed in June 2004. After the 
shuffling the working configuration of reactor core kept unchanged of 104 HEU 
FAs. The fourth fuel reloading was executed in November 2006. The 2 new HEU 
FAs were loaded in the core periphery, at previous locations of wet irradiation 
channel and dry irradiation channel. After reloading the working configuration of 
reactor core consisted of 106 HEU FAs. Contracts for reactor core conversion 
between USA, Russia, Vietnam and the International Atomic Energy Agency for 
Nuclear fuel manufacture and supply for DNRR and Return of Russian-origin non-
irradiated highly enriched uranium fuel to the Russian Federation have been 
realized in 2007. According to the results of design and safety analyses performed 
by the joint study between RERTR Program at Argonne National Laboratory and 
Vietnam Atomic Energy Institute the mixed core configurations of irradiated HEU 
and new low enriched uranium (LEU) FAs has been created on 12 September, 
2007 and on 20 July, 2009. After reloading in 2009,  the 14 HEU FAs with highest 
burnup were removed from the core and put in the interim storage in reactor pool. 
The works on full core conversion for the DNRR are being realized in cooperation 
with the organizations, DOE and IAEA. Contract for Nuclear fuel manufacture and 
supply of 66 LEU FAs for DNRR  among JSC TVEL, Moscow, Russia and Vietnam 
Atomic Energy Institute and Battelle Enery Alliance, LLC, Idaho Falls, USA has 
been realized. The plan for realization of full core configuration of LEU fuel is 
planned. In the plan the first working core with 92 fresh LEU FAs will be created. 
This paper presents the fuel management at the DNRR. 

 
 
1. Introduction 
 
The DNRR is a pool type research reactor which was reconstructed from the 250 kW TRIGA-
MARK II reactor. During reconstruction, some structures of the former reactor such as the 
reactor aluminium tank, the graphite reflector, the thermal column, the horizontal beam tubes 
and the radiation concrete shielding were retained. The reactor core, the control and 
instrumentation system, the primary and secondary cooling systems, the spent fuel storage 
as well as other associated systems were newly designed and installed [1]. The core was 
loaded with VVR-M2 fuel assemblies with 36% enrichment. The reconstructed reactor 
achieved first criticality in November 1983 with 69 fuel assemblies and attained its planed 
nominal power of 500 kW in February 1984. The vertical section of the reactor is shown in 
Figure 1. On the supporting base located at the end of upper cylindrical shell in reactor pool 



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 interim storage is capable of containing 72 fuel 
assemblies. Next to the reactor pool in the same concrete shield structure, there is spent fuel 
storage. 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 spent fuel storage is to contain 300 fuel assemblies. A 2.5-ton 
transportation cask is provided to contain a spent fuel assembly for transferring it from the 
interim storage to the spent fuel storage.  
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Fig 1. Vertical section view of the reactor 

 
Contracts for reactor core conversion between USA, Russia, Vietnam and the International 
Atomic Energy Agency for Nuclear fuel manufacture and supply for DNRR and Return of 
Russian-origin non-irradiated highly enriched uranium fuel to the Russian Federation have 
been realized in 2007. The mixed core configurations of irradiated HEU and new LEU FAs 
has been created. The works on full core conversion for the DNRR are being realized in 
cooperation with the organizations, DOE and IAEA. The plan for realization of core 
configuration of only LEU FAs is planned in the middle of 2011.  
 
2. HEU Core management of the Dalat Nuclear Research Reactor 
 
The first fuel reloading was executed in April 1994 after more than 10 years of operation with 
89 HEU FAs. The 11 new HEU FAs were added in the core periphery, at previous beryllium 
element locations. After reloading the working configuration of reactor core consisted of 100 
HEU FAs. Second reloading for Dalat Nuclear Research Reactor was realized in March 
2002. The 4 new HEU FAs were added in the core periphery, at previous beryllium element 
locations. After reloading the working configuration of reactor core consisted of 104 HEU FAs 
[2]. The third fuel reloading by shuffling of HEU FAs was executed in June 2004. The 
shuffling of 16 HEU FAs with highest burn up in the centre of the core and 16 HEU FAs with 
low burn up in the core periphery was done. The working configuration of reactor core kept 
unchanged of 104 HEU FAs. The core configuration of DNRR with 104 HEU FAs is shown in 
Figure 2. In waiting for execution of fuel conversion and saving of fresh HEU FAs, the fourth 
fuel reloading was executed in November 2006. Only 2 new HEU FAs were loaded in the 
core periphery, at previous locations of wet irradiation channel and dry irradiation channel. 
After reloading the working configuration of reactor core consisted of 106 HEU FAs.  



 
 

 
 

Fig 2. Core configuration of DNRR with 104 HEU FAs 
 
3. Realization of mixed Core for the Dalat Nuclear Research Reactor 
 
Contracts for reactor core conversion between USA, Russia, Vietnam and the International 
Atomic Energy Agency for Nuclear fuel manufacture and supply for DNRR and Return of 
Russian-origin non-irradiated highly enriched uranium fuel to the Russian Federation have 
been realized in 2007. The 35 fresh HEU FAs were sent back to Russian Federation. The 36 
new LEU FAs from Russian Federation have been received. The characteristics of HEU and 
LEU FAs is shown in Table 1.  
 

Parameter VVR-M2 
HEU 

VVR-M2 
LEU 

Enrichment, % 36 19.75 

Average Mass of 235U in FA, g 40.20 49.70 

Fuel Meat Composition U-Al Alloy UO2+Al 

Uranium Density of Fuel Meat, g/cm3 1.40 2.50 

Cladding Material Al alloy Al alloy 

Fuel Element Thickness (Fuel Meat and 
Cladding), mm 

2.50 2.50 

Fuel Meat Thickness, mm      0.70 0.94 

Cladding Thickness, mm 0.90 0.78 
Tab 1:  The characteristics of HEU and LEU FAs 

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

 
 

Fig 3. Working core configuration of DNRR with 12 LEU FAs and 92 HEU FAs 
 
4. Full core conversion status of the Dalat Nuclear Research Reactor 
 
The works on full core conversion for the DNRR are being realized in cooperation with the 
organizations, DOE and IAEA. The LEU core design commenced by establishing several 
possible cores and roughly analyzing to get some main safety and utilization characteristics 
such as shutdown margin, radial power peaking factors, and neutron performance at some 
irradiation positions. Without neutron trap, criticality will be achieved with 66 fresh LEU VVR-
M2 FA, 13 beryllium rods and 34 aluminium choke rods. Neutronics steady-state thermal-
hydraulic and safety analyses for Dalat Nuclear Research Reactor show that with a change 
in arrangement of Be rods, the main features of 92 LEU VVR-M2 FA cores are equivalent to 
those of HEU and current mixed fuel cores. Neutronic and thermal hydraulic calculation 
results can be seen in reference [4]. Figure 4 shows planned working core configuration of 
DNRR with 92 LEU FAs.   
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Contract for nuclear fuel manufacture and supply for Dalat Nuclear Reactor among JSC 
TVEL, Russia and Vietnam Atomic Energy Institute, Vietnam and Battelle Energy Alliance, 
LLC, USA have been realized in fourth quarter of 2010. The 66 new LEU FAs from Russian 
Federation have been received. The preparing works for shipment of HEU irradiated FAs to 
Russia are going. Restart-up and commissioning plan with full LEU core in realization of full 
core conversion is planned in the middle of 2011. Return of Russian irradiated highly 
enriched uranium fuel to the Russian Federation is proposed in 2013. 
 

 
Fig 4. Planned working core configuration of DNRR with 92 LEU FAs 
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The U.S. Department of Energy (DOE), National Nuclear Security Administration 
(NNSA) Global Threat Reduction Initiative (GTRI) mission is to to identify, secure, 
remove and/or facilitate the disposition of high risk vulnerable nuclear and radiological 
materials around the world. Recently, the DOE NNSA-GTRI has identified a category of 
material in foreign countries that is not covered by the current programs and policies for 
the repatriation of the U.S. origin and Russian origin HEU fresh and spent fuel and yet 
can pose a potential threat to nonproliferation goals because of inadequate disposition 
options. This category of materials, termed as Gap Materials, includes certain fresh and 
spent HEU nuclear fuel and plutonium materials.  This paper focuses on the project 
execution steps in Gap Materials removal.  It provides the roadmap to Gap Materials 
removal typically consisting of concurrent phases of Materials Assessment, Materials 
Characterization, Container/Package Certification, Regulatory Approvals and Mission 
Execution.  
 
 
Background 
 
The U.S. Department of Energy (DOE), National Nuclear Security Administration 
(NNSA) Global Threat Reduction Initiative (GTRI) mission is to reduce and protect 
vulnerable nuclear and radiological materials located at civilian sites worldwide. GTRI 
has the goals of: (1) converting reactors from using weapons usable highly enriched 
uranium (HEU) to low enriched uranium (LEU), (2) removing or disposing of WMD-
usable excess nuclear and radiological materials, and (3) protecting at-risk WMD-usable 
nuclear and radiological materials from theft and sabotage.  The GTRI removal 
programs have focused on the repatriation of U.S. origin HEU and LEU fresh and spent 
nuclear fuel to the U.S. and the repatriation of Russian origin HEU fresh and spent 
nuclear fuel to Russia.  Recently, the NNSA-GTRI has identified a category of material in 
foreign countries that are not covered by other removal efforts and can also present a 
potential threat to nonproliferation goals because of inadequate disposition options. This 
category of materials, termed as Gap Materials, includes fresh and spent HEU nuclear 
fuel and plutonium materials. This paper will summarize the steps involved in materials 
removal and transfer to the U.S. under the NNSA-GTRI Gap Materials program and 
provide the detailed roadmap of the activities necessary to facilitate Gap Materials 
removal.  



 

 

 
Gap Materials Program 
 
The U.S. DOE NNSA GTRI’s U.S. origin and the Russian origin HEU fresh and spent 
materials removal programs are very mature and have successfully repatriated 
approximately 91% and 66% of the identified HEU materials to U.S. and Russia 
respectively and continue to maintain an aggressive schedule.  The Gap Material 
program on the other hand is at its infancy. Gap material includes: (1) Non-U.S.-origin 
and U.S.-origin fresh HEU not covered by existing programs or policies; (2) Spent 
Nuclear Fuel (SNF) containing non-U.S.-origin HEU; (3) SNF containing U.S.-origin HEU 
that was not previously addressed in the Foreign Research Reactor Spent Nuclear Fuel 
(FRRSNF) Acceptance Program Environmental Impact Statement (EIS), and (4) 
separated weapons-usable plutonium.  
 
Since 2005, GTRI has worked towards obtaining the necessary approvals associated 
with the necessary environmental and legal reviews per the National Environmental 
Policy Act (NEPA) of the United States to facilitate the return of certain Gap Materials to 
the U.S.. The approval to return additional forms of U.S. origin and non-U.S. origin HEU 
materials to the U.S. was obtained in 2006.  A record of decision was obtained under 
NEPA in 2009 to return non-U.S.-origin HEU spent fuel to the United States as well as 
U.S.-origin HEU spent fuel that was not previously addressed in the Foreign Research 
Reactor Spent Nuclear Fuel (FRR SNF) Acceptance Program Environmental Impact 
Statement (EIS) (Ref.1).  Most recently, approval was obtained in 2010 to return up to 100 
kgs of separated plutonium materials.(Ref.2)  In order for Gap HEU spent fuel and 
separated plutonium materials to be returned to the U.S. under these approvals, the 
materials would have to a) pose a threat to national security, b) be susceptible to use in 
an improvised nuclear device, c) present a high risk of terrorist threat and d) have no 
other reasonable pathway to assure security from theft or diversion.  In all cases, the 
materials have to meet the U.S. receipt facility acceptance criteria.   
 
Roadmap to Gap Materials Removal 
 
The roadmap to Gap Materials removal typically consists of concurrent phases namely 
Materials Assessment, Materials Characterization, Container/Package Certification, 
Regulatory Approvals and Mission Execution.   
 
Materials Assessment: The first step in initiating a Gap Remove Program project is to 
perform a technical assessment of the candidate materials inventory. Upon receipt of 
materials data from the facility of origin, the GTRI team works with the facility experts to 
assimilate the detailed characterization and storage configuration data in order to 
conduct a preliminary evaluation of the materials eligibility under the Gap Materials 
program.  The assessment includes data mining from facility reports and facility process 
knowledge to assimilate characterization data for the candidate materials. The 
characterization data typically includes but is not limited to the following: 
 

• Inventory:  Number of items, element and isotope weights 
• Materials Form: geometry, dimensions, weights, materials of construction  
• Fabrication Data: accountability records, fabrication drawings, photographs 
• Process History: manufacturing history, irradiation history, manufacturing 

records 



 

 

• Radiological: Gamma, beta, deep dose, surface contamination of primary 
container 

• Current Storage Configuration: current packaging/containment 
• Physical Condition: Mechanical damage, corrosion damage,  

 
The characterization data helps determine potential disposition options and the materials 
eligibility for return to the U.S. under the program.  In cases where U.S. NEPA approvals 
do not currently exist, alternative packaging and disposition strategies may also be 
assessed.  
 
Materials Removal/Disposal Planning: Assuming that the candidate Gap Materials meet 
the eligibility requirements for return to the U.S., a Remove Project can be initiated and  
a project scope of work and schedule developed. A Material Characterization document 
is developed. The packaging options are evaluated for the specific type and 
characteristics of the materials.  Transportation modes are also identified and schedules 
for materials removal developed. Formal contracting protocols are implemented upon 
agreement on the packaging and removal process. Shipping container certification and 
transport modes will be subsequently finalized and regulatory approvals obtained to 
facilitate the removal project execution. 
 
Materials Characterization Documentation:  Following a positive assessment, a detailed 
Materials Characterization document will be assembled. The Material Characterization 
Document will help guide the handling, shipping, storage, and processing of materials. 
This document will be a collaborative effort between the shipping and receipt facilities. 
The Material Characterization Document includes description, dimensions, weights, 
history; references as a basis to drawings, manufacturer reports, facility usage reports.  
The document also provides the basis for Transportation, MC&A, Radiological, & 
Criticality Control Limits. It provides the necessary background/historical information for 
the identification of alternative disposition options.  
 
Materials Stabilization and/or Packaging: The handling and packaging of materials for 
removal may be as simple as shipping in existing packages to complex processing 
schemes requiring stabilization and repackaging of the Gap Material.  Packaging and 
transport of the Gap Materials may involve additional characterization, stabilization and 
analyses prior to packaging in order to meet transport requirements and/or receipt facility 
acceptance criteria.  Materials and content specific flow sheets are developed if 
necessary in conjunction with the facility of origin and the receipt facility. In some cases, 
the GTRI team works with the facility to guide potential modifications to the existing 
facility equipment in order to facilitate stabilization of the materials, e.g. conversion of 
HEU solutions into oxides or stabilization of plutonium materials to meet transport and 
receipt facility requirements.  
 
Shipping Container/Package:   Type B nuclear materials transportation packages utilized 
in the international transport of HEU fresh and spent nuclear fuel and plutonium 
materials are designed, constructed, maintained, loaded and sealed in accordance with 
performance standards recommended by the IAEA and as adopted and enforced by 
national competent authorities to consensus standards. After review by a national 
competent authority, e.g., U.S. NRC, a certificate of approval, sometimes called a 
Certificate of Compliance (CoC), is issued.  The Certificate details the permissible 
content for the package or cask and its functional parameters. Additionally, a Certificate 
of Competent Authority (CoCA) or Competent Authority Certificate (CAC) must be issued 



 

 

in the country that will receive the material if not the country in which the CoC was 
issued.  A CoCA must also be obtained for all other countries through which the material 
must transit.  
 
The certification process for the transport of HEU fresh and spent fuel is quite mature 
and existing DOE and/or commercial packages have been routinely used for the U.S. 
origin and Russian origin HEU fresh and spent fuel return programs.  These processes 
are readily adapted to the Gap Materials program needs.  Examples of containers and/or 
casks used for fresh HEU include ES3-100 Type B and for HEU spent fuel include NAC-
LWT, TN-BGC1, TN-MTR and Skoda casks etc.  The certification process for 
international transport of plutonium materials to the U.S. on the other hand is at relative 
infancy.  Plutonium materials are typically packaged in welded or non-welded containers 
which are then placed in the containment vessel within a transport package.  Potential 
transport package options include the DOE-9975, Croft’s Safekeg and TN-BGC1 
packages. However the package will need to be certified by the competent regulatory 
authorities.  It is very important for the above reasons to perform cask selection and 
begin the regulatory approval process as early as possible in order to allow time to 
address any issues that may arise. 
 
Shipping:  Development of a shipping plan includes consideration of modes of 
transportation namely ground, sea, or air and in many cases is developed in conjunction 
with commercial shipping companies selected by the shipper country/facility.   
Scheduling national or international shipments of radioactive spent nuclear fuel requires 
coordination of all involved of federal, state, and local government agencies from each 
affected country, including those with the shipping and receiving facilities, those included 
in the shipping route, and the shipping company.  Routes and ports of exit / departure 
are identified.  IAEA Category I, II, III shipments require different security levels and the 
security requirements follow INFCIRC 225, Rev. 5. Multiple shipments may be warranted 
depending because of availability of shipping packages or to reduce security levels. 
 
Transfer of Gap Materials: Transfer and shipment of the materials will commence once 
the readiness of the shipping and receipt facilities is assured. It entails facility safety and 
technical reviews including validation of nuclear criticality safety of the facility, approvals 
of all technical procedures for on-loading, off-loading, storage, and handling, Emergency 
Management Assessment 
 
Gap Materials Removal: A notional project execution roadmap for the idealized case is 
shown in Figure 1 for HEU, SNF and plutonium materials removal.  The schedule builds 
on the above mentioned activities necessary to implement a Gap Materials removal 
project.  The schedule may be as little as 12 to 18 months e.g. for fresh HEU materials 
removal to greater than 36 months for plutonium materials due to potential stabilization 
and special packaging needs.  
 
Summary: The U.S. DOE NNSA-GTRI has initiated a new program for the removal of 
Gap Materials.  Gap Materials include HEU fresh and spent fuel and plutonium materials 
that are outside the scope of existing GTRI materials removal programs and policies. 
The scope of Gap Materials and its eligibility for repatriation to the U.S. was delineated 
in recent NEPA documents.  The specific steps and activities involved in the materials 
removal activities are outlined along with a notional schedule.  As part of the Gap 
Materials program, fresh HEU materials could be removed in as little as 12 to 18 months 



 

 

whereas spent fuel and plutonium materials would require longer times, of up to 36 
months.   
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Figure 1:  Notional roadmap of activities and schedule for Gap Materials Removal 
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ABSTRACT 
Accordingly to the IAEA recommendations and RERTR program, the LVR-15 reactor started the 
process of conversion from fuel enriched to 36 % to fuel enriched up to 20 % U235. As the most 
suitable fuel for the reactor was chosen the IRT-4M fuel enriched to 19.7% U235, fabricated in 
NZCHK Novosibirsk. The most important requirements, the fuel had to fulfill, were attainability, 
constructional continuity with the old type of FAs and operational experiences. 
The conversion procedure began in January 2010 with testing irradiation of 3 IRT-4M FAs. Test 
irradiation took 9 reactor operation cycles. During this period were done visual inspection and 
sipping tests of FAs. An experiment with the aim to compare the influence of the fuel changing 
to neutron flux and the reactivity and to verify basic physical characteristics of the new fuel was 
performed at the start of test irradiation. The conversion itself is going on since January 2011. In 
this time, every cycle will be replaced 1 or 2 burned-up IRT-2M FAs with fresh IRT-4M FAs. This 
period will take 14 cycles and at the end should be in the core used only IRT-4M fuel. 

1 Introduction 

1.1 LVR-15 research reactor 
The research reactor LVR-15 is situated in Rez and is operated by Research Reactor Division 
at Research Center Rez Ltd. The reactor LVR-15 is light water moderated and cooled tank 
reactor with forced cooling system and has maximal power of 10 MWth. The reactor is used as 
a multipurpose facility and it enables to perform research and services in the following areas: 

 Material irradiation and testing in reactor loops and rigs, 
 Production of radiation doped silicon, 
 Regular production of radioisotopes for the radio pharmaceuticals and technical radiation 
 sources, 
 Irradiation devices for special irradiation, 
 Pneumatic rabbit for activation analysis, 
 Development of boron neutron capture therapy at the thermal column channel, 
 Neutron physics research (e.g. neutron diffraction for different purposes, SANS) at 

reactor 
 Horizontal channels. 

 
Loop experiments and material testing in rigs belongs among the main research activities 
performed at LVR-15 reactor. Material research on the loops and rigs is mainly used for material 
embrittlement, corrosion, and material-coolant interaction studies that are very important for 
nuclear power plant utilization, plant life aging, and general safety.  
The irradiation facilities are complemented with well-equipped hot cells that are also used for 
removing of irradiated specimens from experimental devices and their post-irradiation 
examination. More special post-irradiation examinations of irradiated specimens are performed 
in either hot or semi-hot cells situated in another building near the reactor. 
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1.2 Fuel and enrichment reduction 
Since 1989 research reactor LVR-15 used fuel IRT-2M with 80% enrichment. During 1994 - 
1995 fuel was converted to new one with 36% enrichment. Conversion to the fuel with 36% 
enrichment was determined by the fact that fuel of low-enriched uranium was not manufactured 
at that time in NZCHK Novosibirsk.  
 
Fuel assemblies have shape of tubes with cubic cross section. At research reactor LVR-15 fuel 
assemblies with 4 or 3 tubes are used (in the 3-tubes FA control rods are positioned). Fuel 
elements are “sandwich” type meaning the layer in the middle is made of UO2 and has 
aluminium cladding on both sides. Average burnup of IRT-2M FA is 60%. Parameters of the fuel 
are given in Table 1 and Figure 1, where also comparison with the new IRT-4M fuel is 
presented.  
New fuel was already tested in the core of the reactor in 2010 and in the future the whole active 
core would be changed to low enriched fuel IRT-4M type.  
 

 
Table 1 Comparison of IRT-2M and IRT-4M fuel assembles 

 

 

 

 

 

 

 

 

 

 IRT-2M,  36% U-235 IRT-4M, 19.7% U-235 

Fuel material UO2-Al UO2-Al 

Cladding SAV1 (min 97.1%) SAV1 (min 97.1%) 

Total length 882 mm 882 mm 

Active length 590 mm 600±20mm 
Total mass of the 
 assembly 4/8 tubes 3.755 kg 6.0 kg 

3/6 tubes 3.2 kg 5.2 kg 
Mass of 235U 4/8 tubes 230.0 g 300.0 g 
3/6 tubes 198.0 g 263.8 g 
Tube wall thickness 2 mm 1.6 mm 
Cladding thickness 2 x min. 0.4 mm 2 x 0.3 mm 
Section square - head 71.5 x 71.5 mm 71.5 x 71.5 mm 
Section square 67.0 x 67.0 mm 69.6 x 69.6 mm 

Fuel plate thickness 0.64 mm 0.70 mm 
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Figure 1 The IRT-2M fuel assembles with 4 tubes 
 
In accordance with the IAEA recommendations and the RERTR initiative (Reduced Enrichment 
for Research and Test Reactors) reactor LVR-15 was prepared to change to fuel with the 
enrichment below 20%. In assessing the appropriate type of low-enriched fuel for future reactor 
operation thinking in terms of reactor design to the existing fuel types availability, it was chosen 
that the fuel from the same manufacturer will be used. The new fuel assembles IRT-4M were 
developed by Novosibirsk NZCHK with enrichment of 19.7% U235 and is presented in Figure 2. 
To maintain as far as possible equivalent neutron and physical characteristics of the new fuel it 
was necessary to substantially increase the total amount of uranium inside the fuel assemblies. 
The manufacturer has increased the number of fuel tubes in the FA to 8, respectively to 6 in the 
fuel assemblies with control rods, while maintaining the same external dimensions of the fuel 
assembly. An important advantage is that with the transition to new fuel there is no necessity to 
change the design of reactor or any instrumentation and control systems. Fissile material 
remained UO2. Fuel IRT-4M is also used in the VR-1 reactor at Czech Technical University in 
Prague, in the reactor in Tashkent and the reactor in Libya.  
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Figure 2 The new IRT-4M fuel assembles with 8 and 6 tubes 
 

Conversion of the fuel at LVR-15 reactor to IRT-4M fuel will be blended with active core 
configurations in which they are currently used both IRT-2M and IRT-4M FAs. IRT-2M spent fuel 
assembles in the actual core will be gradually replaced by FA IRT-4M with enrichment of 19.7% 
until whole core is replaced. In order to obtain some operational experience with new fuel 
assemblies, three IRT-4M FAs were mixed into the core with IRT-2M fuel and were irradiated for 
9 operating campaigns. During that period, all spent IRT-2M FA from the core were routinely 
replaced with the same IRT-2M fuel type. Only after evaluation of the three irradiated IRT-4M 
FA and irradiation tests in the core it will be possible to start with step by step replacement of 
spent IRT-2M FAs with the new IRT-4M FAs. Right now it is expected that the last old IRT-2M 
fuel element will be taken out from the core in 2012 and LVR-15 reactor will start its operation 
only with ITR-4M fuel assembles. 

2 Testing of the three IRT-4M fuel assembles in the reactor core 
 
Research reactor LVR-15 will go through sequence of mixed cores operation during the process 
of fuel changing where two types of fuel will be present. In these mixed cores IRT-2M fuel 
enriched to 36% will be gradually replaced with fuel assemblies of IRT-4M with an enrichment of 
19.7%. IRT-2M elements which exceeded the allowed burnup will be replaced with adequate 
number of IRT-4M assembles after each operation cycle. During the 14 different reactor 
campaigns it is expected to create the core consisting of only low-enriched fuel elements. The 
implementation of the mixed cores is to be rigorously followed in order to respect all the specific 
characteristic of the new fuel assembles, especially in terms of its relative impact on the 
reactivity, the tendency of local peaks in the distribution of power and different hydraulic 
characteristics of the new fuel. The transition to new fuel through mixed cores is more 
economical, but takes much longer time than changing all the old fuel elements with new ones 
in a single step. 
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Prior to the gradual construction of mixed cores certain tests were carried out by irradiation of 
three IRT-4M fuel assemblies for 8 operational reactor campaigns. At that time three FAs type 
IRT-4M were inserted in the core and spent fuel assemblies IRT-2M during operation (the once 
which reached maximal burnup) were change to fresh IRT-2M with 36% enrichment. Irradiation 
was carried out 184 days at the reactor power 9-10 MW in the period 2-12/2010. The objective 
of this test was to gain experience with the new fuel in long-term operation and associated fuel 
handling. During the irradiation and reactor operation fuel leaks and FAs surface conditions 
were monitored carefully. New fuel elements reached 27% burnup. Since during the irradiation 
in the core no problems occurred, it was decided to continue in 2011 for the gradual 
replacement to low-enriched fuel. 
 
In order to test new fuel assemblies in the core three IRT-2M FAs were replaced with new IRT-
4M FAs which were positioned instead of old fuel (in the same positions inside the core). Core 
configuration was marked as K116 mix.01.01. and new FAs were in positions B6, F2 and G6. 
The purpose was to execute the series of experiments to verify the physical calculations and 
predictions of changes in neutron-physical parameters (spectra) of the core with a new type of 
fuel. Figure 3 presents a diagram of core configurations prepared to implement the program of 
experiments for the first irradiation of the IRT-4M fuel. 
 
After irradiation of three IRT-4M FAs in positions B6, F2 and G6, these three assembles were 
moved to positions B6, C6 and C7 (see Figure 3). The experimental configuration was adopted 
to measure the size of neutron flux density and its spectrum in the fuel and surrounding 
positions during the 4 hours reactor operation at 5 MW. Measurements were performed by 
using activation foils which were evaluated in program STAYNL. Also the influence on the 
reactivity by FAs rotation was followed. Results are presented further in the text. 
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Figure 3 Sequence of configurations of the core for the first irradiation of low enriched uranium 
(LEU) fuel 

 



6 
 

Experiment with low-enriched fuel IRT-4M showed 30% decrease of the neutron flux density of 
thermal neutrons in the fuel and about 10% around the fuel elements.  On the contrary, there 
was a slight increase in epithermal neutron flux density. Results are presented in Table 2. 
Effect of high-and low-enriched fuels substitution in the core on reactivity was insignificant. 
 

Table 2 Results obtained after irradiating three LEU FAs IRT-4M 

Neutron energy Position C6, Fuel Position B7, Beryllium 
IRT-2M IRT-4M IRT4M/IRT2M IRT-2M IRT-4M IRT4M/IRT2M

(0.0, 0.5 eV) 5.32E+13 3.51E+13 0.66 7.89E+13 6.74E+13 0.85
(0.5 eV,10 KeV) 5.03E+13 4.72E+13 0.94 2.26E+13 2.23E+13 0.98 

(10 keV, 0.132 MeV) 1.85E+13 1.78E+13 0.96 6.70E+12 6.66E+12 0.99 
(0.132 MeV, 20 MeV) 7.77E+13 7.48E+13 0.96 2.40E+13 2.28E+13 0.95 

Total fluence 2.00E+14 1.75E+14 0.88 1.32E+14 1.19E+14 0.90 

Neutron energy Position C8, Air Position A8, Beryllium 
IRT-2M IRT-4M IRT4M/IRT2M IRT-2M IRT-4M IRT4M/IRT2M

(0.0, 0.5 eV) 4.55E+13 4.05E+13 0.89 2.73E+13 2.70E+13 0.99 
(0.5 eV,10 KeV) 1.75E+13 1.79E+13 1.02 2.86E+12 3.01E+12 1.06 

(10 keV, 0.132 MeV) 6.11E+12 5.49E+12 0.90 7.93E+11 8.80E+11 1.11 
(0.132 MeV, 20 MeV) 2.29E+13 2.25E+13 0.98 2.63E+12 2.75E+12 1.05 

Total fluence 9.20E+13 8.63E+13 0.94 3.36E+13 3.36E+13 1.00 
 

 

Irradiation tests with three FAs IRT-4M confirmed the suitability of this fuel for reactor LVR-15. 
Some factors associated with the transition to LEU fuel IRT-4M should be followed in the future: 

 Due to the small cladding thickness and small gaps between fuel assemblies special 
care during the fuel handling is needed. 

 During the transition phase with mixed cores it is expected that the coolant flow will 
decrease as a consequence of higher hydraulic resistance of IRT-4M FAs. This will 
require some adjustments of security documentation and limits and conditions for LVR-
15 operation. 

 In the future experiments with LEU it will be necessary to take into account the reduction 
of thermal neutron flux density. This influence can be eliminated during the time by 
optimizing the design configuration for each campaign. 

3 Conclusions 
 
Following the good results of the tests with three LEU FAs, in the year 2011 it is planned to 
continue the conversion process at reactor LVR-15. As of January 2011 reactor operated with 
another two IRT-4M FAs which replaced two IRT-2M spent fuel assembles. This configuration 
has been marked as K126, mix 02.11 and is shown in Figure 4. In order to increase the neutron 
flux density in the centre of the core special central water and beryllium trap was positioned for 
Iridium samples irradiation (samples are made of highly enriched uranium for the production of 
Mo99). In March 2011 new 48 FAs will be delivered to Nuclear Centre Rez Ltd. from NZCHK 
Novosibirsk and conversion program will continue as planned. 
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Figure 4 Reactor core configuration marked as K126 mix 02.11 
 

 

Conversion to low enriched uranium at LVR-15 is carried out with the support of the Ministry of 
Industry and Commerce Czech Republic, DOE - U.S. Department of Energy and under the 
supervision of the State Office for Nuclear Safety. 
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ACTIVITIES RELATED TO TRIGA 14 MW RESEARCH REACTOR 
UTILIZATION FOR 99MO PRODUCTION TECHNOLOGY 

DEVELOPMENT. 

  C. PAUNOIU, C. TOMA, M. CIOCANESCU 
Institute for Nuclear Research 

Street Campului No.1,Mioveni, Romania     
 

ABSTRACT    
  Institute decision to be involved in medical isotopes production  using low enriched Uranium 
targets have been taken in the context of the need to increase research reactor utilization and in order  
to have a contribution at the improvement of medical care of the population. 
 Domestic efforts have been sustained by an existing infrastructure consisting of  14 MW 
TRIGA  reactor, hot cell facility,   Radioactive Waste Treatment Facility  and the Center for 
radioisotopes production in Bucharest. We had in view the following areas to carry out : target 
fabrication using imported metallic Uranium foil, target irradiation, target disassembly and dissolution, 
product recovery and purification, waste treatment. The main results obtained in developing 
technology for 99Mo production are presented in the paper. 
 IAEA and ANL-DOE provided assistance in the frame of CRP Developing Techniques for 
Small Scale Indigenous Molybdenum-99 Production using Low Enriched Uranium (LEU) Fission or 
Neutron Activation.    
 

1. Introduction 
 

Initiation of the IAEA co-ordinated research project (CRP) “Development techniques for 
small scale indigenous Mo-99 production using LEU fission or neutron activation “ during 
2005 permitted to  the Institute for Nuclear Research to become a contract holder. 
Participants to the CRP  with  US Department of Energy financial support and Argonne 
National Laboratory assistance developed  techniques for  fission Molybdenum–99 
production based on LEU modified CINTICHEM process.  The Agency’s role in this field was 
to assist in the transfer and adaptation of existing technology in order to disseminate a 
technique, which advances international non-proliferation objectives promoting sustainable 
development needs  while also could contributing to extend production capacity for  
addressing  supply shortages from the last years.  

The Institute intends to   develop the capability to respond to the domestic needs in 
cooperation with the IFINN – HH from Bucharest able to perform the last step consisting in 
the loading of fission Molybdenum on chromatography generators and dispensing to the final 
client.  

Primary scope of the project is the development of the different technological steps and 
chemical processing steps in order to be able to cover the entire process for fission 
Molybdenum production at the required standard of purity. 
Molybdenum production [1], [2] can be broken up into the following areas: 
• Target fabrication and irradiation of the target in reactor at optimal conditions;   
• Target dissolution in nitric acid and separation of 99Mo using alpha benzoin oxima; 
• Filtering and  washing   for decontamination of traces amount of uranium and fission 

products;  
• Running 99Mo solution through a silver coated charcoal purification column and once 

more purification through resin column of silver coated charcoal, HZO and activate 
charcoal; 

• Transportation of sodium molybdate from  Institute to the Center for Radioisotopes 
Production in  Bucharest for loading 99Mo in their generators and    dispensing of the  
product. 

• Waste treatment and disposal; 
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codes and using the irradiation device model from the fig. 3 have been determined  effective 
macroscopic fission cross section of Uranium (Σf=3.57 cm-1), calculated linear power and 
reactivity change associated with  Uranium target inside of the irradiation device introduced 
in the G7 core location. This is the most powerful irradiation position in our reactor.   

  

                                                                         
Fig. 3  Cross section through the  irradiation device containing the target 
 
Power density in Uranium foil is (φthermal= 1.6x1014n/cm2.s, Gf=180 MeV/fission): 
 
q′′′  =Φth Σf Gf

  = 1.6x1014x3.57x180=1.028x1017 MeV/s.cm3 = 16.448 kW/ cm3 
Ptarget=8060 W/target;  
 

Positive reactivity induced by irradiation device and target is 0.43$ and this is determined 
mainly by Aluminium water removal and much less by Uranium foil.  

 
5. Thermal hydraulic assessment of the target and irradiation device. 

 
Heat transfer computations have been based on the following assumptions [3]: 
1. The full power developed by the Uranium target is 8.0 KW; 
2. Uranium foil covered with Ni foil is tight pressed between the two aluminum cylinders 

and is considered with no gap. However, because Uranium foil thickness proved to 
be non-uniform [4], calculation were done taking into consideration a hypothetic 
uniform gap between Ni foil and Uranium foil of 0.003 mm and also of 0.005 mm.  

3. Heat generated in metallic uranium foil is  propagating through  conduction in nickel 
foils, gaps and aluminum tubes and through forced convection to cooling agent 
circulating in inner aluminum tube and around outer aluminum tube; 

4. The cooling fluid is light water (H2O) at the temperature of 35 °C and gauge pressure 
of 78000 Pa, which correspond to a water column of approx. 8 m.  

The water flow through irradiation device containing target is equal  with 1.9E+03 m3/s 
and is circulating through the two channels of the annular  target   with the same velocity; 
The main goal was the evaluation of flow thermal-hydraulic characteristics in the annular flow 
area around target in the irradiation device, see Fig. 3. Temperature field was calculated 
using FLUENT code.  

A gap must be maintained between foil edges to permit a longitudinal cut of the outer 
Aluminum tube in order to recover irradiated uranium foil for chemical processing. From 
thermal point of view the unheated gap region provide asymmetry and temperature gradient 
which was not evaluated. Turbulence  model  was considered to be suitable for flow 
conditions. These conditions are summarized: 
-   inlet average fluid velocity: 3.88 m/s 
-   Reynolds numbers for annular flow cooling channels are: Re1=10508.71,  Re2=8850.335 
-   turbulence Intensity for annular flow cooling channels are: I1=5.0%   , I2=5.1% 
-   operating Gauge pressure: P=78000 Pa 
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ABSTRACT 
 

MOLY targets containing high enriched uranium are irradiated in the core of the 
OSIRIS reactor (CEA/Saclay) in order to obtain enough activity for molybdenum-99 
allowing the generation of technetium-99m used as a universal marker for medical 
diagnostics. This paper presents an overview of the irradiation of MOLY targets in 
the OSIRIS core and the recent studies performed to enhance irradiation 
capabilities of MOLY targets by using additional irradiation devices in the core.  

 
1. Introduction 
 
MOLY targets containing enriched uranium (with U-235 isotope), are irradiated in the core of 
the OSIRIS reactor in order to obtain enough activity for molybdenum-99 allowing the 
generation of technetium-99m (by radioactive decay of Mo-99). Tc-99m is a radioisotope 
used as a universal marker for medical diagnostics. The very short half-life of the Tc-99m (6 
hours) makes it mandatory to produce it in situ starting from a generator containing Mo-99 
with necessary and sufficient activity. The short half-life of the Mo-99 (66 hours) also implies 
a renewal of the generator every week. The production of Mo-99 is thus subjected to the 
same just-on-time requirements. It is carried out in a cooperation framework with other 
European reactors in order to ensure a regular supply of hospitals in Europe. During spring 
2010, medicine had to face a great shortage of Mo-99 production, due to the simultaneous 
shut down of several research reactors throughout the world.  
 
In this paper, we present an overview of the irradiation of MOLY targets in the OSIRIS 
reactor and its constraints on the reactor operation. Then, we present the neutron studies 
recently performed to enhance irradiation capabilities of MOLY targets by using additional 
irradiation devices in the core. Finally, we present the future steps to perform the irradiation 
of these additional devices in the OSIRIS core. 
 
2. OSIRIS Reactor 
 
OSIRIS is a material testing reactor located at the CEA-Saclay site and operational since 
1966. It is a 70 MWth pool type light water reactor with an open core [1]. The core is a 
compact unit (60×70×70 cm3). The core vessel contains a centrally located rack with 56 cells 
(a square-lattice pitch of 8.74 cm) loaded with 38 standard fuel elements, 6 Control Elements 
(hafnium absorber in the upper part and fuel in the lower part) and up to 7 beryllium 
elements. The remaining cells are dedicated to experiments and equipped with water boxes, 
each one containing up to 4 experiment rigs. Three experimental cells are available with the 
2T-core configuration (reference) in the positions 24, 44 and 64. The 3T-core configuration 
offers an additional experiment cell in the position 52 (see figure 1). 

                                                      
(*) Corresponding Author (fadhel.malouch@cea.fr) 
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Fig 1.  Horizontal cross-section of the OSIRIS core, on the left 2T-core configuration 

(reference) and on the right 3T-core configuration 
 
3. Irradiation of MOLY targets in the OSIRIS core 
 
3.1 Irradiation devices 
 
Tubular MOLY Targets are irradiated in the core of the OSIRIS reactor by group of three 
targets for about one week. The three targets are supported by a target-holder (called MOLY 
pole) inserted in an irradiation channel. The in-core irradiation of MOLY poles is carried out 
using (see figure 2):  
− Simple MOLY devices (used since 1981), located in cells 13 and 15 (1 irradiation channel 

by device, 1 pole by channel), 
− Quad MOLY devices (used since 1989), two being located in cells 22 and 26 for 2T-core 

configuration and only one in cell 22 for 3T-core configuration (4 irradiation channels by 
device, 1 pole by channel). In a Quad MOLY device, MOLY poles can be irradiated 
simultaneously and independently in the 4 irradiation channels of the device. 

 

 
Fig 2.  View of MOLY devices irradiated in the OSIRIS core (2T-core configuration) 

 
3.2 Mo-99 production performance 
 
As shown in figure 3, Mo-99 can be considered as a direct fission product of U-235 with a 
global fission yield taking into account those of all the short-lived precursors (such as yttrium-
99, zirconium-99 and niobium-99). 
 

Quad Moly Device 
(position 22) 

Simple Moly Device 
(position 13) 

Simple Moly Device 
(position 15) 

Quad Moly Device 
(position 26) 
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Fig 3.  Simplified chain of reactions for Mo-99 production and decay  

 
According to this model, the activity of Mo-99 at the end of irradiation of a target can be 
approximated by the following formula: 
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Where: 
− AMo99: activity of Mo-99 at the end of irradiation of a target (Curie/gU-235initial), 
− k: unit conversion factor from Becquerel to Curie (3.7×1010 Bq/Ci), 
− NA: Avogadro constant (6.022×1023 atoms/mol), 
− MU235: molar mass of U-235 (235 g/mol), 
− γMo99: global fission yield of Mo-99 (≈ 6%), 
− σf,U235: thermal-neutron fission cross section of U-235 (581 barns = 5.81×10-22 cm2), 
− φth: thermal neutron flux in the target (n.cm-2.s-1), 
− T1/2,Mo99: half-life of Mo-99 (2.75 days), 
− Tirr: irradiation time (in days). 
 
The assumptions of this formula have been validated by neutron calculations using the 
APOLLO-2 2D Lattice code [2] and the DARWIN/PEPIN-2 punctual depletion code [3] 
developed by CEA (Saclay center). Figure 4 shows the variation in the Mo-99 activity at the 
end of irradiation of a target as a function of the thermal flux for different irradiation time. 

 

 
Fig 4.  Mo-99 activity at the end of irradiation of a target 

 
3.3 Irradiation constraints 
 
There is no specific circuit used for the cooling of the MOLY targets irradiated in the OSIRIS 
core. This function is provided by the primary circuit of the core. So, the targets can be 
loaded and unloaded during the reactor operation. However, there is a limitation for the linear 
power of targets under irradiation (safety criterion). This condition has to be checked by 
neutron calculations (modelling several core configurations during the cycle) performed 
before each operating cycle. If this condition is not satisfied, the reactor power could be 
limited during all or part of the cycle to satisfy this requirement. 
 
After irradiation in the OSIRIS core, the MOLY targets are stored first in the reactor pool and 
then in a water channel during the time necessary to the decreasing of the residual heat, 
before being transferred in one of the two hot cells of the facility, and then loaded by group of 
three targets in transportation casks (up to 4 casks a day are transported outside the facility). 
The total activity of the targets transported in a cask has to be lower than 2.1×1015 Bq (safety 
criterion). This condition is also checked by neutron calculations. 
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4. Enhancement of irradiation capabilities 
 
4.1 Feedback of 2010 
 
During first half of 2010, there was a world-wide shortage of technetium-99m because of a 
great lack of Mo-99 production, due to simultaneous unforeseen outages of two research 
reactors throughout the world, one in Canada (NRU), the other in Netherlands (HFR). 
 
To face this shortage, OSIRIS schedule of operation was adapted to this exceptional 
situation: 
- The renovation works of the facility initially planned for spring 2010 had been shifted for two 

months, with the agreement of the Nuclear Safety Authority, to avoid the simultaneous 
shutdown of OSIRIS, NRU and HFR, 

- One or two additional Simple MOLY devices were used in row 10 of the core instead of 
beryllium elements to increase the number of irradiated targets, 

- The 2T-core configuration was privileged to be able to load permanently a Quad MOLY 
device in the cell 26 of the core (this cell is loaded by a standard fuel element in the 3T-core 
configuration), 

- The irradiation schedule of targets and the duration of the operating cycle were optimized in 
order to increase the number of irradiated targets by cycle. 

 
The implementation of these measurements required coordination between the operators of 
the OSIRIS reactor and the different irradiation experiments. A high number of MOLY targets 
have already been irradiated in six months equivalent to a year production in normal periods. 
OSIRIS had thus answered temporarily about 20% of the Mo-99 world needs. 
 
4.2 Recent neutron studies 
 
In order to increase irradiation capabilities of MOLY targets in the OSIRIS reactor, new 
irradiation configurations of MOLY devices have been studied, in particular using one 
additional Quad MOLY device in cell 24 of the core instead of a water box. Thus, we can 
have Quad MOLY devices with a 3T-core configuration as much as using with the current 
2T-core configuration (i.e. two Quad devices). With the 2T-core configuration, we could have 
simultaneously up to 3 Quad MOLY devices in the core, so 36% increase of channels 
available for the irradiation of MOLY targets. 
 
In spite of the localization of cell 24 in row 20 of the core, the thermal neutron flux in this cell 
is still relatively higher than in cells 22 and 26. The linear power calculated for the MOLY 
targets in this cell often exceeds the authorized limit. 
 
In order to minimize the power peaking in cell 24, the fuel loading of the core was adapted by 
refuelling high burn-up assemblies in the surrounding cells, in particular in cell 34 (north side 
of cell 24). This adaptation allows a local modification of the power distribution, and a 
decrease of the linear power in the targets, and so meeting the authorized limit (cf. figure 5). 
 
However, with a MOLY-adapted fuel loading, the average fast neutron flux in the 
experimental cell 44 (north side of cell 34) becomes lower by about 15 to 20% (see figure 6). 
This result is less acceptable for the nuclear material damage experiments carried out in this 
cell, for which the irradiation duration depends on the fast neutron fluence. The fast flux 
remains appreciably the same in the experimental cell 64. There is a compromise to find 
between target irradiation in cell 24 and experiments in cell 44. 
 
The neutron calculations related to these studies have been performed by using the OSIRIS 
core two-dimensional diffusion code developed by CEA (Saclay center). 
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Fig 5.  Power map with an additional Quad MOLY device in cell 24 (CE 4 inserted), using a 

standard fuel loading (on the left) and a MOLY-adapted fuel loading (on the right) 
 

                  
Fig 6.  Fast-flux map with an additional Quad MOLY device in cell 24 (CE 4 inserted), using a 

standard fuel loading (on the left) and a MOLY-adapted fuel loading (on the right) 
 
5. Conclusion and prospects 
 
The use of an additional QUAD MOLY device in the OSIRIS core will increase the current 
irradiation capabilities of MOLY targets by 36%. The manufacturing of this device and the 
related safety analysis are ongoing. It could be operational by the end of 2011. 
 
For the future, the CEA works closely with its European partners NRG (Netherlands), 
SCK•CEN (Belgium) and the Technical University of Munich (Germany) to ensure an optimal 
coordination of the research reactors. In parallel, the CEA continues construction, on the site 
of Cadarache, of the Jules Horowitz research reactor (JHR). The JHR should gradually take 
over OSIRIS for the production of radioisotopes with medical use from 2015. 
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This paper provides an overview of the work in progress to develop low enriched uranium (LEU) foil 
targets for the production of the medical isotope molybdenum-99 (99Mo).  The development strategy 
utilizes analytical and numeric simulation methods, and in-situ testing to establish design rules, that 
include manufacturing constraints, for a safe and cost-effective 99Mo production target. 
 
A project team, sponsored by the U.S. Department of Energy - National Nuclear Security 
Administration, Office of Global Threat Reduction, has been formed to support the efforts of the large-
scale 99Mo producers to convert from highly enriched uranium (HEU)-based to LEU-based Mo-99 
production.  This work also directly supports the International Atomic Energy Agency’s (IAEA) ) 
International Working Group on Conversion Planning for Mo-99 Production Facilities from HEU to 
LEU, and the IAEA Coordinated Research Project (CRP); entitled “Developing Techniques for Small-
Scale, Indigenous Production of Mo-99 Using Low-Enriched Uranium (LEU) or Neutron Activation.”  
This IAEA sponsored project supports the utilization of research reactors worldwide by providing them 
the technology to develop and implement a viable radioisotope production capability that is consistent 
with non-proliferation objectives. 
 
The project team is comprised of personnel representing Argonne National Laboratory (ANL), B&W Y-
12, LLC, and the University of Missouri’s College of Engineering.  Additional support will be provided 
by the Institute of Nuclear Research - Pitesti Reactor Facility (Romania), and the Korean Atomic 
Energy Research Institute (KAERI). 
 
The objectives of the project are to: 

1. Establish a target qualification methodology that is bounding for all 99Mo target irradiators. 
 
2. Develop the target qualification methodology by building upon the annular LEU-foil target design 

work and testing previously performed by ANL and ANSTO/CERCA. 
 
3. Develop a final product in the form of a “generic” LEU-foil target qualification document that can 

be used by any Mo-99 target irradiator to support their facility specific “safety case.” 
 
4. Evaluate the technical feasibility of developing, qualifying, and manufacturing LEU-foil targetry in 

two distinct geometries (annular and plate). 
 
5. Develop a set of “universal” target material specifications and target manufacturing quality control 

(QC) test criteria that are acceptable to all current target irradiators and potential future 99Mo 
producers. 

 
6. Optimize the target design, considering both reactor and processing facility safety, and the 

economics of manufacturing a cost-effective target to offset the inherent economic disadvantage of 
using LEU in place of HEU. 
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In summary, this paper provides a review of analytic, numeric, and experimental activities that have 
been completed on annular and plate LEU-foil target geometries to date.  Preliminary results do not 
identify any technical barriers to the development and qualification of an LEU-foil based target as a 
viable alternative to HEU or LEU dispersion type targets. 
 
1. Introduction 

Both HEU and LEU dispersion type targets have a well established pedigree as they are 
manufactured to industry accepted materials test reactor (MTR) fuel specifications.  
Furthermore, HEU dispersion type targetry has a long history of successful irradiation 
without any significant cladding failures.  Historically, thousands of dispersion targets have 
been safely irradiated to produce fission product 99Mo. 
 

In comparison, LEU-foil targets have a very limited irradiation history.  This target type has 
been successfully irradiated in Argentina, Indonesia, Australia, and the United States 
(University of Missouri Research Reactor).  It is estimated that less than fifty (50) LEU-foil 
targets have been irradiated to date. Furthermore, foil type targets are not currently 
manufactured to an industry accepted standard or specification. 
 

As a consequence, a manufacturing standard or specification must be developed for this 
target type and a corresponding target qualification program must be successfully 
implemented.  A manufacturing specification must be established and a qualification 
program must be completed before this target type will be considered as an HEU to LEU 
target conversion option by any large-scale 99Mo producer.  Sections 3.0 and 4.0 summarize 
the activities currently in progress to support manufacturing specification and qualification 
program development.. 
 
2. LEU-Foil Targetry Advantages 

An LEU-foil target has several distinct advantages in comparison to an LEU dispersion type 
target.  These advantages are: 
 

1. On a per target basis having the same uranium mass, the time to chemically dissolve a 
foil target is significantly less than that of a dispersion target.  As the foil is removed from 
its aluminum cladding, only the foil component of the target is dissolved in the first stage 
of the 99Mo production process. 

 

2. On a per target basis having the same uranium mass, the volume of liquid radioactive 
waste generated during the target dissolution phase is significantly less because only the 
foil component of the target is dissolved.  The LEU-foil target’s aluminum cladding is 
removed during target disassembly, allowed to decay, and disposed of as low-activity 
solid radioactive waste. 

 

3. The cost per gram of LEU-foil target material is less than the cost per gram of LEU 
dispersion target material. 

 

4. On a per target basis, the cost to fabricate an LEU-foil target is expected to be less than 
the cost to fabricate a dispersion type target that has the same uranium mass. 

 

5. The uranium loading of a typical LEU dispersion target is in the range of 2.5 to 3.0 g 
U/cm3.  The density of the LEU metal foil is approximately 19 g/cm3.  As a consequence, 
a foil target of the same geometry can contain much higher amounts of uranium than the 
HEU or LEU dispersion type target. The uranium content will be limited by the ability of 
the target’s cooling system to remove heat (target power) during irradiation. 
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3. Analyses to Support Specification Development 

Preliminary evaluations have been performed by the University of Missouri’s College of 
Engineering to determine the thermally induced stress on the target’s cladding which is 
caused by non-uniform heating.  A series of analytic, numeric, and experimental tools have 
been developed in order to evaluate the annular target geometry and to establish a proof-of-
concept for the plate geometry.  More advanced 2-D analytic models have been developed 
to establish the property and geometry groups that will influence the target behavior during 
irradiation.  A representation of the stresses developed in an annular target is shown in 
Figure 1 The colors represent the Von Mises stress that results from interfacial heating.  The 
stresses generated as a result of macroscopic U-growth and fission gas pressure will also be 
analyzed.  A preliminary analysis applicable to both the annular [1] and plate [2] target 
geometry has been performed. 
 

 
 

Fig. 1  ANL’s LEU-foil annular target, thermal stress field 

The results of the analyses and numeric simulations are being validated by experiment.  A 
mock target, containing a heater element to provide an internal heat source, is placed in a 
flow loop test section as shown in Figure 2.  The deformation of the target’s cladding is 
measured by laser displacement. 
 

 
 

Fig. 2  Flow loop with test section  
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The temperature of the LEU-foil will depend upon the thermal contact resistance between 
the foil and the aluminum tube cladding.  Contact resistance, in general, arises due to 
imperfect mating of components due to micro-scale surface roughness and macro-scale 
warpage.  Any gaps that form between the target’s components (aluminum cladding, LEU-
foil, and nickel fission recoil barrier) contain relatively low thermal conductivity gases.  The 
thermal conductance between the heat source (LEU-foil) and coolant (water) is thus reduced 
relative to perfect material contact between the components.  A higher contact resistance 
implies a lower thermal conductance and a correspondingly higher LEU-foil temperature. 
 

Experiments are currently being performed to evaluate the surface state (i.e., roughness) of 
the LEU-foil so that the thermal contact resistance for the annular target geometry can be 
characterized.  Following this characterization, an envelope of thermal contact resistance for 
the target geometry can be established. 
 

The surface texture of the foil is measured prior to target assembly and compared to the 
surface texture measurements following target disassembly to assess the magnitude of 
thermal contact resistance.  The measurements are obtained using the instrument shown in 
Figure 3.  A representative sample of uranium foil manufactured by KAERI using their 
cooling-roll casting method is shown in Figure 4.  The surface texture of the uranium foil is 
visible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Surface contact profilometer Fig. 4  LEU-foil supplied by KAERI 
 
4. Testing to Support Qualification Strategy 

There are limited experimental data published that characterizes the physical behavior of 
thin uranium foils during irradiation.  Macroscopic U-swelling and fission gas generation data 
is needed to construct models capable of predicting the behavior of LEU-foil Mo-99 targets 
during irradiation.  The models will be used to demonstrate the structural integrity of LEU-foil 
targets during irradiation. 
 

A test plan has been developed that outlines a strategy for acquiring LEU-foil irradiation 
behavior data using the Pitesti reactor’s post irradiation examination (PIE) facility shown in 
Figure 5.  The PIE data will be used to support the development of a universally qualified 
LEU-foil based target that can be used by any current or future Mo-99 producer who desires 
to evaluate the LEU-foil targetry option.  A series of tests will be performed under irradiation 
conditions that represent the maximum irradiation parameters (i.e., thermal neutron flux and 
irradiation time) of dispersion type targets that are now being irradiated to produce Mo-99.  
Parameters such as macroscopic U-swelling and fission gas generation will be quantified. 
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Fig. 5  Pitesti Reactor PIE Facility 
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6. Technology Readiness Assessment 

A Technology Readiness Assessment (TRA) is an industry recognized and accepted method 
used to assess the technological maturity of a product (in this case, an LEU-foil target) under 
development.  This assessment is formal, systematic, and metric-based. The metrics are 
defined by the Technology Readiness Levels.  A TRA: 1) provides a common language to 
communicate the maturity of a technology, 2) enables a disciplined approach to evaluate 
technology readiness, and 3) provides an effective tool and metrics to assess technology 
risk.  It is simply an analysis for determining the technology maturity with respect to meeting 
product realization goals.  Using this assessment methodology [3], the LEU-foil target is 
assigned a maturity of TRL 5 for the high-volume production (meaning mass production in 
sizable lots) [4]. 
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ABSTRACT 
 

On May 26, 2004, the National Nuclear Security Administration established the Global 
Threat Reduction Initiative (GTRI).  GTRI’s mission is to reduce nuclear and radiological 
threats worldwide by removing or disposing of excess weapons usable nuclear and 
radiological materials.  While GTRI had several established programs to remove and 
dispose of these types of materials, there were a number of foreign facilities (primarily 
research reactors) that had quantities of both U.S. and non-U.S.-origin weapons usable 
spent nuclear fuel (containing HEU) and separated plutonium, for which there was no 
identified disposition path.  Therefore, GTRI established the “Gap Material” Program to 
address these types of high risk nuclear materials. This paper will discuss the materials that 
are covered by the Gap Material Program, accomplishments to date, ongoing international 
cooperation and the future of the program.   

 

 

GTRI History 
 
The National Nuclear Security Administration established the Global Threat Reduction 
Initiative (GTRI) in 2004 to identify, secure, remove and/or facilitate the disposition of high 
risk vulnerable nuclear and radiological materials around the world, as quickly as possible, 
that pose a threat to the United States and the international community. GTRI works to 
reduce and protect vulnerable nuclear and radiological material located at civilian sites 
around the world.  
 

GTRI Removal Programs Overview 
 
A cornerstone of GTRI efforts is to remove and eliminate excess nuclear and radiological 
materials.  These efforts result in permanent threat reduction because they eliminate bomb 
making material at civilian sites.  Each kilogram or curie of this dangerous material that is 
removed and dispositioned reduces the risk of terrorists developing a nuclear explosive or 
dirty bomb.  Since 2004, GTRI has removed more than 120 nuclear bombs worth of highly 
enriched uranium and plutonium, secured more than 775 bombs worth of HEU and plutonium 
associated with the BN-350 reactor in Kazakhstan, and secured more than 960 radiological 
sites around the world containing over 20 million curies, enough for thousands of dirty 
bombs.  
 
At its inception, GTRI had two fuel removal efforts – the U.S.-origin fuel removal program and 
the Russian-origin fuel removal program.   Each program has been incredibly successful with 
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the removal of over 2800 kilograms of highly enriched uranium since the programs were 
initiated.   

However, it was quickly recognized that many vulnerable nuclear materials were not covered 
by the existing programs, so GTRI began efforts to expand its program to address additional 
materials that could be used for a nuclear weapon.  Specifically, GTRI expanded efforts to 
address the following so-called “Gap Materials”

 Non-U.S.-origin fresh HEU and U.S.-origin fresh HEU not covered by existing 
programs or policies 

 Spent Nuclear Fuel (SNF) containing non-U.S.-origin HEU 

 SNF containing U.S.-origin HEU that was not previously addressed in the Foreign 
Research Reactor Spent Nuclear Fuel (FRRSNF) Acceptance Program 
Environmental Impact Statement (EIS) 

 Separated weapons-usable plutonium  

Gap Material Authorizations

The first step towards expanding fuel removals efforts required environmental and legal 
reviews per the National Environmental Policy Act (NEPA) of the United States.  These 
environmental and legal reviews were divided into three separate actions – HEU fresh fuel, 
HEU spent fuel, and plutonium.   

The first issue to be addressed was the return of additional forms of U.S.-origin fresh HEU as 
well as the shipment of non-U.S-origin fresh HEU to the United States.  As the recipient of 
any fresh HEU shipments, the Y-12 Nuclear Security Complex took the initiative to prepare 
the documentation needed to bring additional forms of fresh HEU to the United States for 
disposition.  In August 2006, a “Supplement Analysis for the Air and Ocean Transport of 
Enriched Uranium between Foreign Nations and the United States“ was signed allowing for 
such shipments. 

Second, GTRI began to address the possibility of bringing non-U.S.-origin HEU spent fuel to 
the United States as well as U.S.-origin HEU spent fuel that was not previously addressed in 
the Foreign Research Reactor Spent Nuclear Fuel (FRR SNF) Acceptance Program 
Environmental Impact Statement (EIS).  GTRI performed a supplement analysis (SA) to the 
FRR SNF EIS to determine if bringing this material back would have any additional impact on 
the environment.  It was determined that the environmental impacts would be insignificant 
and the final SA and associated record of decision (ROD) were signed by the NNSA 
Administrator on January 13, 2009  allowing such shipments under the following limited 
circumstances: 

The material must:  
1) pose a threat to national security  
2) be susceptible to use in an improvised nuclear device 
3) present a high risk of terrorist threat and 
4) have no other reasonable pathway to assure security from theft or diversion 

Acceptance of Gap Material SNF can also only occur if the material complies with the 
acceptance criteria of the Savannah River Site facility receiving the Gap Material SNF and 
provided sufficient storage capacity exists at the facility. 

Finally, GTRI began the process of completing the necessary reviews to allow for the 
importation of separated plutonium.  This authorization was received in May 2010 with the 
issuance of a Finding of No Significant Impact and associated “Environmental Assessment 
for the Receipt and Storage of Gap Material – Plutonium”.  As with the supplement analysis 
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for HEU spent fuel noted above, any plutonium sent to the United States must meet the 
same strict acceptance criteria, including that it meet the acceptance criteria of the Savannah 
River Site and that sufficient storage capacity exists, and is limited to only 100 kilograms.  
The authorization to receive such quantities of plutonium materials into U.S. is the first ever 
and considered a significant milestone for GTRI.  

Gap Material Program Accomplishments

Since its inception, the Gap Material Program has removed, or verified the disposition of, 228
kilograms of HEU and plutonium at or to the following locations: 

 130 kilograms to commercial entities  130 kilograms to commercial entities 

80 kilograms to Y-12

 18 kilograms to SRS 
.   
HEU Fresh Fuel Removals

Since 2006 when approval was received to begin shipments of additional quantities of HEU 
fresh fuel to the United States, GTRI has worked with the Y-12 Nuclear Security Complex, 
our domestic and foreign counterparts, and commercial entities to identify and eliminate 
additional excess quantities of fresh HEU.  GTRI facilitated disposition of HEU at various 
commercial entities as well as the return of fresh HEU from both domestic and international 
locations to Y-12 for storage and disposition.  Key shipments included return of fresh HEU 
from three university reactors in the United States as well as 8 foreign shipments of 77.5 
kilograms from our foreign counterparts. 

                                

Fig. 1 - Cutting TRIGA rods at Oregon State Fig. 2 - Packaging of U.S.-origin fresh HEU

HEU Spent Fuel Removals

GTRI’s first shipment of non-U.S.-origin HEU spent fuel to the United States was from Chile.  
This shipment, which included over 18 kilograms of HEU was completed in April 2010 – just 
prior to the International Nuclear Security Summit.  This was a major accomplishment not 
only because it was the first shipment of non-U.S.-origin HEU spent fuel to the United States 
under the Gap Material Program, but also because it completed the removal of all HEU from 
the country of Chile.  In addition, the operation was performed under challenging 
circumstances as the loading operations were performed during the period when a 
devastating 8.8 magnitude earthquake hit Chile.   
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Fig. 3 - Chilean spent fuel at RECH-1 Fig. 4 - HEU spent fuel loading in Chile 

Other Disposition Assistance

GTRI is also working with foreign countries – most notably Sweden, Switzerland, Japan, 
Canada and Argentina - to find alternate disposition solutions for excess nuclear materials.  
Activities include: 

 Developing downblending and processing options for HEU  Developing downblending and processing options for HEU 

 Assisting with stabilization and packaging of Pu materials 

 Facilitating discussions with commercial entities for disposition 

HEU Downblending: 

GTRI is providing technical expertise via the Y-12 Nuclear Security Complex and the 
Savannah River National Laboratory to help countries identify cost effective domestic 
downblending and processing solutions for HEU materials that cannot be returned to the 
United States for disposition.  For example, GTRI has been working with Yayoi research 
reactor since 2008 to identify a disposition solution for its U.S.-origin HEU.  After careful 
consideration, and analysis of both technical issues and costs, Japan has decided to 
downblend this HEU in country and then fabricate fuel elements for its zero power reactor 
using the LEU.  

Fig. 5 - Stainless steel clad HEU in Japan 

In addition, technical experts are working with Argentina to downblend several kilograms of 
U.S.-origin HEU that can not be sent to the Unites States for disposition.  This included 
downblending multiple material forms containing HEU (U-Al alloy, U metal, Uranium in liquid 
form, and contents from legacy UF-6 cyclinder), as well as upgrading hot cells to process 
irradiated Mo-99 filters.  After downblending, this material will be used in target and fuel 
fabrication.  
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Fig. 6 - UF6 in Argentina 
 
Plutonium Disposition: 
 
GTRI continues to discuss options for plutonium removal and disposition with several 
countries. This includes technical support to guide the stabilization and packaging of 
plutonium, review of possible domestic storage options, commercial disposition solutions, 
and the possible shipment of this material to the United States for disposition.  Because of 
the infancy of this program, GTRI is currently only in preliminary discussions with most 
countries that have excess separated plutonium.   
 
  

Future of the Gap Material Program 
 
GTRI is dedicated to continuing to work with our foreign counterparts to find disposition 
pathways for excess vulnerable nuclear materials, whether by finding a domestic solution, 
sending to a commercial partner, or sending to the United States for disposition.   
 
If you would like to discuss possible disposition solutions, please contact Sarah Dickerson at 
sarah.dickerson@hq.doe.gov. 

mailto:sarah.dickerson@hq.doe.gov
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ABSTRACT 
 
For now the removal of SNF from RA reactor site (PC NFS, Serbia) is the most time-consuming and 
technically complicated operation under RRRFR Program. The most efficient techniques and lessons learned 
from other projects of the RRRFR Program as well as new unique technical decisions were used.  
Two big challenges were resolved during implementation of Serbian Project: (1) preparation of damaged fuel 
located in the packages unsuitable for transport, taking into account insufficient infrastructure of RA reactor 
site and (2) removal of large amount of fuel in one multimodal shipment through several transit countries. 
The main attention was paid to safety justification of all activities. All approvals were obtained in Russia, 
Serbia and transit countries. 
Special canisters were designed for transportation of specific RA reactor fuel (of small dimensions, 
unidentifiable, damaged due to corrosion). The canister design was selected to be untight – it was the most 
expedient decision for that case from safety perspective.  
The technology and a set of equipment were designed for remote removal of the fuel from the existing 
package (aluminum barrels and reactor channels) and placing of the fuel into the new canisters. After 
fabrication and assembling of the equipment theoretical and practical training of the personnel was 
performed. Fuel repackaging took about 5 months. SNF was transported in TUK-19 and SKODA VPVR/M 
casks. The baskets of large capacity were designed and fabricated for SKODA VPVR/M casks. Special 
requirements to drying the packages and composition of gaseous medium inside were justified to ensure fire 
and explosion safety.  
Specialized ISO-containers and transfer equipment designed under Romanian Project were used together 
with TUK-19 casks. A forklift and mobile rail system were used to handle SKODA VPVR/M casks under 
conditions of low capacity of the cranes at the facility.  
Due to the tight schedule of RRRFR Program as well as geographical peculiarities of RA reactor site location 
all types of transport means were used in this transportation: empty casks were delivered by road and air, 
SNF was transported by road, rail and sea. 
The success of the Serbian Project is the result of professionalism and efficient cooperation of many national 
and international organizations. The lessons learned are useful and could be used in other projects of fuel 
removal and decommission of nuclear facilities. 
 
1. Development of New SNF Packaging 
The major peculiarity of the Serbian SNF removal project is the degraded state of the fuel. An 
aluminum alloy was used as a structural material of the RA reactor fuel assemblies. The SNF was 
stored in the untreated water with a high electrical conduction and content of Cl and  SO4 ions for 
30-40 years. Due to this fact, the major part of the SNF has significantly corroded causing a 
contact of the fuel composition with the water environment. 
The SNF have been stored in long-length (more than 6 m) aluminum reactor channels and 
aluminum barrels, which in the process of the long-term storage have significantly corroded, too. 
Such big and damaged containments could not be used for the shipment and receipt of the SNF at 
the Russian fuel reprocessing plant.  
Since the plan for the SNF transport to the Russian Federation was rather complicated (see the 
description below), one of the most important requirements was to arrange a single shipment of all 
the SNF (8030 SFAs). 
This caused a necessity to develop a new packaging for the SNF that would be appropriate for the 
SNF shipment to Russia and have a high capacity. For this purpose, TUK-19 and SKODA VPVR/M 
casks were selected, and special canisters and baskets were developed (Fig.1). The canisters 
designed are untight. This significantly facilitated handling operations at the RA reactor, declined 



strict SNF drying requirements, and ensured high fire and explosion safety. The oxygen and 
hydrogen generated as a result of radiolysis and chemical reactions released freely during storage 
of the SNF canisters in the basin and, when loaded in tight casks, were evacuated by regular 
blowing of the internal volume of the casks.  
 

 
Fig.1. New high-containment SNF packaging 

 
2. SNF repackaging 
The SNF removal from the original packagings and its loading into new canisters required 
development of a special technology and fabrication of equipment and tools. The basis of the 
technology is remote drilling and cutting of the original aluminum barrels and reactor channels.  
The limited space in the RA reactor hall required that all the equipment be deployed compactly. 
Almost all the repackaging operations were carried out underwater using a working frame, while 
cutting of the long-length reactor channels was done from a shielded room in the reactor. The 
prepared SNF in new canisters was stowed on a special underwater rack in the basin.   
The entire process was surveyed and controlled by an underwater video system. The set of 
equipment developed, fabricated and delivered to Serbia (about 100 pieces) included both simple 
long-length tools, and complicated electric and pneumatic units and large-scale structures (a 
working frame, racks, frames, etc.). Fig.2 presents some of the SNF repackaging equipment. 
In total, the SNF repackaging operations took about five months. Over that period, no emergencies 
happened causing an overdose or injures to the personnel or a radioactive release into the 
environment exceeding the approved design limit. 



 
Fig.2. SNF repackaging equipment 

 
3. Cask Handling Operations 
The small working area and the low-capacity crane in the SNF storage room required development 
of a special system to transfer heavy casks inside the facility. A mobile railway system similar to 
that used in the Czech SNF removal project was utilized. A forklift transferred the casks inside the 
facility. A unique system for fixing the casks on the fork was developed (Fig.3). A safe deployment 
of 32 casks was calculated taking into account the allowable load limit for the reactor hall floor. 
The experience gained during handling operations with TUK-19 casks during the Romanian SNF 
removal project was applied to the Serbian campaign. The transfer cask delivered from Romania 
and upgraded with account taken for peculiarities of operations at the RA reactor was used to load 
the fuel into the TUK-19 casks.   The TUK-19 casks were shipped in ISO containers that were 
designed and fabricated under the Romanian project and showed themselves positively in other 
RRRFR shipments (Libya, Poland). 
Other equipment for handling operations with the TUK-19 and SKODA VPVR/M casks was either 
modernized, or newly fabricated. For instance, the SNF was loaded into canisters using a special 
above-basin frame to install the casks and a unique self-balancing tool to put heavy canisters into 
the basket under the canister underwater. 
Dynamic accumulation of oxygen and hydrogen in the casks filled with SNF was calculated to 
ensure fire and explosion safety.  The calculation results formed the cask drying requirement, a 
special procedure for regular gas replacement in the casks, and safety measures for opening of 
the casks at FSUE “Mayak" PA. The calculations were verified by actual measurements of the gas 
mixture in the casks during temporary storage at the RA reactor facility. 
 



   
Fig.3. Railway system and forklift 

 
4. Shipment of SNF Packages 
It was impossible to use only the overland transport to ship the SNF to Russia due to the peculiar 
geographical location of Serbia and a political standpoint of some countries of transit. So, the 
choice was made in favor of the “sea” route used for the SNF removal from Hungary. Across 
Serbia, the SNF packages were transported by trucks from the RA reactor to the Serbian-
Hungarian border, where they were reloaded onto a train. The train with the SNF packages went 
through Hungary and Slovenia to the sea port of Koper, where the packages were loaded on a 
ship. Then, the packaged were shipped over the Mediterranean Sea and the Atlantic and Arctic 
Oceans to the Russian port of Murmansk, where they were loaded onto a train again and 
transported to FSUE “Mayak" PA across Russia. 
Since the empty casks were delivered to Serbia from Russia by plane, we can state that the 
Serbian project involved all types of civil transport for the shipment of the Class 7 cargo. 
 
5. Safety Issues and Approvals 
The long-term, complicated and potentially hazardous SNF repackaging and loading operations at 
the reactor facility could not have been possible without an appropriate safety analysis. Jointly with 
the Serbian operator and Russian experts, R&D Company "Sosny” made a comprehensive 
analysis of all technologies, procedures and equipment used. Several safety reports were 
prepared; they were reviewed and approved by the Serbian regulatory body and Slovenian and 
IAEA experts. All  necessary procedures and documents for the safe performance of the 
operations and correct emergency response were prepared. 
Under the guidance of the Sosny experts, all the equipment delivered to the RA reactor was 
assembled, adjusted and tested. 
Theoretical and practical training of the Serbian personnel in performing the operations was 
conducted. The training was carried out in the step-by-step manner, i.e. every single procedure 
was trained right before its implementation. So, the total cycle of training included five stages of 
theoretical training alternating with practical operations. 
Over the entire period of practical operations, the Sosny specialists, who developed the 
technologies and equipment, were present at the facility to control the operations and provide 
prompt consultations.  
Prior to the shipment, all necessary documents were prepared and all required Russian, Serbian 
and transit countries’ approvals were received. In addition to getting the shipment approvals, we, in 
Russia, had to go through a lengthy and complicated procedure of approval of the foreign SNF 
import. The Unified project documents including special ecological programs were developed, all 
approvals of Russian authorities were obtained, and a positive expert assessment of the State 
Ecological Expertise Committee was received. 
 
6. Conclusions 
The Serbian SNF removal campaign took about five years involving dozens of organizations from 
different countries, in particular, IAEA, Serbian and Russian operators, carriers, developers and 



fabricators of the equipment, expert organizations, competent, authorized and regulatory bodies of 
Russia, Serbia, Hungary and Slovenia, and other organizations providing technical support (Fig.4). 
For R&D Company "Sosny", it has become the 27th international shipment of nuclear materials and 
the culmination of the accumulated experience. 
The Serbian project has demonstrated the following: 

• a feasibility of the safe preparation and transport of significantly degraded SNF; 
• a possibility to handle the casks at facilities with small working areas and low-capacity 

cranes; 
• the universality of the TUK-19 and SKODA VPVR/M handling equipment developed under 

the RRRFR program and a possibility to accommodate it to specific conditions of a certain 
facility; 

• advantages of untight canisters for some cases; 
• a possibility to arrange a multi-modal shipment through several countries of transit; 
• a possibility of effective interactions between many organization under a single project. 

No doubt, the Serbian campaign has become a success due to the high competence of its 
participants and a result of an ample application of the experience gained from similar activities.  In 
its turn, the Serbian project has generated several perspective engineering solutions that can be 
called for by other fuel removal and nuclear facility decommissioning projects. 
 

 
Рис. 4. Organizations involved in the project 

 



Fig 1.  RA Reactor block
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ABSTRACT 

   
 At the beginning of 2002, the Government of the Republic of Serbia issued a directive to 

permanently shut down the RA research reactor at the Vinča Institute of Nuclear 
Sciences in Belgrade and decided to repatriate all fresh HEU fuel elements and all spent 
LEU and HEU fuel elements being irradiated during entire exploitation of this reactor. The 
fresh fuel elements were shipped to the Russian Federation in August 2002. Packed in 
special containers, the fuel was transported by truck to the Belgrade Airport and then 
sent by commercial cargo aircraft to its final destination in the Russian Federation. This 
was the first actual step in implementation of the RRRFR Programme. During the RA 
reactor’s nearly 25 years of operation, more than 2.5 tons of heavy metal in form of the 
irradiated fuel elements were generated and temporarily stored in water pools in the 
spent fuel storage within the reactor building. Because the storage lacked adequate 
conditions for long-term storing, a number of fuel elements lost their tightness which led 
to fission products release into water in the spent fuel pond. Specific design of the fuel 
elements and the fact that a number of them were in poor condition, necessitated 
repackaging of these elements into new canisters designed specifically for the transport 
in TUK-19 and SKODA VPVR/M transport casks. After four years of negotiations and 
preparations, in September 2006 a contract for the repatriation of the RA reactor’s spent 
fuel was signed. The parties involved included consortium of Russian companies led by 
the R&D Sosny Company, the Vinča Institute of Nuclear Sciences and the IAEA. In 
addition to technical and logistical support, international financial support was also 
provided to help realize completion of this project. Nearly four years later, at the end of 
2010, the spent fuel elements left Serbia, bound for the Russian Federation.  

 
1. Introduction 
1.1 Reactor Facility 
 

          The RA reactor is a Russian-design tank type research reactor, using heavy water as a 
primary coolant and a moderator. It is located at the Vinča Institute of Nuclear Sciences 
nearby the River Danube. Its nominal power was 6.5 MW. The reactor went critical in 
December 1959 and was temporarily shut down in August 1984 (RA 
reactor block is shown in Fig. 1). During this period of operation, 
reactor has been successfully used for scientific research, but also 
for commercial purposes. From its first commissioning in 1960 until 
1975, the reactor was using Russian-origin low enriched uranium 
fuel (2% of 235U). In 1976, the original fuel was gradually replaced 
by a highly enriched uranium fuel (80% of 235U), developed and 
qualified in the Soviet Union in the meantime.    

          After temporary shut down in 1984, it was decided to make a 
series of reconstructions of facility’s systems in order to enable safe 
and continuous operation of the reactor for the next 20 to 25 years. 
However, planned reconstructions had never been finished and 
reactor has never been put into operation again. In July 2002, the Government of the 
Republic of Serbia made a decision to shut down the RA reactor permanently. 
 
1.2   Fuel repatriation background 
 
         Following the objectives of the Russian Research Reactors Fuel Return (RRRFR) 
Programme, launched in 1999 by the Russian Federation, the United States and the IAEA, 



Fig 2.  TVR-S fuel elements

Director General of the IAEA, one year later, invited countries in possession of Russian-
origin research reactor fuel to examine willingness in returning HEU fuel to the Russian 
Federation. The Republic of Serbia expressed strong interest in participating in this 
programme.  
         At the beginning of 2002, the Serbian government issued a directive to repatriate all 
fresh HEU fuel elements and also all spent LEU and HEU fuel elements being irradiated 
during entire exploitation of the RA research reactor. 
 
1.3   Fresh fuel shipment 
 

         After several months of negotiations with US DOE and two Russian institutes, all fresh 
HEU fuel elements at the Vinča Institute were transported to the Russian Federation in 
August 2002. There were total of 5046 such fuel elements having approximately 48 kg of 
80% enriched uranium. Packed into special transport containers, these elements were 
loaded onto truck and transported to the Belgrade Airport. By commercial cargo aircraft, 
fresh fuel was sent to the Ulyanovsk Airport in the Russian Federation and then by truck to 
the RIAR Institute in Dimitrovgrad. 
         This shipment was the first actual implementation of the RRRFR Programme. 
                
2.     Feasibility considerations 
2.1   Fuel type and inventory 
 

         During exploitation, only the TVR-S fuel elements of the LEU and HEU type, 
manufactured in the former Soviet Union, were used in the RA research reactor (Fig. 2). Both 
types of fuel elements have the same geometry, but the mass of 235U is slightly different 

(7.25 g in LEU and 7.7 g in HEU fuel element). TVR-S fuel element is 
an empty cylinder with the outer diameter of 37.2 mm having tubular 
fuel section 2 mm thick and 100 mm long. This section, coated with 1 
mm aluminium cladding, is made of metal uranium in LEU and 
uranium dioxide mixed in aluminium matrix in HEU fuel element. 
Total length of the fuel element is 113 mm. 
         There were 8030 TVR-S fuel elements of both types being 
irradiated until August 1984. All of them were stored in reactor 
building in four basins (filled with tap water) in spent fuel storage next 
to the reactor room (basins are interconnected by the channel, which 
ends up inside reactor block). Fuel elements were positioned in 
aluminium tubes inserted either in stainless steel containers, or in 
aluminium barrels. Majority consisted of LEU fuel elements (6656) 

placed in aluminium barrels and stainless steel containers, while HEU fuel elements (1374) 
have been put into stainless steel containers only.  
 
2.2   Characterization of the fuel 
 

         Average burn-up of LEU fuel elements for all the time of reactor exploitation was 
approximately 6.9 MWd/kgU, while the maximum burn-up did not exceed 17 MWd/kgU. For 
HEU fuel elements, average burn-up was about 134 MWd/kgU and the maximum burn-up 
reached up to 400 MWd/kgU. Total activity of all spent fuel elements did not exceed 4000 
TBq. At the beginning of 2002, maximum decay heat was approximately 150 mW for LEU 
fuel element and 90 mW for HEU fuel element.  
         Activity measurements of water samples taken from aluminium barrels and stainless 
steel containers in the early 2000s showed that several hundreds of fuel elements may have 
had breached cladding. On the other hand, formation of significant corrosion deposits on the 
cladding of numerous fuel elements, which occurred mainly during last years of reactor 
operation, made it very difficult to take out these elements from aluminium tubes.   
 
 



Fig 3.  Canister for TVR-S fuel
                  elements

2.3   Spent fuel removal assessment 
 

         Taking into account the structure of fuel elements and the containers where they have 
been positioned, it was clear that all fuel elements had to be repackaged into new containers 
being suitable for transport. However, pulling out fuel elements from aluminium tubes would 
have been an impossible or very risky action that could damage their cladding being already 
weakened by corrosion processes. It meant that appropriate repackaging technique had to 
be developed. 
         Calculations performed have pointed out that upon opening of aluminum barrels, some 
1013 Bq of 137Cs activity might be released into water in the spent fuel pond and that the 
same amount may be released in one-year time afterwards. Therefore, an efficient system 
for absorbing radionuclide 137Cs in the storage basins was mandatory if any fuel handling will 
be carried out there. 
   
3.     Legal framework 
 

            The Agreement between the governments of the United States and the Russian 
Federation, which has been signed in May 2004, accordingly provided legal authority for the 
RRRFR Programme. Four months later, the Ministry of Science and Technology of the 
Republic of Serbia engaged the Vinča Institute to prepare (in close cooperation with the 
IAEA) input data relevant for the spent fuel shipment to the Russian Federation. In 
September 2006, following an international tender, a tripartite contract for repatriating RA 
reactor’s spent nuclear fuel was signed. The parties involved included consortium of Russian 
companies (“Sosny”, “Tenex” and “Mayak”), the Vinča Institute and the IAEA. Work 
obligations for the Russian companies and for the Vinča Institute were fully determined and 
distributed among participants. Spent fuel repackaging and loading technology, including 
design and manufacture of special equipment had to be developed and worked out by the 
Sosny Company, while all the facility preparations had to be carried out by the Vinča 
Institute. Transport of all the spent fuel from the reactor facility, as stated in the contract, had 
to be completed until the end of 2010 and in one shipment only.   
        Two basic documents for import of spent nuclear fuel to the Russian Federation are 
obligatory. The first one is the so-called “Government-to-Government Agreement” and such 
an agreement between the governments of the Russian Federation and of the Republic of 
Serbia was signed in June 2009. According to this agreement, waste generated by the 
reprocessing of the RA reactor’s spent fuel will be permanently stored in the Russian 
Federation. The second one, the so-called “Foreign Trade Contract”, determines all mutual 
obligations referring to spent fuel transport including the scope of services to be provided by 
the Russian Federation. In September 2009, such a contract was signed between the Public 
Company “Nuclear Facilities of Serbia” (as successor of the Vinča Institute) and the “Federal 
Centre of Nuclear and Radiation Safety” from the Russian Federation.              
 
4.     Preparation activities 
4.1   Engineering design 
 

           Sosny Company has evaluated all available casks suitable 
for RA reactor’s spent fuel transport and selected the two types: 
TUK-19 and SKODA VPVR/M. Both types were acceptable at the 
Mayak reprocessing plant and available number of these casks 
allowed all RA reactor’s spent fuel elements to be sent in one 
shipment. Fuel handling technology and equipment design, 
including facility modifications have been directed by the features 
of these casks. For positioning TVR-S fuel elements into transport 
casks, special canisters were designed, as well as the 
corresponding baskets (Figs. 3 and 4). Numerous failed fuel 
elements and technical difficulties to separate them from the 
others, as well as long time of storing canisters with such elements 



Fig 4.  SKODA basket

Fig 5.  New ventilation pipeline

Fig 6.  Cask rail-transfer device

in the storage pond (up to one year), demanded for non-hermetic canister design. One 
canister for the TUK-19 cask could have been loaded with 132 TVR-S fuel elements and the 
one for the SKODA cask with 72 such elements. Capacity of the casks was: one canister in 

TUK-19 and 6 canisters in SKODA cask. Consequently 16 TUK-19 
casks and 16 SKODA casks were needed to load all RA reactor’s 
spent fuel.          
        Technical preparation of RA reactor’s spent fuel for transport 
was divided into several stages: repackaging of fuel elements into 
new canisters; loading of canisters into baskets; loading of baskets 
into transport casks and preparation of these casks for shipment. A 
great number of sophisticated tools, devices and subsidiary 
equipment had to be designed and constructed to enable these 
operations, especially the repackaging ones. All the procedures for 
repackaging TVR-S fuel elements and loading canisters into 
transport casks were thoroughly evaluated primarily from the 
viewpoint of sub-criticality and radiation safety. Safety of loaded 

casks has also been analyzed for normal and accidental conditions. Obtained results have 
shown that chosen technology approach and designed equipment satisfied all the 
requirements of nuclear and radiation safety and were in compliance with relevant spent fuel 
transport regulations, too.    
 
4.2   Facility preparations 
 

            A lot of facility modifications, including new equipment provision, were carried out to 
enable repackaging and loading activities in the reactor building. Among them, the 

substantial ones were:  
• underwater metal structures removal (spent fuel 

storage pond); 
• bridge crane replacement in the spent fuel storage;                                                       
• bridge crane upgrade in reactor room; 
• special ventilation system reconstruction (Fig. 5); 
• electric power supply system adjustment;  
• adaptation of control 

room in spent fuel 
storage; 

• adaptation of access roads to the reactor building; 
• purchase of 16-ton capacity forklift;                                                                                
• purchase of casks rail-transfer system (Fig. 6);  
• purchase of 137Cs removal system; 
• purchase of additional radiation monitoring systems. 

         
4.3   Provision of permits and licenses 
 

           Considerable effort has been required to provide necessary permits and licenses for 
spent fuel shipment to the Russian Federation. To import spent nuclear fuel into the Russian 
Federation a series of documents had to be completed, reviewed and approved by 
competent Russian authorities. Initial document was certificate for the RA reactor’s spent fuel 
package design for both TUK-19 and SKODA casks. This certificate, issued by Rosatom, 
enabled elaboration of the Unified Project documents. This project is basically an overall 
assessment of the radiation, economic, social and environmental impact to the country, 
especially for the Chelyabinsk region. When positive results of the State Ecological Review 
have been submitted to Rosatom, import of spent nuclear fuel was granted and the “Foreign 
Trade Contract” was signed. 
         Authorities in the Republic of Serbia validated firstly certificates for the spent fuel 
package design and then issued approvals and permits for radiation protection procedures, 
physical protection procedures and reactor facility operations programmes and procedures. 



Fig 7.  Working platform

Fig 8.  Control room

After Take-back guarantee and Civil liability insurance documents have been provided, 
Serbian export license for spent nuclear fuel was issued by the Serbian Regulatory Agency 
for Radiation and Nuclear Protection.              
        To provide transport license in transit countries (Hungary and Slovenia), Regulatory 
bodies in these countries had to validate spent fuel package design, firstly. After all aspects 
of spent fuel transit have been discussed and coordinated with Serbian institutions, 
competent authorities in these countries issued transit approvals. 
 
4.4   Operational readiness 
 

           To assure safety in executing such a complex and delicate operations, such as RA 
reactor’s spent fuel repackaging and loading, a series of safety analysis reports had to be 
elaborated, reviewed and approved. Written by the Sosny Company and the Vinča Institute, 
many international institutions have been engaged in reviewing these reports. Final approval 
was issued by the Serbian Regulatory Agency for Radiation and Nuclear Protection. Sosny 
Company also elaborated sequential set of instructions to be used in spent fuel repackaging 
and loading operations. These instructions have been incorporated into all-inclusive 
operational procedures prepared by the Public Company and approved together with safety 
analysis reports. 
         Reactor staff received extensive training for handling tools and devices both for 
repackaging activities and for loading ones. Specialists from the Sosny Company have 
conducted training of reactor staff for repackaging activities and specialists from the Mayak 
Reprocessing Plant and the NRI in Řež (Czech Republic) joined them in conducting training 
for loading activities. Special training was organized for persons from supporting 
organizations being engaged in the spent fuel transportation (several practical exercises 
have been performed, too).  
         Special equipment, received by the Sosny Company and other organizations, including 
all necessary devices and tools, was installed, tested and adjusted prior to executing 
repackaging and loading operations. Existing containers with spent fuel elements have been 
prepared for repackaging and relocated in the storage basins according to the pre-defined 
repackaging sequence   
         Safeguards Division of the IAEA was informed about the fuel shipment, so they have 
been prepared to control the flow of nuclear material in all phases of the repackaging and 
loading operations.      
 
5.     Execution of operations 
5.1   Repackaging operation 
 

         Dismantling of aluminium barrels was performed at the Working platform installed in 
one of the basins in the spent fuel storage (Fig. 7). Fuel elements were 
taken out from the barrel and positioned in the new canister. The 
whole operation has been carried out underwater using long tools and 
an electric cutting device. Actions performed by operating personnel 
were monitored in the storage control 
room (Fig. 8). For repackaging of fuel 
elements from stainless steel tubes, 
alumunium tube with fuel elements, 
being almost 6 m long, was firstly cut 
in a small compartment in the reactor 
block. Fragment with fuel elements 
was brought to the Working platform in 

the spent fuel storage, where further cutting of the fragment 
tube with manual cutting device enabled transferring fuel 
elements into new canisters.   
         Repackaging of RA reactor’s spent fuel began on December 2nd (2009) when the first 
aluminium barrel was opened. Working in 3 shifts per day (total of 5 shifts), spent fuel from 



Fig 9.  Loading a basket into 
SKODA cask

Fig 10.  Loading a basket into 
TUK-19 cask

Fig 11.  Drying and vacuuming of 
TUK-19 casks

Fig 12.  Loading SKODA casks into  
ISO-containers

Fig 13.  Transport route  

all 30 barrels was repacked by the end of February 2010. Four weeks later, repackaging of 
spent fuel from the stainless steel tubes began. In the meantime, part of the repackaging 
equipment has been removed and additional equipment was installed, adjusted and tested. 
Fuel elements from the last of 297 steel tubes, were repacked on May 24th 2010. 
         When repackaging operation was finished, 110 canisters loaded with 8030 fuel 
elements were temporarily stored in underwater shelves mounted in all four basins of the 
storage pond.            
 
5.2    Loading operation 
 

            Canisters with fuel elements have been loaded into baskets placed on an underwater 
stand mounted at the bottom of the storage basin. Special tool was used to carry out this 
operation. Above the stand, platform for SKODA casks 
and TUK-19 transfer cask was mounted, enabling direct 
insertion of baskets into them (Fig. 9). Being loaded, casks 

were brought into reactor 
room (using forklift and 
rail-transfer device), 
where baskets from 
transfer cask have been 
put into TUK-19 cask 
(Fig. 10). Each transport 
cask was dried with hot air 
firstly and then subjected to vacuuming, gas filling and 
sealing (Fig. 11). Standard SDGL equipment from NRI Řež 

was used for SKODA casks and slightly modified version for 

TUK-19 casks. For the first time, TUK-19 casks have been 
subjected to vacuuming and the results were quite 
satisfactory. Finally, leakage tests were performed and IAEA 
seals have been put onto each cask.           
     Loading transport casks with canisters has been carried 
out at three different times, due to casks availability and 
delivery schedule. In the second half of August, the first 12 
SKODA casks were loaded with 72 canisters and in the first 
half of November, the last 4 SKODA casks were loaded with 
22 canisters. In the meantime, in the second half of October, 
all 16 TUK-19 casks were loaded with 16 canisters. 
 
5.3   Transportation 
 

         Each group of casks, being loaded with canisters, was immediately transferred into 
ISO-containers placed on the plateau in front of the reactor 
building (Fig.12). All ISO-containers were properly marked 
and sealed by the Public Company and the Serbian 
customs. On November 14th 2010, 8 ISO-containers 
loaded with 16 SKODA casks, 6 ISO-containers loaded 
with 16 TUK-19 casks 
and one ISO-container 
loaded with equipment 
for handling TUK-19 
casks, were ready for 

transport.  
         Loading of ISO-containers onto trucks was carried out 
on November 18th and the convoy left Vinča the next day. 
Transport route was determined almost one year ago (Fig. 
13), but the timetable was fixed a few days before 



Fig 14.  Loading ISO-containers on a boat 
         in Koper harbor   

transportation. Near the Hungarian border, ISO-containers were reloaded onto railway 
flatbed cars and transferred through Hungary and Slovenia to the Koper harbor. The train 

arrived to Koper on November 21st. Immediately upon 
arrival, ISO-containers were reloaded again - from the 
railway cars onto the boat (Fig. 14). A few hours later, 
the boat left Koper towards Murmansk. It took more 
than 3 weeks until boat reached Murmansk where ISO-
containers were reloaded onto railway cars and on 
December 22nd, RA reactor's spent nuclear fuel arrived 
to Mayak. 
         During loading of ISO-containers at the RA reactor 
facility and all the way long to Koper harbor, significant 
police forces were engaged to provide physical 
protection of the cargo.  For all this time, continuous 

radiation control has been provided, too.               
 
6.     Summary 
 

            Repatriation of the RA reactor’s spent nuclear fuel was a complex and challenging task. 
Unique fuel elements, bad storing conditions and poor fuel handling capabilities on one hand, 
combined with requirement to repackage all fuel elements on the other, asked for 
development of sophisticated operational methods and proper equipment design. Good 
planning and organization from the very beginning and extremely good cooperation with 
many international organizations and institutions, followed up with substantial financial help 
given by several countries, enabled successful completion of this task.  
          After safe transportations of fresh and spent nuclear fuel, carried out in 2002 and 
2010, the Republic of Serbia lined up alongside other countries having no highly enriched 
uranium material.   
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ABSTRACT 
 

In March 2010, the U.S. National Nuclear Security Administration’s Office of Global Threat 
Reduction (GTRI), in collaboration with the Chilean Nuclear Energy Commission (CCHEN), 
completed a shipment of 18.2 kilograms of non-U.S.-origin highly enriched uranium (HEU) to 
the United States.  The HEU was in the form of 71 aluminium-clad material test reactor (MTR) 
fuel elements and was the first GTRI Gap Program shipment that included non-U.S. origin 
irradiated nuclear fuel.  Although shipments of research reactor fuels are not unique, this 
shipment served as a cornerstone to the first Presidential Nuclear Security Summit held in 
Washington, D.C., in April 2010.  Carrying out the shipment became critical when a severe 
earthquake struck Chile just one day before the shipment was to occur.  As the fuel had 
already been packaged in casks and the ocean vessels were nearing the port, U.S. and 
Chilean officials decided that it was most imperative that the shipment continue as planned.  
After careful analysis of the situation, inspection of the transportation packages, roadways, 
and port services, the shipment team was able to make the shipment occur in a safe and 
secure manner.  This paper describes the loading activities at both the RECH-1 and RECH-2 
reactors as well as the transportation of the loaded casks to the port of departure. 

 
 
 
1.  Introduction and Background 
 
The RECH-1 and the RECH-2 research reactors are operated by the Chilean Nuclear 
Energy Commission (CCHEN), the primary national organization for nuclear activities in 
Chile.  RECH-1 is located at the La Reina Nuclear Center in Santiago; RECH-2 is located at 
the Lo Aguirre Nuclear Center near Santiago.  RECH-1 is a pool-type reactor moderated and 
cooled by light water and reflected by beryllium.  RECH-1 achieved initial criticality on 
October 13, 1974, and operated at a nominal power of 5 MW.  RECH-2 is also a pool-type 
reactor moderated and cooled by light water, but reflected by graphite.  RECH-2 achieved 
initial criticality on February 4, 1977, and operated only intermittently at the design rating of 2 
MW.  Both RECH-1 and RECH-2 use material test reactor (MTR) fuel elements. 
 
In August 1996, CCHEN and the United States Department of Energy’s Foreign Research 
Reactor Spent Nuclear Fuel (FRRSNF) Acceptance Program collaborated to return 28 
irradiated fuel elements containing highly enriched uranium (HEU) of U.S.-origin from RECH-
1 to the Savannah River Site (SRS).  In December 2000, a second shipment of 30 irradiated 
fuel elements (also HEU of U.S.-origin) was returned to SRS.  Although it was recognized 
that CCHEN possessed other MTR fuel elements containing HEU, those elements were not 
of U.S.-origin and, therefore, could not be shipped to the U.S. because of limitations 
imposed by the FRRSNF Programs National Environmental Policy Act (NEPA) authorization. 
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In 2004, the National Nuclear Security Administration (NNSA) established the Global Threat 
Reduction Initiative (GTRI), which assimilated the FRRSNF Program into its “Remove” 
portfolio.  The establishment of GTRI resulted in the creation of a Gap Material Program, 
which would pursue disposition of non-U.S.-origin HEU and U.S.-origin HEU not covered by 
other already existing programs.  The Gap Program covers both fresh and irradiated HEU.  
NEPA authorization to return materials under the Gap Program was received in two parts.  In 
the first, NNSA was authorized to remove fresh HEU to the Y-12 National Security Complex 
(2006) and in the second, was authorized to remove additional forms of spent fuel to SRS 
(2009).  Thus, these authorizations opened the door for shipment of non-U.S.-origin HEU 
from Chile to the United States.         
 
2.  Fuel Description 
 
The fuel elements for both the RECH-1 and RECH-2 reactors are standard MTR designs.  
These elements were fabricated before CCHEN’s start-up of a domestic fuel fabrication 
process for MTR elements containing low enriched uranium.  The fuel fabricators for the 
RECH-1 and RECH-2 fuel elements were, respectively, Dounreay (United Kingdom) and 
JEN (Spain with HEU supplied by France).  The basic details of the elements are: box-type 
assemblies with 18 flat plates, lifting bail at the top and a flow nozzle at the bottom.  
Materials of construction are aluminium for the structural components (including plate 
cladding) and U-Al alloy for the core.  Dimensionally, the fuel elements are very similar.  The 
differences are in 235U enrichment (45% for RECH-1 and 89.9% for RECH-2) and 235U 
loading (183 g/element for RECH-1 and 135 g/element for RECH-2). 
 
The total inventory of non-U.S.-origin HEU elements in Chile: 40 at RECH-1; 31 at RECH-2.  
Two of the 31 elements at RECH-2 consist of loose plates (36 total). 
 
3.  Preparations 
 
Discussions to ship the non-U.S.-origin HEU fuel elements began in earnest in August 2006 
at a meeting at the International Atomic Energy Agency (IAEA) in Vienna where CCHEN and 
GTRI representatives discussed disposition options.  These options included shipment to the 
United States, the United Kingdom, France, or a combination of the three.  GTRI and 
CCHEN analyzed the options, but eliminated the United Kingdom and France as possible 
disposition solutions.  Of course, shipment to the United States would not be possible until 
the NEPA authorization for Gap materials was approved.  As noted above, GTRI performed 
a Supplemental Analysis to the FRRSNF Environmental Impact Statement (EIS), which 
resulted in a Record of Decision (ROD) that allowed the shipment of the non-U.S.-origin 
HEU spent fuel to the United States.  The ROD was signed in January 2009 and paved the 
way for the shipment of Chilean non-U.S.-origin spent fuel to the United States.   
 
To plan and execute the shipment, GTRI and CCHEN carried out negotiations on contracts, 
safeguards issues, regulatory issues, public affairs, and a host of technical issues.  Similar to 
contract(s) used in the 1996 and 2000 FRRSNF shipments, the new contract included the 
details of the inventory to be shipped, roles and responsibilities for each party, nuclear 
liability, and title transfer.  The safeguards issues included removal from Chile-IAEA 
agreements and placement into US safeguards.  Regulatory issues included compliance 
with Chilean law and international regulations related to the transport of nuclear material. 
 
Upon technical review of the inventory and options for shipment, NNSA prepared to ship 69 
spent HEU fuel elements to SRS and two fresh HEU elements (36 loose plates) to the Y-12 
National Security Complex (Y-12).  The two fresh fuel elements, both from RECH-2, had 
only been slightly exposed in the reactor in the late 1970s, and analysis of the irradiation 
history concluded that they could be defined as unirradiated.  CCHEN completed the 



necessary fuel description forms for the 69 elements that would go to SRS and for the 2 
elements that would go to Y-12.  These fuel description forms allowed the respective 
receiving facilities to verify that the fuels met acceptance criteria.  Evaluations included 
positive identification, operational history, receipt and handling, storage, disposition and 
compatibility with transport package requirements. 
 
The transport package chosen for shipping the irradiated fuel was the NAC International 
LWT (Legal Weight Truck) spent fuel cask.  The LWT had been used previously in the 1996 
and 2000 shipments from RECH-1, therefore CCHEN was familiar with that package and its 
requirements.  The ES-3100 would be used to ship the two elements (loose plates) to Y-12.  
Safety Analysis Reports and Competent Authority Certificates were sent to CCHEN for 
validation in Chile. 
 
After signing of the contract, approvals of receipts at SRS and Y-12, and validation of the 
transport packages in Chile, the project schedule moved forward.  The NNSA contractor for 
transportation, Global Threat Reduction Solutions2, began implementing the schedule to ship 
equipment on an ocean going vessel to the Chilean port of San Antonio.   
 
4.  Loading Operations 
 
The project plan, as determined by CCHEN and GTRI, was to load the RECH-1 fuel first and 
then move operations to RECH-2.  RECH-1 fuel would take the longest to load because it 
had more fuel elements and a requirement to crop.  Cropping of the elements was 
necessary to use only one LWT at RECH-1.  NAC could use the 42-element basket 
arrangement (6 baskets/7 positions) and load the entire inventory.  Additionally, one element 
from RECH-2 was sent to RECH-1 for cropping and loading.  This would allow the second 
LWT at RECH-2 to use the 28-element basket arrangement (4 baskets/7 positions) and not 
perform any cropping operations.   
 
Qualified personnel from NAC arrived in early February 2010 to begin setup of equipment at 
the RECH-1 reactor.  The NAC team and CCHEN operations staff worked together in a 
deliberate manner to ensure all operations were performed safely.  A submersible saw was 
used to crop the RECH-1 elements to fit the LWT baskets.  The cropping and basket 
operations were performed in the reactor pool.  After each basket was loaded, the NAC Dry 
Transfer System (DTS) was used to transfer the loaded basket to the cask.  After loading 
operations were completed, the cask was leak tested, surveyed and loaded into the ISO. 
   
The NAC team then repeated cask loading operations at RECH-2 without the cropping 
requirement. 
 
Loading of the two elements (36 loose plates) was performed jointly by CCHEN and Y-12 
personnel.  The loose plates were bundled into two separate handling units and loaded into 
the ES-3100s.  Two ES-3100 containers were required, and the elements were packaged by 
hand.  Each ES-3100 was sealed, leak-tested, and closed. 
 
 
5.  Shipment 
 
All operations were completed safely with the transport packages and ancillary equipment 
loaded in the ISO containers on February 25, 2010.  Then, on February 26, an 8.8 
magnitude earthquake struck off the coast of Chile causing widespread destruction and 
casualties to the coastal city of Concepción southwest of Santiago.  Santiago also sustained 
damage, although not as severe.  With the Chilean government now facing a national 
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emergency, GTRI and CCHEN needed to quickly answer several difficult questions.  Could 
the shipment proceed as planned?  Were the roads passable?  Was the selected port of 
departure still available or would a new port need to be identified?  As national resources 
were occupied with emergency response operations, would security forces be available to 
support transportation of the nuclear fuel to the port of departure?  The CCHEN and the 
GTRI team members travelled to the reactors as soon as possible to inspect the packages 
for damage.  Fortunately, there was no damage and only a slight movement of the ISO 
containers was observed.   
 
With the locations considered safe, the CCHEN-GTRI team set out to determine if the 
shipment should proceed.  Unfortunately, the departure port of San Antonio was now closed 
and a new port would need to be identified.  The port of Valparaiso was inspected and found 
to be in working condition, though the pier crane was deemed unsafe due to a large crack in 
the support structure.  The team decided that since the Valparaiso pier was available, the 
ship’s crane would be used to transfer the loaded ISO containers into the cargo hold.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Separation of the roadway. 
Route assessments performed by the Chilean National Police and CCHEN/GTRI officials 
identified a safe route to Valparaiso, but required the convoy to bypass a mountain tunnel, 
thereby adding significant ground-transport time to the shipment.  Next, the availability of 
security forces was confirmed.  Since the packages were loaded and ready to go, the 
Chilean authorities authorized the transport to go ahead.   
 
6.  Final Comments  
 
The earthquake was unprecedented and damage to Chile’s infrastructure was severe.  
Several members of the Chilean team lost their homes.  Throughout this crisis, the personal 
losses, and the heightened concern for safety, the CCHEN/GTRI team stayed focus and 
completed the mission.  The team made sure safety and security were a priority before 
moving forward.  Flexibility and adaptability in the rerouting to a new port for shipment to the 
United States were essential.  Interestingly, imbedded reporters who were sent to cover 



what was thought to be a typical shipment to the United States were able to capture both the 
successful efforts of the team and their adjustments to the situation.  That coverage spoke 
volumes for the determination of the CCHEN/GTRI team, the security forces, port authorities 
and others to complete the mission.   
 
NNSA announced that the shipment had successfully been completed on the eve of the 
Presidential Nuclear Security Summit in April 2010.  The shipment’s success, despite the 
massive earthquake, provided a positive example of nonproliferation collaboration between 
countries in the spirit of nuclear security. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2.  Ocean vessel departing Valparaiso. 
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ABSTRACT 
 

A 10 MW research reactor, two zero power reactors as well as nuclear fuel 
research facilities have been operated from 1957 to 1991 at the Rossendorf 
Research Site next to Dresden, Germany. The deployed nuclear fuel 
originated exclusively from Russia. When in the beginning of the 90s it was 
decided to shut down and decommission all nuclear facilities at 
Rossendorf, considerable amounts of fissile material were at the Site 
(mainly “fresh” fuel: approx. 500 kgs HEU and approx. 700 kgs LEU; and 
irradiated fuel: approx. 164 kgs HEU and approx. 186 kgs LEU).  
The VKTA-conception for clearing the Rossendorf Research Site from 
nuclear material defines priorities and the ways of disposal. For the nuclear 
material in form of fuel elements, the Russian Research Reactor Fuel 
Return Program (RRRFR Program) has been of extraordinary importance 
for the return of this fuel back to the Russian Federation. For other kinds of 
nuclear material like liquids or powder, separate management projects 
were developed. A short overview about the disposal activities and the 
results is following.  

 
 
1. Introduction 
 
The Rossendorf Research Reactor (RFR) was in operation from 1958 to 1989. The power of 
the RFR was originally 2 MW and 10 % enriched fuel (EK-10) was used. During several 
upgrading up to a power of 10 MW the fuel was changed to the 36 % enriched WWR-M fuel 
type. All used spent fuel was unloaded and stored in a wet storage in the reactor hall until the 
year 2000. Between 1998 and 2000 all spent fuel was transferred by a special transshipment 
procedure from the wet storage into 18 so called CASTOR MTR2 casks. Every CASTOR 
MTR2 cask was transferred immediately after loading to a special buffer storage facility at 
the Rossendorf Research Site. In 2005 the 18 CASTOR MTR2 casks were transported to the 
central interim storage at Ahaus, near the western border of Germany, and still are stored 
there [1]. 
Furthermore two zero power reactors as well as nuclear fuel research facilities and an 
isotope production facility has been operated at Rossendorf from 1957 to 1991. The reactors 
used 20 % enriched fuel elements developed in Rossendorf as well as pellets and rings of 
metallic uranium (natural as well as 36 % enriched).  
The main process of the isotope production facility was the production of fission 
molybdenum. The facility for Mo-production - so called AMOR - used short time irradiated 
fuel elements of the RFR (36 % enriched). After the Mo-99 separation, a high enriched uranyl 
nitrate solution had to be treated for storage and for disposal. In the nuclear research 
facilities have been worked with several kinds of nuclear material e. g. powder, pellets a. s. o. 
These different nuclear research activities, done in the times before the unification of 
Germany at the Rossendorf Research Site, caused that the VKTA - after its foundation in 
1992 assigned to decommission the nuclear facilities at the Rossendorf site and to clear it 
from nuclear material and radioactive waste - had to take over more than 200 different 
nuclear material positions for treatment and preparation for disposal.   
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Fig 1. Mobile blending plant 

2 VKTA-conception for disposal of nuclear material 
 
The VKTA-conception is determined by two main criteria: The definition of priorities and the 
choosing of the appropriate “disposal ways” to clear the site from the different nuclear 
materials.  
 
The following priorities were confirmed: 
 

 
Ranking: 

 

 
Kind of nuclear material: 

Top Priority - gaseous (UF6) and highly enriched uranyl nitrate solution 
Middle Priority - fresh high and low enriched fuel (HEU, LEU) 

- spent nuclear fuel (SNF) ; HEU, LEU 
- Plutonium 

Lower Priority - uranium of natural enrichment 
- depleted uranium 
- thorium material 

  
Total Mass: approx. 10 Mg 
 

 
 
The selected “disposal ways”: 
 
First objective was to find possibilities for a further utilization of the nuclear material. 
For the fresh and spent fuel the preferred way was (and still is) the participation in the 
Russian research reactor fuel return program (RRRFR). For all the nuclear material below 5 
% enrichment as well as for powder and liquids, special disposal projects had to be 
developed. Only the nuclear material for that no such convenient way for a further utilization 
is available, the conversion (transposition) of nuclear material into radioactive waste is the 
only alternative. All this different “disposal ways” the VKTA used contemporarily.  
 
3 Disposal of nuclear material with top priority 
 
In 1994 the first disposal project was finished successfully: As 78 kg of UF 6 were stored in a 
fixed installed pressure vessel, the vessel could not be used as transport container. For the 
disposal the UF 6 the gas was transferred in a certificated container of the URENCO 
Germany, which also took over this nuclear material.  
 
The next project was the disposal of the high enriched 
uranyl nitrate solution still left on site from the former 
AMOR-process. After several talks and negotiations 
VKTA and BNFL agreed upon a disposal way to the 
reprocessing plant Sellafield. To get a license for the 
transport of the original high enriched liquid nuclear 
material and to meet the ingot conditions of the 
reprocessing plant, the blending of a sum of 4000 L 
uranyl nitrate solution down to an enrichment of lower 
than 2 % was necessary.  Therefore a special blending 
plant in two mobile containers was constructed in 
installed in Rossendorf. 
 
After blending the solution was shipped in 43 high-
grade steel drums (200 L each) in two 20ft containers 
to BNFL/Sellafield by truck. 
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Fig 2. NCS-Truck ready for shipment 

 

Fig 3. The special drum mixer for blending 

 
In the Sellafield reprocessing plant the uranyl 
nitrate solution was converted into depleted 
uranium trioxide powder. This was shipped 
back to Rossendorf in 2005 and stored there.  
 
                 
The “disposal way” for fresh low enriched 
uranium oxide powder and pellets was offered 
NUKEM. 
 
Two uranium disposal projects were carried 
out together with the NUKEM as supplier of 
nuclear material to the ULBA Metallurgical 
Plant in Ust-Kamenorgorsk in Kasachstan.  
As the ULBA Plant accepts only uranium 
material up to 5 % enrichment, it was 
necessary to blend our fresh uranium oxide 
powder down to an enrichment of lower than  
5 %. For this blending process a special drum 
mixer was used.  

 
In October 2006 the first shipment started 
with approx. 1.2 Mg uranium oxide 
material in 34 BU-D-drums in a 20 ft 
container to the ULBA Metallurgical Plant. 
The transport was carried out by truck 
and ship.    
 
For a second disposal campaign 
extensive analyses of the uranium 
material were necessary to prove the 
acceptance conditions of the ULBA plant.   
In August 2010 the second shipment was 
finished with approx. 1.4 Mg uranium 
material to the ULBA Metallurgical Plant. 
 
 

 
4 The participation in the RRRFR-Program 
 
Already in 1999 representatives from the United States, the Russian Federation, and the 
International Atomic Energy Agency (IAEA) started discussing a program to return of 
Russian-origin highly enriched uranium (HEU) to the Russian Federation, the Russian 
Research Reactor Fuel Return (RRRFR) program. The primary goal of the RRRFR program 
was to prevent the proliferation of weapons-usable nuclear materials. More than 20 research 
reactors in 17 countries using Russian/Soviet origin HEU fuel were identified. One of these 
was the research reactor in Rossendorf which used highly enriched uranium.  
 
It took some years to sign the necessary contracts and protocols before the return program 
started. First priority had the return of all the fresh high enriched fuel following by the return 
of the irradiated high enriched fuel. 
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    Fig 4. Monitoring by inspector 
 

 

 Fig 5. Project team with TK-16 cask 

 

  Fig 6. Airplane with loaded casks 

 
The Rossendorf Fuel Return Project I  
  
It also took some years to clear all the Germany-internal preliminaries and conditions and to 
get the necessary licenses for the return of the fresh high enriched RFR fuel back to Russia.  
 
One of the largest fresh fuel return projects within the RRRFR-program finally was started in 
2005 at Rossendorf: 268 kg of fresh high enriched uranium fuel (HEU) and 58 kg fresh low 
enriched uranium fuel (LEU) were to be shipped to the Scientific Industrial Association 
“LUCH” facility at Podolsk near Moscow for down-blending below 20% and further utilization 
for fuel for Russian power plants. 

      
Together with VKTA ROSATOM, US NNSA/DOE and 
IAEA were involved in the Rossendorf fuel return 
project. The Free State of Saxony, the state of the 
Federal Republic of Germany where Rossendorf is 
situated, had to bear the cost of the return. 
 
Transport by airplane was proposed as the safest 
and most unproblematic solution. A critical point was 
to convince the German authorities and to get the 
licenses for the air transport and for the use of the 
necessary 18 Russian transport casks of TK-S 16 
type.  
 

IAEA and EURATOM inspectors have 
monitored the loading process joined by 
experts from the U.S. National Nuclear 
Security Administration (NNSA) and from 
Russia.  

 

 

 

 

 

Finally the fuel was airlifted on December, 18th, 2006 from Dresden Airport to Russia. 
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The Rossendorf Fuel Return Project II 
 
After the successfull first return project VKTA and its national and international partners 
engaged in the return project II. The objective of this Project is to return the irradiated fuel 
elements of the Rossendorf Research Reactor (RFR) which currently are stored in 18 
CASTOR MTR 2 casks in the interim storage facility at Ahaus (approx. 164 kg HEU and 
approx. 186 kg LEU). The CASTOR MTR 2 casks are supposed to be transported in 20“-
containers by truck, by vessel and by train to the Mayak facility. Like at the transport of the 
loaded casks from Rossendorf to Ahaus, also from Ahaus to Mayak three transports with 6 
casks each will be necessary.  
 
To fulfill all the technical, administrative, legal and political conditions and manage the 
licensing procedures of the transfer of the irradiated RFR fuel proved to be much more 
complicated than for the fresh fuel return project. Nevertheless supported by excellent 
cooperation of all the involved national and international partners most of the necessary 
arrangements were managed during the time and up to November 2010 it seemed to be 
possible to starting the first transport still before end of 2010. Although not only all the other 
European countries, who operated Russian type research reactors with high enriched fuel of 
Russian origin, already returned the irradiated fuel back to Russia, the German Federal 
Minister of Environment - unfortunately not earlier than late November - declared not to be 
convinced about the utilization of the material without detrimental effects. As just this is one 
of the conditions for the German export license, the first transport, scheduled in December 
2010, had to be postponed. 
 
How this problem is solvable now is not at last a sensitive political item. Whether and when 
we can go on with the return project currently is an open question.     
 
 
5 Current status of the VKTA-conception for disposal of nuclear material
      
        
Up to date results concerning the reduction of stock piles of the VKTA nuclear material: 
  
 1992 2011 
 Rossendorf Site Rossendorf Site Interim Storage Ahaus 
HEU ca. 600 kg ca. 1.6 kg ca. 164 kg  
LEU ca. 1,000 kg  ca. 21 kg  ca. 190 kg 
Depleted Uranium ca. 2,000 kg c. 1,600 kg ------------ 
Plutonium ca. 0.150 kg 0 kg ------------ 
Thorium ca. 4,500 kg ca. 4,500 kg ------------- 
Tab. 1: The VKTA nuclear material stock 
 
 
For the remainders of nuclear material still available at the Rossendorf site there are no 
prospects to find a possibility for a further utilization. Therefore all this material is treated and 
prepared for transfer into radioactive waste and will be stored in the respective interim 
storage at the Rossendorf site for later final disposal when a German final disposal site will 
be available. 
 
 
6 Reference 
 
[1] W. Boeßert, U. Helwig, The long way of irradiated fuel elements of the Rossendorf 
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ABSTRACT 
 

In October 2010, the Global Threat Reduction Initiative and the Joint Institute for Power 
and Nuclear Research – “Sosny” of the National Academy of Sciences of the Republic of 
Belarus completed a shipment that returned 43 kilograms of Russian-origin highly 
enriched uranium (HEU) spent nuclear fuel to the Russian Federation.  The spent fuel 
was legacy material, discharged from the two decommissioned reactors, the Pamir-630D 
mobile reactor and the IRT-M research reactor.  This shipment marked the complete 
removal of all HEU spent nuclear fuel from Belarus.  This paper discusses the planning, 
preparations, and coordination required to complete this important international shipment 
successfully.  

 
Introduction 
In October 2010, casks containing highly enriched uranium (HEU) in the form of spent fuel 
assemblies (SFA) from the Joint Institute for Power and Nuclear Research – “Sosny” of the 
National Academy of Sciences of the Republic of Belarus were loaded onto rail cars and 
transported by train to the Russian Federation.  The shipment was conducted under the 
Global Threat Reduction Initiative’s (GTRI) Russian Research Reactor Fuel Return (RRRFR) 
Program which was created in 1999 as a tri-partite initiative between the Russian Federation, 
United States, and the International Atomic Energy Agency (IAEA) to return Russian-origin 
HEU from Russian-designed research reactors.  The shipment of 43 kilograms of HEU SFA 
marked the successful completion of the accelerated project to deinventory all spent HEU 
from Belarus. 
 
This paper discusses the various aspects of the shipment in detail including: historical 
background; organizations involved; preparation activities; coordination; and shipment 
logistics. 
 
Background 
The Joint Institute for Power and Nuclear Research – “Sosny” is located approximately 20 
km from the city of Minsk, Belarus in the town of Sosny.  The spent fuel that was returned 
was a product of two research reactors which were operated at the institute.  The first reactor 
was a 4-MW IRT-M research reactor that was built in 1957 and achieved initial criticality in 
1962.  After years of successful service, the reactor was shutdown in 1988 and fully 
decommissioned by 1996.  The majority of the spent fuel was returned to Russia between 
1990 and 1991 while only some failed EK-10 fuel rods and experimental fuel spheres 
remained.  This failed fuel was packaged into five sealed canisters and stored in the spent 
fuel pool for many years. The burn-up of this fuel was 7 – 20%. 
 



The second reactor was a gas-cooled (N2O4 ↔ 2NO2 ↔ 2NO+O2) pilot reactor for the mobile 
nuclear power plant (NPP) “Pamir-630D”.  The mobile NPP had an electrical power output of 
630 kW and included five basic modules:  a reactor; a turbine generator; a system for control 
and protection; and an auxiliary module.  The modules were installed on semi-trailers that 
could be transported by trucks.  A picture of the reactor module on its semi-trailer is provided 
below in Figure 1. 
 

 
Figure 1 – Pamir-630D Reactor module on semi-trailer 

The reactor core consisted of 106 fuel assemblies.  Each assembly contained zirconium 
hydride moderator blocks and 7 fuel rods made of UO2 particles enriched to 45% 235U in a 
nickel / chromium matrix (UO2-Ni-Cr) and clad in stainless steel.  The reactor was put into 
operation in 1985 and testing was halted in 1986.  The fuel was discharged in 1991 with an 
average burn up of 0.78%.  All 106 spent fuel assemblies were stored in the spent fuel pool 
(one Pamir assembly was failed and was placed in a sealed canister). 
 
The spent fuel pools are located in the same building where the pilot reactor was tested.  
Prior to the start of the project, only one of the two pools was operational with distilled water 
(pool#1).  With a depth of 3.9 m, the pool provided adequate water shielding and had a 
capacity for 207 spent fuel assemblies and 10 sealed canisters. 
 
Once the Government of Belarus declared its commitment to return the spent fuel, a project 
kick-off meeting was held in January 2009.  From the beginning, the project had two major 
challenges.  The first challenge was to determine where and how the Pamir spent fuel would 
be dispositioned.  The Ni-Cr fuel matrix and stainless steel cladding of the Pamir SFA could 
not be reprocessed at Mayak using the standard processing line (used for UO2 / UAl fuel 
matrix and aluminum clad fuel).  A technology research project was conducted in parallel to 
the shipment preparations to determine how the Mayak processing line could be modified 
and the flow chart updated to accommodate the Pamir SFAs.  The second challenge was the 
project completion deadline of September 2010, which was accelerated to support 
commitments made by the National Nuclear Security Administration (NNSA).  The average 
project schedule for shipping spent fuel to Russia had been over 2 years; this shipment was 
to be conducted in 18 months. 
 
Organizations Involved and Responsibilities 
Organization Country Description and Responsibilities 
NNSA United 

States 
National Nuclear Security Administration – division of the 
DOE that manages and funds GTRI and the RRRFR 
Program.

JIPNR-Sosny Belarus Primary contractor with NNSA and primary contractor with 
FCNRS.  JIPNR provided project management and was 
responsible for all of the activities within Belarus. 



Organization Country Description and Responsibilities 
Gosatomnadzor 
Gospromnadzor 
Goscomvoenprom 
 

Belarus Belarus State Atomic Energy and Industrial Supervisory 
Authorities – nuclear regulator for Belarus.  Approved the 
transportation Program, cask license validation, export 
license and other documents related to spent fuel 
transport in Belarus. 

Rosatom Russian 
Federation 

State Corporation Rosatom - Provided Russian 
Government Agreements, cask and transport 
requirements, certificates and licenses. 

Rosteknadzor Russian 
Federation 

Issued approvals of the State Ecological Expertise 
Reviews of the Special Ecological Programs and Unified 
Project. 

Mayak Russian 
Federation 

Mayak reviewed spent fuel inspection data and provided 
transportation arrangements in RF.  Provides temporary 
technological storage, reprocessing of irradiated fuel 
assemblies and its components, temporary technological 
storage of radioactive wastes. 

FCNRS Russian 
Federation 

FCNRS – The only organization authorized to import 
spent fuel into Russia.  Provided management of the 
Unified Project and Foreign Trade Contract. 

Sosny Russian 
Federation 

Subcontracted by FCNRS to perform the safety analyses, 
prepare the required documentation, and obtain the 
licenses for the SKODA cask.  Sosny also performed the 
technology research for processing the Pamir SFAs. 

 
Legal Framework 
Government-to-Government Agreement (GTGA):  Unites States and the Russian Federation 
– ‘Agreement Between the Government of the United States of America and the Government 
of the Russian Federation Concerning Cooperation for the Transfer of Russian-Produced 
Research Reactor Nuclear Fuel to the Russian Federation’, dated May 2004.  The GTGA 
provided the rules for participant eligibility, funding responsibilities, and program approval. 
 
Diplomatic Note:  United States and the Republic of Belarus – ‘Agreement between the 
Government of the United States of America and the Government of the Republic of Belarus 
regarding assurances concerning the provision of technical assistance that may be provided 
by the Government of the United States of America, through the United States Department of 
Energy and its contractors, to support the transfer of spent research reactor nuclear fuel from 
the Joint Institute for Power and Nuclear Research "Sosny" of the National Academy of 
Sciences of Belarus to the Russian Federation’, dated October 1, 2010. This Agreement 
provided liability protection and tax exemption for this nuclear nonproliferation project. 
 
GTGA:  Republic of Belarus and the Russian Federation – ‘Agreement between the 
Government of the Republic of Belarus and the Government of the Russian Federation in the 
Field of Peaceful Use of Nuclear Energy’, dated October 8, 2010.  This GTGA provided the 
pathway and guidelines for returning the spent fuel and final disposition of the Radioactive 
Waste (RAW) in Russia. 
 
SKODA VPVR/M Cask Specifications 
For several reasons such as fuel specifications, cask availability, and facility configuration, 
the SKODA VPVR/M cask was selected for the shipment.  The cask was specially designed 
for use by the RRRFR program and, with top and bottom loading capabilities, can be easily 
accommodated in most facilities.  The cask is made of steel and aluminum and has a 
diameter of 1.2 m, height of 1.5 m, and weighs 12.4 mt fully loaded.  Two basket 
configurations were used for the JIPNR spent fuel, the standard 36 SFA basket and the TS-3 
basket which holds six canisters.  Four casks were used to transport the 111 items (105 



intact assemblies and 6 sealed canisters).  The casks were transported in ISO containers, 
one cask per ISO container.  In Russia, the certificate for design and transportation was 
issued by the Rosatom State Nuclear Energy Corporation on June 11, 2010.  In Belarus, the 
certificate validation was issued by Gosatomnadzor on September 3, 2010. 
 
Facility Preparations 
New equipment, repairs, and enhancements were needed to the areas inside Building 40, to 
the JIPNR grounds, and at the rail station to implement the loading and transportation of the 
spent fuel.  Building 40 contained the spent fuel pools and was where cask loading took 
place. Due to rules in Belarus, it was forbidden to handle radioactive materials at public 
railway stations.  Consequently, a railway station on the territory of a military base was used.  
The major repairs or additions performed at each location were: 
 
Building 40 and JIPNR grounds: 

• The overhead 50 ton crane was inspected and certified for operation.  A 2 ton hoist 
and trolley were added to meet the speed requirements for raising and lowering the 
basket. 

• The security structure that covered both spent fuel pools was modified so that it 
covered only pool #1 and allowed for modifications to be completed on pool #2.  Pool 
#2 was inspected, cleaned and filled with distilled water.  The work platform 
surrounding the spent fuel pools was enlarged to allow for loading and leak testing of 
the SKODA casks.  A metal stand was constructed over pool #2 to support the 
SKODA cask during loading. 

• New remote cameras were installed throughout the working areas of Building 40 to 
assist with loading and observing.  A central control room was setup to allow 
managers, supervisors and operators constant visual access during the loading 
process.  Underwater cameras were installed in both pools to assist with fuel transfer 
and basket loading. 

• New communications equipment was procured. 
• All legacy equipment was removed from Building 40 (spent fuel pool area, room 111, 

and offices).  Repairs and upgrades were made to the personnel spaces inside the 
building. 

• To minimize the length of the route taken by the truck within the Institute grounds, a 
previously shutdown entry gate was refurbished.  The roadway was assessed for the 
load capacity and repaved.  The roadway was also widened in some areas to allow 
for improved truck maneuverability.  A security area was setup outside the building for 
storage of the casks and ISO containers before and after loading. 

• A new truck and trailer were procured to transport the ISO containers from the 
Institute to the rail station. 

Rail Station: 
• The loading platform at the rail station was cleared of all old equipment and 

reconstructed.  Lighting was added and a backup generator was installed. 
• The roadway from the entrance to the loading platform was resurfaced.  An 

inspection area was constructed. 
• The rails were inspected and all debris was removed. 

 
Shipment Logistics Summary 
Authorization to import the spent nuclear fuel into Russia was received using the procedure 
mandated by Russian decree.  A Unified Project (UP) was developed and approved after a 
positive conclusion by the State Ecological Expertise Review Board.  The UP is a collection 
of analyses and documents that look at:  justifying the safety and assessing the 
environmental impact of import; implementation of special ecological programs; anti-terrorist 
measures; cask licenses; emergency response; and the Foreign Trade Contract (FTC).  The 
FTC was the main contract between FCNRS and JIPNR-Sosny to import the spent nuclear 
fuel.  The FTC includes transportation, reprocessing, storage and disposal.  Once the UP 



was approved, a governmental decree was issued along with the import license.  In Belarus, 
transportation permission was supported by documents looking at:  physical protection; 
emergency response; cask licensing; facility license; and environmental and health concerns.  
The transportation permission and export license were issued by the State Industrial 
Supervisory Authority, Gospromnadzor. 
 
By the beginning of September 2010, the last of the four casks had arrived, the final 
equipment setup and testing and personnel training had been completed and the facility was 
ready for loading.  A truck was used to back each ISO container into the room that was 
located below the main hall where operations were conducted.  The SKODA cask was lifted 
from its ISO container and positioned in the main hall in its designated storage location.  
Prior to the loading of each cask, the specified number of SFAs were verified and transferred 
(via a transfer cask) from pool #1 to pool #2 in preparation for loading. Residual activity 
measurements were performed on each SFA using detectors installed over the pool.  A cask 
was then lowered onto the working platform surrounding the spent fuel pools where the 
impact limiters and secondary lids were removed.  The SKODA cask was placed over pool 
#2 and the basket was connected to the hoist and handling rods.  The basket was lowered 
into the pool and the fuel assemblies were loaded into the basket according to the loading 
schemes.  An IAEA inspector performed a measurement on each SFA to record the cesium 
peak to verify the presence of spent fuel.  After the last SFA was loaded into the basket, the 
basket was raised and secured into the cask.  The loaded cask was then placed in the cradle 
where the secondary lids were installed and the vacuum drying and leak testing were 
performed.  IAEA inspectors placed two seals on the top secondary lid per safeguard 
requirements.  Once the cask passed the leak test, the impact limiters were installed and the 
cask was placed in its designated storage position on the main level of the main hall.  An 
IAEA safeguard seal was also installed on the impact limiter.  The cycle was repeated for all 
four casks.  35 SFAs of “Pamir-630D” reactor were loaded into standard baskets in the first 
three casks.  The fourth cask contained the TS-3 basket which was used for the 6 sealed 
canisters (5 canisters with SFAs of IRT-M reactor and 1 canister with SFA of “Pamir-630D” 
reactor).  The loaded casks were lowered from the main hall to their ISO containers and 
stored outside until the day of transportation to the rail station. 
 
The loaded ISO containers with the SKODA casks were transported one at a time by truck to 
the area where the rail station was located.  Special Forces guards were located 
approximately every 200 meters along the route from the Sosny Institute to the entrance of 
the rail station, including extra guards at overpasses and bridges.  All traffic was diverted or 
stopped while the material was on the roadway.  Each round trip took about 2 hours to 
complete.  Under heavy guard by Belarusian Special Forces, the train departed for the 
Belarus / Russian Federation border. Careful considerations were given on all details of 
roadway/railway transportation from the territory of JIPNR-Sosny up to the Belarus / Russian 
Federation border, and, as a result of this detailed planning there were no incidences or 
issues during the transport.  At the border, the responsibility for guarding the spent fuel was 
transferred to the Russian guards.  The locomotive was also exchanged for a Russian 
locomotive.  The travel time from the border to Mayak was approximately 3 days.  As 
indicated earlier, modifications are required to the reprocessing process and equipment to 
dissolve the spent fuel assemblies.  The modifications are scheduled to occur in 2011 with 
reprocessing to follow soon after. 
 
Conclusion 
The shipment of 43 kilograms of highly enriched uranium from the Joint Institute for Power 
and Nuclear Research – “Sosny” marked the end of a successful project that removed all of 
the spent HEU from Belarus.  This project was an excellent example of international 
cooperation between the various organizations within Belarus, Russian Federation, United 
States, and the IAEA.  It also demonstrated how Belarus continues to support global 
nonproliferation programs. 
 



THE HOR NUCLEAR INSTRUMENT CHANNEL REFIT 
 

C.N.J. KAAIJK 
Reactor Institute Delft, Delft University of Technology 

Mekelweg 15, 2629 JB Delft – The Netherlands 
 
 

ABSTRACT 
 

The research reactor in Delft, the HOR was built around 1960. Because of ageing 
effects, the nuclear instrumentation was completely replaced in 1980, together with 
the construction of a new control room outside the containment. In 2010, after 30 
years of successful operation, it became a real challenge to repair the nuclear 
channels because of obsolete components. Of course, this problem was identified 
earlier, and a project was started in 2008 to select and replace the electronics of the 
nuclear channels. For this purpose a European tender was started to select a 
manufacturer for the new electronics in accordance with the requirements. The 
boundary conditions to be fulfilled by the manufacturer were: a) The functionality of 
the instrumentation and the interface to the plant should remain the same, and b) 
The proposed type of equipment should have been installed and commissioned 
successfully at other research reactors of comparable type earlier. Only the 
electronics should be replaced, detectors and cabling are reused. 
Parallel to this tender we started discussions with the authorities to clarify which 
standards the instrumentation should fulfil. 
We selected a digital system based on two microcontrollers, each one checking the 
other one. 
It turns out to be a flexible system. It was easily adapted to our needs, showing 
adequate provisions for guaranteeing data integrity. 
In the summer maintenance period of 2010 the instrumentation was successfully 
installed and commissioned. This paper will describe the steps taken and the tests 
performed. 

 
 
1. Introduction 
 
The Reactor Institute Delft (RID) is part of the Faculty of Applied Physics which belongs to 
the Delft University of Technology. The RID is the Dutch national centre for multidisciplinary 
research and education involving the Hoger Onderwijs Reactor (HOR), nuclear radiation and 
radionuclides. Until 2005 the institute was an interfaculty facility. Since 2005 the interfaculty 
facility is split in the new research department ’Radiation, Radionuclides and Reactors’ (R3), 
and the Reactor Institute Delft running the research infrastructure. Together they form the 
national focal point of expertise in the fields of reactor physics, neutron and positron beam 
research (including radiation detection), as well as radiochemistry. At the heart of the reactor 
institute is the HOR as a source of neutron, positrons and radioisotopes. The HOR is a pool 
type research reactor operated 24 hours per day, 5 days a week at a thermal power level of 
2 MW, attaining a steady thermal flux of about 2×1013 n/cm²/s. 
 
In the sixties, the HOR was built with a control room inside the containment from which the 
operator had a good view at the reactor. At that time the reactor instrumentation was using 
vacuum tube equipment. Over the years, the power and the operation time per day were 
increased considerably. The instrumentation aged and the control room was uncomfortably 
small for 24-hour shift operation. In the early eighties a new control room was built outside 
the containment with new instrumentation, detectors and cabling. A computer for data 
acquisition was introduced. With this instrumentation, the reactor was operated successfully 
for 30 years until 2010. Ultimately, it became more difficult to calibrate and repair the 
equipment because of components becoming obsolete. To cope with the ageing 
phenomenon a project was started in 2008 to select and install new instrumentation. 



 
 
2. Project HOR nuclear instrumentation refit 
 
2.1 Scope 
 
The scope of this project is confined to renewing only the aged electronics in the control 
room and the preamplifiers in the “field”. The detectors are still in good condition and spare 
parts are available on stock. New detectors of the same type could be procured if necessary. 
The cables are reused and for ensuring their good condition, they have been retested during 
the commissioning phase.  
The design of the safety system is not changed. All new nuclear channels have the same 
functionality as the channels of the old system. The reactor protection system is not renewed 
in this project, so the interface of the new channel system to the reactor protection system 
remains unchanged. 
A no-break installation for the power supply of the instrumentation is not required for safety 
functions because of the “failsafe” design, but for uninterrupted data registration purposes it 
is preferred to have this option. Therefore the manufacturer was also required to implement 
Uninterruptable Power Supply’s. 
 
The nuclear channels that have been replaced are listed in table 1. 
 

Channel name Channel type Number of 
channels 

Safety 
class 

Neutron Flux level Safety 4 1 
Pool Gamma Monitor Safety 1 1 
Bridge Gamma Monitor Safety 1 1 
Stack Off Gas Activity Safety 1 1 
Pool Outlet Gamma Monitor Safety 1 1 
Primary Coolant Flow Safety 1 1 
Differential Pressure Heat Exchanger. Safety 1 1 
Lin/Log Channel Process 1 2 
N16 Reactor Power Process 1 2 
Fission product activity (forced cooling)  Process 1 2 
Area Gamma Monitor Process 3 3 

 
Table 1: Channels replaced 

 
2.2 Requirements 
 
As the Reactor Institute is part of Delft University of Technology, according to Dutch rules a 
European Tender Procedure is obligatory for selecting a manufacturer/supplier. For this 
purpose, general requirements and instrumentation requirements were formulated and 
incorporated in an invitation for tendering. The most important requirements to be fulfilled are: 
 

 Every instrument channel should have the same functionality as the old channel 
 Interface to the plant should be kept the same, using the existing detector and reactor 

protection system 
 The proposed type of equipment should have been installed and commissioned 

successfully at other research reactors of comparable type earlier 
 Response time of the new equipment  should be equal or faster 
 Standards: KTA 3501/3505 or equivalent, IEC80660 for software purposes, ISO9001 

QA system 
 Flexibility to adapt to future needs, for instance a power increase 



 Calibration and testing should be user friendly, e.g. without the need for 
disconnecting cables 

 Installation should take place in the summer maintenance period of 2010 
 
2.3 Project milestones 
 

 June 2008: approval of project proposal by the Dean of Applied Physics. 
 June 2008: start of preparation for the European tender. 
 2008 Start of discussion with the supervising authorities: In good cooperation, it was 

agreed to accept the qualifications of the manufacturing country of origin.  
 October 2008 Specifications are written. 
 March 2009: Selection of the manufacturer, contract with the manufacturer is signed. 
 2009: Several meetings with the authorities: According to KTA regulations the Factory 

Acceptance Test is witnessed by an independent third party. For this purpose and 
with the consent of the authorities we selected the TUV-Nord.  

 The software of the safety channels is certified and approved by the TUV-Nord by a 
dedicated, independent software department.  

 November 2009: Detailed proposal sent to the authorities. 
 June 2010 Proposal accepted by the authorities. 
 June 2010 Factory acceptance test (2 weeks): Performed by the manufacturer and 

witnessed by the TUV-Nord, RID and the authorities. 
 July 2010 Start of installation, by the manufacturer and RID-employees. 
 July 2010 (end): Site Acceptance Test: Performed by the manufacturer, the RID and 

witnessed by the authorities. 
 August 2010: start-up (2 weeks): Started with “cold” test, followed by the “hot” test 

with step increases in reactor power. 
 August 16 2010: Reactor at its nominal power for regular 24-hours/day operation as 

scheduled. 
 
2.4 Old versus new 
 
Following the tender procedure, Mirion Technologies (MGPI H&B) GmbH was selected as 
the manufacturer/supplier of the new nuclear instrumentation. All the channels with a 
radiation detector are based on the Digital Signal Processing Channels TK250. This system 
is a flexible modular system that could be adapted for the functionality we needed in every 
single channel.  
These channels have remote signal generators and signal simulation built in and are 
qualified according to KTA 3501/3505, IEC 60 880.  
 
One of the big differences beside the digital implementation is the auto ranging feature in 
most of the channels. In the old system the range was set with a range switch. The trip is set 
to 100% of the selected range and thus depending on the position of the range switch. In this 
case it’s not possible to switch to a more sensitive measuring range because the trip will also 
have a different value. 
The new channels have a fixed trip which is stored in EEPROM and is not changeable by the 
operator. The range switching is done automatically by the software. The advantage is a 
better view of the process parameters during start-up of the reactor due to the use of the 
more sensitive measuring ranges. 
 
For power control of the reactor, a combination of N16 for the integral absolute power 
measurement and a wide range channel for measuring the fast power changes is used. This 
wide range channel has a logarithmic and a linear output (saw tooth) with 18 ranges over the 
total power range. Switching to a lower range for the linear channel is done automatically 
during power decreases. However, for power increases the operator has to activate range up 
switching by pressing a button. The operator is guided with a lamp in the button if the linear 



signal exceeds the 80% level in the current range. At 135% of each linear range, a trip signal 
for the Automatic Rundown of the control rods is generated, in conformity with the 
requirements. With full automatic range up-switching the 135% level trip would only be 
reached in the highest range. In order to comply with the specific requirements in force for 
controlling the HOR during power increases, we implemented this kind of semi-automatic 
range up switching. 
 
 
3 Implementing Flow Blockage Protection 
 
The HOR is an open pool reactor. From this point of view there is a possibility of a flow 
blockage of a cooling channel caused by an object dropping into the pool during operation of 
the reactor [1]. Subsequently, the object may be trapped on a fuel element upper inlet 
section, thereby blocking the coolant flow into one or several channels. As a consequence, 
the flow in the affected cooling channels will either be reduced or completely interrupted. The 
channels will dry out and the plates will heat up rapidly. If the reactor is not scrammed in time 
the melting temperature of the fuel plates is reached. Voiding of coolant channels causes the 
neutron flux to decrease by the feedback mechanism on reactivity.  
 
3.1 The previous analogue implementation 
 
The previous HOR protection system was equipped with a power Shut-Down Amplifier with a 
special feature. In addition to the usual protective function regarding the overall neutron flux 
level, they respond to sudden changes in neutron flux. The current signals are received from 
ionization chambers (four-redundant). If the input current deviates excessively from an 
automatically adjusted internal reference level, a trip condition is generated.  
 
To generate a trip, the current from the ionization chamber is converted to a proportional 
voltage representing the power signal. From this power signal a power reference signal is 
generated internally as a parameter that is electrically adjusted in a closed loop control 
system. The system maintains a fixed ratio between the power reference signal and the 
power signal at steady state. Both signals are compared and the resulting difference signal is 
amplified to provide the Margin signal. This signal is a sensitive indicator of the input current 
variations which is used for detection purposes. 
 
As the power signal varies, the power reference signal will vary in sympathy with it, and 
produces the margin signal equal to the “demanded” margin. Under transient conditions with 
power decreasing, the power reference signal can only follow the power signal within the 
limits of the maximum decreasing tracking rate of the system. If the power decreases faster 
the margin signal deviates from its quiescent state until the excess margin trip condition is 
reached, generating a reactor scram. The requirement for this system is to generate a trip 
within one second at a power decrease of 10%.  
 
 
3.2 The digital implementation 
 
The replacement for this special shutdown amplifier should be a fast system. The 
manufacturer selected the DGK250 from their TK250 range. It is a neutron flux safety 
channel for the power range with the possibility to have 2 signal paths for two detectors. One 
signal path is used for the power signal and the other one is used to calculate the margin 
signal by the software. This HOR system uses only one detector per channel. The response 
time is <9ms. The signal flow diagram is given in figure 1. 



 
Figure 1: Signal flow diagram DGK250 (provided by courtesy of MGPI) 

 
The reference and margin signals are calculated according to their analogue electronic 
equivalent. In the previous analogue electronics version the set points like the tracking rate 
are adjusted by potentiometers. In the new digital version the safety critical parameters are 
stored in EEPROM and can not be changed by the operator. Calibration factors can be 
changed but are protected by procedure and a special key to unlock parameter writing. 
 
To test the system performance during the design phase a software simulation provided by 
the manufacturer was applied. The proper functioning of the software was tested with this 
tool, also checking if the requirement of a trip in 1 second at a sudden decrease of 10% 
power could be met. 
 
During the start-up phase following the cold test, a live test was performed to check if the trip 
on “excess power differential” was excited, thereby scramming the reactor. In accordance 
with the test protocol, at a power of 1 MW one of the 4 control rods was dropped into the 
core to create a sudden power decrease of at least 10%. Indeed, as a result the other 3 
remaining rods dropped into the core instantaneously following trip excitation. 
 
 
4 Lessons learned 
 

 We started in an early stage discussion with the authorities. This gave us the 
possibility to respond to their questions in due time. For instance the authorities 
asked to have a third party analyse the suitability of the new equipment for the Delft 
application. For this purpose we hired the TUV-Nord to do an assessment and check 
if the old and new channels have the same functionality. 

 In the discussions with the authorities we discussed the way how the manufacturer 
handles the protection against Common Cause Failures. For this purpose IAEA 
Technical Report NP-T-1.5 is used [2]. With the overview in this document the 
additional points of CCF (software) were checked against the measures taken in the 
channel design. The results were discussed with the Reactor Safety Committee and 
with the authorities [3]. The conclusion is that the set of measures that is provided in 
the channels are adequate in preventing CCF as stated in IAEA Technical Report 
NP-T-1.5. 

 For the channel Pool Outlet Gamma Monitor the response time is of importance. This 
channel is the second line of defence in the safety system and trips in the case that 
fission products are released to the primary coolant in significant quantities. This 
channel plays a role in the safety analyses reported by Siemens [4]. Due to the signal 
filtering with a time constant depending on the input signal, the response time 
became too long. We decided to use the unfiltered (raw) signal for the trip generation 



and to use the filtered signal for the analogue output. The analogue output is used 
only for data registration. We didn’t expect spurious trips by the non-filtered signal 
because the signal is quite large during normal operation. In this way the safety 
analyses are still valid. 

 The range switching in the gamma channels is done by software and is more or less 
artificial. It’s not needed for the sensitivity of the system but implemented to make the 
difference between the old and the new system smaller. Therefore also the number 
and the end of the ranges are kept the same as in the old system. It turned out to be 
very practical; the operators still have the same “feeling” with the reactor. 

 The European tender process is a time consuming process caused by certain pre 
defined time steps. We gain benefit from an internal Procurement department which 
helps us with the legal issues for the tender. 

 In cooperation with RID, the manufacturer organised training sessions for the 
operational staff. These sessions were held before the actual commissioning. Test 
channels were used for this purpose, with the same software and Dutch menu 
structure as the channels that have been installed. The staff has been trained in 
signal processing in the different channels, maintenance and periodical testing, 
including practical exercises. The training effort turned out to be very effective for a 
smooth transfer from the old to the new situation. All staff received a certificate after 
successful course completion. 

 The new instrumentation is qualified according to the strict rules of KTA 3501/3505. 
Therefore every module that needs repair or testing is sent back to the manufacturer. 
This is a new requirement with respect to the old situation. To cope with this new 
situation we have 2 spare modules of every different module. 

 
 
5. Conclusions 
 

 The MGPI system turns out to be a very flexible system that could easily be 
adapted to our needs. 

 Testing during checkout is user friendly by using the built-in signal sources 
and output simulations. 

 The time for the operating staff to adapt themselves to the new situation was 
minimized due to good preparation and training.  

 The project was done in time and within the budgetary planning. 
 Until now the equipment showed good performance without any errors in the 

channels. 
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ABSTRACT 
 

On August 20, 2008 a bubble jet was discovered in the primary cooling water system of the 
HFR (High Flux Reactor) at Petten. The possible impact of this phenomenon on safety was 
unknown.  Hence NRG, the operator of the nuclear reactor, decided to stop normal operation 
and started a concerted action to investigate the root cause and to develop a return-to-
services programme. The programme included a plan to restart the HFR and to prepare for a 
full final repair of the cooling water system. The time needed to prepare the repair was 
estimated at one year. Additional technical and organisational measures were put in place to 
maintain safety and after internal, national and international review, the plan was approved. 
In February 2009 the HFR was back in operation for one year on a temporary license and 
NRG prepared for the final repair. 
The approach for the final repair project was to involve specialists from day one and to 
develop and test each step of the project at work bench scale and then in 1:1 scale models. 
Accurate engineering and thorough testing proved its value: the project proceeded well and 
according to plan. The execution of the project started February 19, 2010 and the HFR 
returned to services September 9, 2010.  
 
 
1. Introduction 
Since the early sixties, the High Flux Reactor (HFR) in Petten has been a vital 
link in the chain of nuclear facilities in the Petten dunes. Nuclear Research and 
consultancy Group (NRG) operates these facilities and employs 360 people.  
NRG develops and supplies sustainable nuclear technology, with applications 
in power generation, the environment and healthcare. 
Utilizing the HFR, NRG has grown into a key supplier of medical radioisotopes; 
with about 60 % of European demand produced in the HFR at Petten. The HFR 
runs around the clock, with on average 10 cycles of 28 full power days per 
year.  
 
2. Deformations in the cooling water system 
Each summer the HFR is shut down for maintenance and 
inspection. In summer 2005, deformations were detected in two 
parts of the reactor’s primary cooling water system. These parts are 
called “reducers”, conical pipes connecting the wider diameter of 
the reactor cooling water outlet with the smaller diameter of the 
cooling water pipes.  
The reactor is located in a concrete pool with floor and walls some 
meters thick, lined with aluminium. For cooling and radiation 
protection purposes the pool is filled with water 9 meters deep and 
the top of the pool is open to enable reactor loading and unloading 
during operation. The reducers and connecting cooling water pipes 
are embedded in the concrete at the bottom of the reactor pool.  
 
3. Investigations to find the cause 
Investigations were started to find the cause of the deformations in 
order to determine their possible impact on the safety or reliability of 
the HFR. We also decided to increase the frequency of the periodic  

 
Figure 1. Cross 
section of the HFR 
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inspections of both the reducers and the deformations. The hypothesis was developed, that 
on the outside of the reducers, a combination of carbon steel, moisture and aluminium 
initiated a galvanic corrosion process causing a decrease of the reducer’s aluminium wall 
thickness. The corrosion product has a volume 2 to 3 times greater than the volume of 
aluminium. As the concrete was unlikely to deform, it was likely that the reducer wall would 
be pushed inwards, thus causing the observed deformations. From 2005 onwards additional 
investigations were executed and we involved experts from many different fields in order to 
avoid “tunnel vision”. 
 
4. Safety and reliability 
The very first question we raised after detection of the deformations was: “What is the impact 
on safety?” Only when safety is ensured, can the reactor be operated. To ensure sustainable 
supply of medical isotopes, the next very important question was the reliability of the reactor, 
both short and long term. 
To answer these questions we frequently updated our safety analysis with new data from our 
investigations. From this we learned that the risks from the deformations were well within 
safety limits; however, the risk for unscheduled downtime was increased. 
We decided to set-up a project to look for solutions. At first we considered repair to be very 
difficult or even impossible and wanted to investigate options other than total repair. We 
hired a British engineering company with broad experience in the nuclear industry. One of 
the first steps in the project was to define a decision matrix and decision criteria.  
The position of our isotopes customers also played a crucial role. Both minimum down time 
of HFR for repair and speed of availability of solutions were high on the priority list. The latter 
was important, because early availability of a repair solution could prevent a long down time 
in the case of an unexpected failure of the reducers. 
With these criteria at hand, we reviewed many repair options. A few, potentially successful 
solutions were engineered further in order to substantiate the decision making process. By 
this time it was Summer 2008. 
 
5. A gas bubble jet and a decision with major impact 
In agreement with the coordinated operating schedules of the main medical isotope 
production reactors, July 28, 2008 was the first day of the HFR summer maintenance stop. 
The planned date for the restart was August 24 and inspection of the reducers was 
scheduled. At this time we were still working on repair options for the reducers. 
The inspection progressed according to plan; the results confirmed again our view of the 
situation. The deformations had grown slightly; but wall thickness had decreased very little. 
We were glad that we had already started to prepare for repair of the reducer. 
On Wednesday, August 20, 2008 at lunchtime, with a flushed face, the inspection team 
leader interrupted a project progress meeting. The inspection team were performing final 
measurements when unexpectedly they saw a gas bubble jet released from one of the 
deformations. With some disbelief their first action was to keep the camera focussed on the 
spot and start the video recorder.  
By the next day we had learned that the gas bubble jet 
emerged at a frequency of once every 10 – 20 minutes and 
lasted 10 to 30 seconds each time. What followed was a 
discussion about these observations, a first exchange of ideas 
about the origin and cause of the gas bubbles, decisions 
about possible extra investigations, preliminary considerations 
about the possible consequences and finally decision making 
within the management team about “go or no-go” for the 
planned HFR restart. We were fully aware of the impact a “no-
go” decision would have on all our customers and on the 
patients who are dependant on the radioisotopes from Petten. 
At that point in time, the cause, extent and possible safety 
impact of the observed phenomena on the reactor were 
unknown; so we decided not to restart HFR. 

Figure 2. Gas bubble jet on 
the inside of the reducer 
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6. Mitigation of consequences 
During the days after this decision, all possible powers within and outside NRG were 
mobilised to try to mitigate the consequences. The highest priorities were communication 
with customers and colleague reactors in order to minimise impact and to immediately set up 
of an HFR return-to-services project. 
This project consisted of 3 main elements: 1) Investigation and analysis of the condition of 
the reducers. 2) Find a solution where the HFR could re-start on the shortest possible time 
path. 3) Find a long term solution ensuring a reliable HFR. 
It was clear, that whatever the solution, there would be no compromise on safety. For a short 
term solution we were prepared to compromise on operational reliability, if necessary. 
 
7. HFR return to services 
Prior to the discovery of the gas bubble jet, we had been developing potential repair 
methods. At this point we changed our approach based on the experience we had gained; 
our new strategy was now to find a company with extensive experience with this kind of 
repair and to quickly develop a temporary repair solution. In parallel they should also 
develop the final repair method. We selected a Swedish company who specialised in repair 
projects in the nuclear industry.  
Quite quickly we decided to start detailed engineering on the so-called “sleeve option” for the 
temporary repair; an option already considered earlier that year. The idea was to install a 
specially designed pipe inside each reducer. However, during detailed design we 
encountered insurmountable technical problems.  
In the mean time, it became clear that for the final repair, it would be necessary to either 
locally repair the corroded parts of the reducers or to replace both reducers completely. The 
only way this could be done successfully, would be to make the reducers accessible by 
cutting two large cavities in the concrete in which the reducers were embedded. Initial 
analysis showed that two cavities in the concrete could be accommodated from a 
constructional point of view. Preliminary calculations indicated that radiation levels at the 
repair sites could be reduced to an acceptable level by installing extra shielding material in 
the reactor to compensate for the radiation shielding effects of the primary water, which 
would need to be drained.  
Confidence in the “concrete route”, as it was called by that time was growing; while 
confidence in the “sleeve option” had decreased rapidly. Most importantly, our understanding 
of the actual status of the reducers and their impact on safety and operational reliability had 
increased a great deal since the first discovery of the gas bubbles. An important new fact 
was the clear confirmation that there was no water leakage at the reducers. 
We estimated that we needed about one year to fully prepare for the “concrete route”. We 
also judged that with additional detection systems for the possible but unlikely leakage of 
water from the reducers, safety could be maintained. This would allow the HFR to be 
returned to services temporarily while we prepared for the full repair. Comprehensive safety 
analysis confirmed our assessments. 
Our plans and supporting analysis were reviewed by national and international experts and 
the International Atomic Energy Agency (IAEA) sent an expert mission to assess in great 
detail all the safety aspects of the project. 
Late on February 12, 2009, we received a temporary license to start and operate the HFR. 
Three important conditions were connected to the license. The HFR would only operate 
when necessary for medical needs; if any water leakage from a reducer was detected, then 
HFR would be immediately shut down and we must start execution of the project of the 
definitive repair of the reducers by March 1, 2010. 
As all preparations for start-up were already in place, we were able to start the HFR that 
evening. Before midnight we were running at full power and had resumed production of 
radio-isotopes. 
 
8. Prepare for final repair 
The first step towards the repair was setting up a dedicated project organisation. The author 
of this article acted as the project executive and appointed an experienced project manager 
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to create and lead the project team. Specific expertise and strong teamwork characteristics 
were the main selection criteria.  
People both from within NRG and from outside companies were appointed project team 
members. The project objective was to safely repair or replace the two reducers by gaining 
access through the concrete ceiling of the sub pile room, the space directly under the reactor 
vessel. 
The repair should start no later than March 1, 2010 and in order to minimise the negative 
impact on the isotopes market, the reactor outage time for the repair project should be as 
short as possible without jeopardizing safety or quality of work. The quality of our planning 
and ability to accurately forecast the date of return to service of the HFR at the end of the 
project was also of utmost importance.  
A major decision early in the project was to drain the reactor pool at an early stage of the 
work as this concerned the safety of the workers. Calculations had indicated that the pool 
bottom would be strong enough after removal of the concrete from the cavities, but to be 
absolutely sure there was no risk of flooding by the pool water, we decided to drain the pool. 
This decision had far reaching consequences, as we needed to install alternative radiation 
shielding material on the pool bottom. We selected a tungsten alloy with a density of 18 000 
kg / m3. Prior to draining the pool, we also needed to cover the open top of the pool with a 
concrete cover in order to reduce overall radiation levels within the reactor building. 
Our approach during the design and engineering phase was to involve sub contractors from 
day one and to develop and test, preferably several times, each step of the project with 1:1 
scale mock-ups. 
For the concrete removal and restoration we built a replica of the section with one of the 
reducers. We found a Swedish mine which was able to supply the same high density 
concrete filler (magnetite) that was used 50 years ago. By practising concrete removal on 
the replica, we learned which tools and work processes were the best and staff doing the 
work gained experience in working in a limited space like the sub pile room. 
For the actual repair of the reducers, several techniques were investigated and tested at 
both work bench scale and on 1:1 models. We tested a relatively new technique for 
increasing material wall thickness by means of “cold spraying”, however this method could 
not be qualified for application in a nuclear facility, because there were no relevant 
standards. Welding was selected as the repair method and criteria were developed for the 
decision process to either repair locally or totally replace one or both reducers. The qualified 
welders practiced both repair options in models of the narrow cavities. 
 
9. Internal and external reviews 
Our repair plan, the safety plan, the radiation protection plan and the detailed plans of the 
sub projects were modified and reviewed several times as part of the engineering process. 
To ensure the quality of all aspects of the project, internal and external reviews were a 
continuous part of the process. To mention a few: at Petten there are two permanent 
committees, the HFR Safety Committee and the Petten Reactor Safety Committee. 
Specifically for this project we also installed a Technical Expert Advisory Group. In 
December 2009, an international Peer Review Team was invited to Petten for in depth 
discussions and project review. In early 2010, an IAEA mission was in Petten again for 
thorough discussions and project review. During the whole process, the Dutch national 
authority, the Kern Fysische Dienst (KFD) supervised each project phase and all the 
reviews. 
By mid January 2010 all documents were approved and the project was ready for execution. 
 
10. The repair 
The repair started February 19, 2010 and after removing the reactor internals, like fuel 
elements, control rods, isotope production rigs and experimental facilities, the first major test 
for the project team was the installation of the radiation protection equipment inside the 
reactor and shielding blocks at the bottom of the reactor pool. Accurate engineering and 
thorough testing proved its value and the installation went according to plan. After covering 
the pool top with the concrete slabs and draining the water, the radiation levels were 
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measured. It showed that the shielding had reduced the radiation levels by the required 
order of magnitude, but at some locations the levels were still too high. With these 
measurements in hand, additional shielding was designed, made and fitted. This proved to 
be adequate and after draining the reactor and pool, we started removing the concrete.  
Using a hollow-drill-technique holes were cut of various lengths depending on the position of 
the reducer inside the concrete. The total length of the holes was more than the height of the 
Eifel Tower. For this type of drilling, practise and “touch-and-feel” are the key to success, as 
we had learned by training on the mock-up. On one occasion during drilling, a flange on the 
outside of the reducer was hit. The flange position was slightly different from the 50 year old 
drawings. We had already planned to replace the flange and we were happy to have real 
evidence of the exact location and condition of the reducer and flange. The last of the 
concrete was removed by cutting with hand tools, to avoid damaging the reducers. 
After cleaning, the next step was thorough inspection and measurement of the reducers. 
Until this point in the project, we had been forced to rely on our hypothesis of the cause of 
the deformations and had to be alert that it could prove to be incorrect. We were able to 
confirm that the cause of all the deformations was galvanic corrosion, initiated by the 
combination of steel, aluminium and moisture. The reactor pool has an aluminium liner which 
is designed in such a way, that when small amounts of pool water are released due to 
thermal movement, they are transported to a drain system through small channels in the 
concrete. Some of this moisture migrated through the concrete and reached the reducers. 
A very important point was that we found that the rest of the reducer material was in perfect 
condition and the criteria for local repair were met. In both reducers we cut a larger hole at 
the bottom and a smaller hole at the top. All four holes were closed with pre-fabricated plates  
of new aluminium. The top plates were welded from within the reducers through the larger  
holes and then the bottom plates were welded from 
outside. Despite many trials, the welding in situ proved to 
be more difficult than expected. After several improvement 
actions we succeeded in producing welds which passed 
the tests in accordance with the relevant standards.  
After welding was completed, the cavities were filled with 
reinforcement bars and concrete. To prevent air being 
trapped during the pouring of the concrete, we installed 
four vents in each cavity and a camera was inserted 
through a vent pipe to enable monitoring the concrete 
filling process. 
The final project phase was recommissioning the HFR 
equipment and controls, followed by extensive testing of 
all systems prior to reloading the core and starting up the 
HFR. September 9, 2010 we started the reactor, reached 
full power and resumed the isotopes production. Figure 3. Welding 
 
11. Evaluation and outlook 
The repair project proceeded well and according to plan. We have had no safety incidents. 
The individual and collective radiation dose has been about half of the quite stringent limit 
we put on ourselves at the start of the project. Only the individual doses of the welders were 
close to the set limit. We created a learning attitude within all teams involved and during 
execution, several safety improvement proposals were made and implemented. Our project 
planning involved of all parties in interactive sessions leading to a project plan and detailed 
work plans of high quality. During project execution, at the times when reality deviated from 
planning, we were able to maintain the same attitude. We solved the problems with focus on 
safety, quality and a proper decision making processes. 
To secure the long term medical radioisotopes supply, we have intensified our maintenance 
and reliability program for all nuclear facilities at Petten. We expect the end-of-lifetime of the 
HFR to be around 2020. To secure the strength of the existing chain of the nuclear facilities 
at Petten for the long term, we are developing the replacement of the HFR by our new 
reactor, PALLAS.  
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ABSTRACT 

The Laboratory of Applied Nuclear Energy (“LENA”) is an Interdepartmental Research Centre of the 
University of Pavia which operate, among other facilities, a 250 kW TRIGA Mark II Research 
Nuclear Reactor. The reactor is at the disposal of researchers from Pavia University and of other users, 
both public and private, for research activities, training and education and other services. The Centre 
itself carries out research and training activities and provides services for private enterprises, 
encouraging the transfer of the results of nuclear technology research to the production system, 
including the education and training of specialists in nuclear technology. 
The prerequisite for the management of the reactor is the satisfaction of all stakeholders requirements, 
among which safety constraints, efficiency and effectiveness in the delivery of the services. In order to 
continuously improve the safety and quality of reactor management and the accomplishment of the 
stakeholder requirements, LENA decided to implement an Integrated Management System in 
accordance with International Standard ISO 9001:2008. This choice allowed to satisfy both national 
and international compulsory requirements (i.e. safe reactor operation and maintenance) and typical  
ISO 9001 requirements (as e.g. continuous improvement, users/stakeholders care and satisfaction). 
In addition, through this systematic and graded approach, that led to the standardization of all 
processes involved in reactor operation and maintenance, all the aspects of the reactor management 
mentioned in the IAEA publication The Management System for Facilities and Activities (IAEA 
Safety Standards Series No. GS-R-3 [1]) were also satisfied. This publication, in facts, provides a 
guidance for establishing, implementing, assessing and continually improving a management system 
for facilities and activities that integrates safety, health, environmental, security, quality and economic 
elements. 
 

1. Introduction 
LENA, the Applied Nuclear Energy Laboratory (http://www.unipv-lena.it/ ) is an Interdepartmental 
Research Centre of the University of Pavia which operates, among other facilities, a 250 kW TRIGA 
Mark II Research Nuclear Reactor.  
The reactor is at the disposal of researchers from Pavia University and of other users, both public and 
private, for research activities, training & education and other services. The research reactor is used for 
many different purposes (fundamental research, applied research and technologic transfer, education 
and training, public information), and addresses various types of users (schools and universities 
students, researchers, companies, workers, individuals).  
In order to continuously improve the safety and quality of reactor management and the 
accomplishment of the stakeholder requirements, LENA decided to implement an Integrated 
Management System in accordance, among others, with International Quality Standard ISO 
9001:2008. 

2. Stakeholders requirements and Quality Management System (QMS) scope 
In relation to management and operation of a nuclear facility, stakeholders are usually defined as 
groups or individuals who may participate, benefit or have a specific interest in a given issue or 
decision: they may be both internal (those involved in the management and operation processes) and 
external (those which may be affected by the potential outcome of facility management) stakeholders. 



 
Fig 1: Stakeholders and requirements identification 

In order to develop the Management System, LENA first task was to identify its stakeholders (e.g. 
Workers; Owner; Users; Civil Society; Population; Regulatory Body; National Governative 
organizations; International Organization ). In fact, only by knowing exactly what the stakeholders are, 
it is possible to identify all requirements that must be met by the Organization and plan the necessary 
actions to ensure the management of the involved processes.  
Each stakeholder brings several requirements, which may be legal requirements (as in the case of the 
Regulatory Body) or not (as in the case of users/customers).  
The prerequisite for the management of a research reactor is the satisfaction of all stakeholders 
requirements, among which safety constraints, efficiency and effectiveness in the delivery of services 
as well as in reactor operation and maintenance activities. 
Furthermore, it cannot be ignored that in Italy, a research reactor of nominal power above 100 kW is 
considered by law, under all respect, as a nuclear power plant. Thus, this category of research reactor 
(such it is LENA reactor) undergoes to all applicable laws and regulations in the field of nuclear safety 
and protection of environmental, population and workers as a nuclear power plant. 

Based on the above, the reactor organization needs to manage its processes both to meet the demands 
arising from specific purposes and users, and to ensure the highest mandatory safety standards: this is 
the aim and scope of the Management System, as it is intended at LENA reactor. 

The so understood Management System (MS) is therefore referred as Quality Management System 
(QMS): it aims to be the equivalent of what is usually called an Integrated Management System 
(IMS), which takes into account all quality, safety and environmental issues. 

In fact, the Organization unequivocally puts nuclear safety in first place over all other needs: the 
management system is intended as a tool to enable the continuous development of safety culture and 
achieve higher safety levels. 

All aspects of nuclear safety, occupational health protection and environmental protection are included 
in the Management System and safety culture is present and integrated in all activities, eg: 

- Definition of responsibilities: both Direction and staff at all levels are aware of their 
responsibilities and that their actions may affect the safety of the activities connected with the 
reactor operation.  Furthermore, Direction continuously promote safety culture though training 
and updating of staff, though implementation of an effective internal communication, and by 
encouraging personnel to suggest innovative solutions and continuous improvement. 

- Definition of working practice: working practices are documented in manuals, procedures and 
instructions, which constitute the guide for the personnel to carry out the safety related 
activities. Based on a graded approach, the documentation may have different levels of detail 
depending on the complexity of the operations to be performed and on the competence of the 
staff: this approach allows the reproducibility, traceability and control of activities. 

- Staff competence and training: staff adequacy is a key factor for the implementation of the 
Management System. The activities carried out are based on personnel skills and technical 
capability. The Organization manages its personnel training according with the following 
criteria: 

• Definition of the staff skills necessary to carry out the assigned activities that affect safety; 
• Identifying, planning, implementing and verifying training activities; 
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• Ensuring that staff is aware of the importance of their activities and how activities could 
affect safety; 

• Maintaining appropriate records of training, experience and skills acquired by personnel. 

- Audit and assessment:  the Organization developed an internal audit system applicable to all 
processes of the MS, including all the safety related activities aimed to satisfy mandatory 
conditions for both nuclear safety and health protection. 

- Top management commitment is realized through: 
• raising awareness of the Organization about the importance of satisfying safety 

requirements; 
• establishing the Quality Policy and raising consciousness, motivation and involvement 

among the staff; 
• setting safety objectives; 
• carrying out the management reviews; 
• ensuring the availability of resources; 
• systematically monitoring management system improvement and verifying the continuous 

requirements satisfaction. 

3. Analysis of Reactor processes and implementation of the Management System 
One of the first steps in the set up of the MS has been the specific and detailed analysis of all the 
processes involved in the management of the Organization activities, with particular regard of Reactor 
safety operation and maintenance aspects. 
According with the typical process approach scheme, stakeholder’s requirements, considered as input 
elements, play a key role in the MS since they are undoubtedly determined by the Users, but also by 
all the national and international legislation in the field of nuclear facility management. 
For this reason, the main goal to achieve was to ensure safety reactor operation by controlling a 
primary process and its correlated support processes; therefore, based on requirements analysis, the 
processes needed for achieving the intended outputs were accurately defined. 
For a better development of the system, LENA defined a Primary process as a starting point, focusing 
on a process which could comply with specific requirements and which could also encompass all the 
other processes involving safety. 
All the processes are described in specific documents, such as documented procedures, work 
instructions, manuals, etc. which have to be considered, along with their records, as an unavoidable 
process control tool. A schematic diagram of what described above and how processes are linked 
together with safety aspects is shown in Fig 2. 
A “Primary” is usually defined as a process that constitutes the core business and the main purpose of 

Fig 2: Primary and support processes relationship 



an organization. In the case of a research reactor this typically consists of research, irradiation and 
experiments activities. 
Hence LENA defined, as its Primary process, the “Operation of the TRIGA MARK II Research 
nuclear Reactor for design and delivery of irradiation service”. 
This approach is a consequence of the consideration that, in order to provide irradiation and/or 
experiments implying reactor operation, it is unavoidable to implement also safely reactor operation 
and maintenance, that means, for the reactor operation, that all safety aspects have to be covered and 
complied. 
The so understood Primary process includes all the stages of design, planning and delivery of samples 
irradiation and/or experiments at the reactor. 
As mentioned above, there are many other processes related to the Primary process, usually 
mentioned as “Support processes”.  These processes are not part of the Primary process, but they are 
essential to enable it to take place.  
In the case of a research reactor, all those activities necessary to provide irradiation and/or experiments 
implying reactor operation constitute the so called Support processes, that is all the activities 
connected with safely reactor operation and maintenance. 
Support processes have been analyzed, developed and implemented according with the process 
approach, and can be grouped as showed in Tab 1. 
 

Process 

Safety related processes 

Health Physics surveillance 

Environmental & waste monitoring

Maintenance (Mechanical & Electrical) 

Instrumentation 

Purchasing 

Abnormal events - Accident and/or Emergency 

QMS processes 

Top Management (Commitment, Authorities and Responsibilities; Top Management reviews) 

Work environment 

Control of documents 

Control of records  

Resource management 

Internal and external communication 

Internal Audit 

Control of Non Conforming 

Corrective Action and Preventive Action  

Processes Monitoring & Measurements 
Tab 1: LENA support processes definition (Safety related and typical Quality processes) 

 
In order to accomplish the implementation of the MS with a rational logic and in the scheduled times, 
the entire Management System was designed in accordance with the internal document General Plan 
for Design and Development of the Quality Management System, which defines a specific and precise 
strategy for the system set up. Main steps of system implementation were: Project Team identification; 
budget and schedule development; processes analysis; Quality Policy definition; inventory of existing 
documentation; system implementation (development of documents and their application); system 
assessment (Internal audit); third party certification. 
After its completion, LENA QMS was certified as ISO 9001:2008 compliant on October 2010. An 
independent Certification Body performed the assessment (external Audit) and released the 
certification, after about two years of work carried on by the Project Team and all the Organization’s 
staff. 



4. Conclusions 
The global research reactor (RR) community includes a highly diverse number of facility designs, 
organizational structures and technical missions. RR power levels range from tens or even over 100 
MW down to zero power, critical facilities. Some RR operating organizations are large and comprised 
of teams of operators, maintenance technicians, safety and radiation control officers, managers, 
licensing and other support staff. Other reactors are successfully operated by a relatively small team of 
around ten permanent staff or less. Similarly, technical missions can be diverse and complex or more 
limited including a limited number of very specialized applications. 

Producing guidance on the development and implementation of an integrated management system 
requires examples from the ends of the aforementioned spectrum. Integrated management systems for 
larger RR organizations will have similarities with systems developed for nuclear power plants with 
comparable organizational structures. Significant differences will relate to a more diverse number of 
costumers managed by an organization operating a large, multipurpose RR. Here, customers range 
from technical industries, educational institutions, national and international research organizations, 
water and agricultural management programmes, and even a national nuclear energy programme. 
Smaller research reactor organizations also often have a diverse community of customers; but execute 
a more straightforward utilization programme managed by a much smaller team. 

In the latter case above, an integrated management system developed for a smaller RR operating 
organization applies a graded approach to ensure all requirements are fully satisfied, but with 
significantly fewer staff. In this case, responsibilities are distributed among available staff with a 
single person filling the role of several different positions. The system, and organization designed to 
use it, are established to ensure independence; high standards of safety, quality and reliability; and 
continuous improvement. Since many research reactors are managed by smaller organizations, finding 
an example of the development and implementation of a management system for this case was key to 
producing comprehensive and effective guidance for the RR community. 

The specific experience here described, constitutes an example of  a Management System 
implementation in a  typical medium-size research reactor according with legal and users 
requirements. 

Among other, some aspects, typically related with such  kind of Organizations, have been considered 
during the MS implementation, e.g.: 

- Limited staff number 
- Multiple responsibilities for the same unit of personnel  
- Need for multi-disciplinary skills 
- Capability to develop the correct graded approach in each specific situation  
- Capability to perform processes measurements and assessment  
- Limited financial resources 

 
Fig 3: costs afforded by LENA to implement the system (in percentage of total outcome) 



In Fig 3 is given the graph that summarizes costs afforded by LENA to implement the system. The 
aspects involved are here parameterized and represented as a percentage of the total outcome for the 
system implementation. 
As for these types of Organizations, costs can be a tight issue concerning the decision to implement a 
management system , it is interesting to notice how most of the efforts, both in terms of cost and of 
time, can be ascribed to employees’ involvement. That means that, when the Organization holds 
internally the necessary skills, the implementation process is more a matter of time and staff 
commitment than financial effort (for example in new equipment acquisitions or consultancy 
services).  
During the implementation process, LENA indentified, for each process involved, a set of 
Performance indicators, i.e. parameters that provide a measurement of processes efficiency and 
effectiveness.  Performance indicators are an unavoidable tool to manage, asses and improve the MS. 
In particular, it is interesting to observe values obtained for indicators related to LENA reactor 
operation process (Tab 2) and how those indicators match with ones indicated in the publication 
Optimization of Research Reactor Availability and Reliability: Recommended Practices (IAEA 
Nuclear Energy Series No. NP-T-5.4). This  indicators choice aims to provide evidence of reactor 
operational and safety related processes performance, together with reactor efficiency, reliability and 
availability. 
 

Process Indicator Expected 
value 

Calculated 
value 

Reactor operation 
Reactor availability1 70 – 80% 77%
Reliability1 70 – 80% 89%
Reactor Utilization1 >50% 52% 

Tab 2: Performance indicators values related to reactor operation at LENA 

 
In conclusion, the choice of implementing an Integrated Management System in accordance with 
International Standard ISO 9001:2008 allowed to satisfy both national and international compulsory 
requirements (i.e. safe reactor operation and maintenance) and typical  ISO 9001 requirements (as e.g. 
continuous improvement, users/stakeholders care and satisfaction). 
In addition, through this systematic and graded approach, that led to the standardization of all 
processes involved in reactor operation and maintenance, all the aspects of the reactor management 
mentioned in the IAEA publication The Management System for Facilities and Activities (IAEA 
Safety Standards Series No. GS-R-3 [1]) were also satisfied. This publication, in facts, provides a 
guidance for establishing, implementing, assessing and continually improving a management system 
for facilities and activities that integrates safety, health, environmental, security, quality and economic 
elements. 
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ABSTRACT 

The IAEA has been assisting Serbia since 2001 to reduce radiological hazards at the Vinča 
Institute due to extended shutdown of the 6.5 MW heavy water RA research reactor and its 
spent nuclear fuel (SNF) that were inadequately stored in water pools within the reactor 
building. In 2006, under the umbrella of the Russian Research Reactor Fuel Return (RRRFR) 
programme, a contract was signed with a Russian consortium for safe removal and return of 
the RA reactor SNF to the Russian Federation, the fuel’s country of origin. Given the large 
number of SNF elements (8030 in total) and taking into account the anticipated poor condition 
of the fuel, it was necessary to repackage all of the fuel to ensure safe transport. During 
shipment preparations, the IAEA offered two types of support: (1) safety and readiness 
reviews that were requested by the Serbian Regulatory Commission; (2) technical advisory 
support upon demand of the Operation Organisation (Vinča Institute and later Public Company 
“Nuclear Facilities of Serbia”) in preparation of licensing and technical documentation, to 
advice on operational safety and technical aspects of fuel repackaging and preparation for 
transport. This paper focuses on the technical advisory support provided by the IAEA: most of 
the discussion focuses on the final preparatory activities carried out prior to transport; there is 
less focus on the preparatory work accomplished before 2009. Finally, the paper makes some 
concluding remarks about lessons learned through the project. 

 
1 Introduction 
The main nuclear and radiation safety issues at the Vinča Institute of Nuclear Sciences, 
Belgrade, were: (1) the 6.5 MW heavy water RA research reactor that had been in the stages of 
an extended shutdown since 1984; (2) spent nuclear fuel (SNF) from the RA operation 
inadequately stored in the water pools within the reactor building; and (3) insufficient storage 
facilities for the low and intermediate radioactive waste (waste storage hangars). Although the 
radiological hazard issues were reported in 1996 by the Vinča Institute the first TC project was 
launched in 2001 (shortly after the political situation settled down) following three further specific 
projects. The strategic objectives of these projects were firstly to survey the site, identify the real 
conditions of the SNF and waste storage facilities, then letter develop a nuclear characterization 
of the site. One of the main objectives was to regain control of the stored SNF, stabilize the 
conditions (prevent the escalation of further degradation as much as possible and achieve a 
long term safe and stable state) and find an ultimate solution. Firstly two possible solutions were 
envisaged to manage the SNF problem: (a) ship the SNF elements abroad, or (b) create the 
conditions for the long-term storage in the country. Due to the announcement of the Global 
Threat Reduction Initiative (GTRI) announced in May 2004 and then the Bratislava Agreement1 
the second option of the long-term storage in the country was dismissed and from 2005 the 
main goal was to ship the SNF elements back to the country of origin. Now the projects are 

                                                 
1 Since 1999, and continuing to the present, the US, the RF, and the IAEA have been working on a 
programme to return to Russia stockpiles of Soviet- or Russian-supplied HUE fuel currently stored at 
foreign research reactors. On 27th of May, 2004, the US and RF governments signed an agreement in 
Bratislava (Bratislava Agreement) on the repatriation of research reactor fuel of Russian origin. 



managed in the frame of a coordinated and interrelated programme under the title of VIND 
(Vinča Institute Nuclear Decommissioning) Programme a major part of which was the SNF 
repatriation project, which accomplished successfully in 2010. 
 
2 SNF repatriation Project 
The real risk mitigation measures started in 2001 immediately the site was stabilized. The 
identified potential nuclear and radiological safety phenomenon was raised at the governmental 
level. As a consequence of this the Serbian Government decided to shut down the RA reactor 
permanently and to participate in the international nuclear non-proliferation efforts associated 
with reducing the amount of HEU in international commerce2. The decision resulted in broad 
international cooperation and the effective provision of service assistance, as well as donations. 
 
2.1 Legal framework 
Upon the invitation of the IAEA, in May 2005 an international consultancy meeting was held in 
the Vinča Institute with the participation of a few invited international enterprises. The main goal 
of the meeting was to draft the outlines of an international bid for the removal and transportation 
technology of the seriously corroded and leaking SNF assemblies being stored in the storage 
pool accommodated by the reactor building. At the conclusion of this meeting an international 
tender was issued by the IAEA in the summer of 2005. Following the selection procedure, an 
RF consortium (Sosny-Mayak-Tenex: hereinafter referred to as Sosny after the leading 
company of the consortium) was selected and an international tripartite contract between IAEA, 
Sosny and the Vinča Institute was signed in September 2006 for the safe removal of spent 
nuclear fuel (SNF) from the Vinča RA Research Reactor in Serbia and return to the RF. 
 
Two further frame agreements were signed in 2009: (1) in June 2009, at the governmental level, 
a “Government-to-Government Agreement between the Government of the RF and the Serbian 
Government concerning cooperation for the transfer of research reactor irradiated nuclear fuel 
to the Russian Federation”; (2) in September, at the enterprise level, the “Foreign Trade 
Contract” between Federal State Unitary Enterprise “Federal Centre of Nuclear and Radiation 
Safety” (FSUE “FCNRS”) and the PC NFS for the importing irradiated nuclear fuel of the RA 
reactor into the RF, its reprocessing and final disposal of radioactive waste material in the RF. 
 
2.2 Technical approach of repackaging and removing 
Within the frame of the tripartite contract, in May 2007, R&D Co. Sosny completed a report titled 
‘Design of SNF removal to FSUE PA «MAYAK»’ detailing the conceptual approach to RA SNF 
repackaging [2]. The conceptual approach outlined the development of related documentation, 
tools, facility modifications, regulatory approvals, international agreements and licenses. 
 
The concerned SNF inventory is comprised of 8030 TVR-S fuel elements (Fig. 1). 
Approximately 17% of those contained highly enriched uranium. The fuel elements (by the time 
of repackaging) were stored in 30 aluminium barrels in the storage pool containing 4929 fuel 
elements; and in 297 stainless steel channels in RA reactor vessel containing 3101 fuel 
elements. Given the large number of SNF elements (8030) and the anticipated poor condition of 
the fuel [3], it was already decided in the contractual phase that it would be necessary to 
repackage all of the fuel to ensure safe handling and transport. 

                                                 
2 This agreement paved the way so that in 2002, the Republic of Serbia could be the first IAEA Member 
State to repatriate fresh HEU fuel to the RF [1]. 



 
Fig 1.   TVR-S fuel element 

The repackaging technology was defined by two factors: (1) the SNF type and its storage 
solution; (2) the transport package(s) that would be used for transportation. The fuel and its 
storage mode were given and the possibility to select transport packages was also determined 
(license issue, container availability). Hence, in view of all circumstances (number of fuel to be 
shipped and containers available) 16 Skoda VPVR/M and 16 TUK-19 casks were selected. Two 
types of canisters (TC1 for TUK-19 and TC2 for WPVR/M) were developed according to the 
selected transport casks. The 3D-drawings of the canisters, as well as the new basket together 
with their placement in the containers are presented in Fig. 2. 

 
Fig 2.   3D-drawings of the canisters and basket for VPVR/M3 

                                                 
3 Source: A.V. Smirnov’s presentation given in the 3rd annual Regional Workshop on RRRFR Programme 
Lessons Learned May  25-28, 2010, Poiana-Brasov, Romania. 



2.3 Main milestones passed during the project implementation 
The obligatory documents, manufacture of custom fuel repackaging tools and equipment, then 
the site preparation were made according to the conceptual design and technical specification 
defined by Sosny. The main milestones passed during the project implementation were: 
• Development the Conceptual and Technical Designs as well as work plan (2007-’08); 
• More than 200 custom fuel repackaging tools and equipment designed and fabricated by 

SOSNY were delivered to PC NFS throughout 2009. 
• FSAR review conducted by IAEA was successfully completed in Jul’09. This milestone led to 

FSAR approval and licensing by the Serbian Regulatory Authority (SRA) in Nov’09 for SNF 
repackaging and transport.4  

• All equipment was assembled, tested and its operation demonstrated and approved, as well 
as operating personnel trained as of Nov’09. 

• A custom water chemistry control system (WCCS) was installed and fully operational as of 
Nov’09. The WCCS minimizes radiation dose rates in working areas of SNF storage pool 
primarily by controlling specific activity of Cs-137.5 

• The SNF repackaging from December 2009 to May 2010. 
• Final decision on shipment route in January 2010; 
• Contract 2006-1312 amendment in June 2010 that was necessary mostly due to the 

shipment route and mode changes; 
• Follow up safety and readiness assessment in July 2010 prior to start of container loading; 
• Skoda SKODA VPVR/M cask loading was done in two steps (accordingly as the empty 

containers became available): in August-September 2010 twelve containers were loaded 
and then a further four in November; 

• All trans-boundary and import permissions to the RF were obtained by the beginning of 
November 2010; 

• The 16 TUK-19 casks were loaded during October-November 2010; 
• The ISO transport containers (14 with casks and 1 with handling tools) were in road-ready 

status by November 12; 
• SNF Convoy departed Vinča site on November 19, 2010; 
• The shipment arrived to Mayak on December 22, 2010. 
 
2.4 IAEA’s support in general 
Within the framework of IAEA’s Technical Cooperation projects RER/3/006 and SRB/4/002, 
different activities were provided to support the safe removal of Vinča RA Research Reactor’s 
spent fuel. The backing activity of the Agency, on the basis of support initiation can be divided 
into three groups: 
(1) Support provided upon demand of the Serbian Regulatory Commission (SRC). 
(2) Support provided upon demand of the operation organisation and/or contractual parties; and 
(3) Traditional support which is typically an integral part of any TC project launched by the 

Agency (outlining a project, call for bids, contracting, appraisal of deliverables, etc.). 
The support activates belonging to the second and third group are jointly discussed in this 
paper. 
 
3 IAEA’s Technical Advisory and Expert Support 
The Public Company Nuclear Facilities of Serbia (PC NFS) was created by the Serbian 
Government in 2009. Since its inception, PC NFS has assumed control and responsibility for all 

                                                 
4 Special thanks to the Slovenian Nuclear Safety Administration for their in-kind contribution of expert 
support to the SRA, which contributed significantly to making this achievement possible. 
5 Special thanks to an in-kind contribution by the USDOE-NNSA for the custom design and technical 
assistance. 



of Serbia’s nuclear assets, including the safe removal of SNF from the Vinča RA Research 
Reactor. As a new company faced immediately with a big challenge the PC NFS asked and 
greatly welcomed any effective and authentic backing that helped to fulfil its first job safely and 
in a timely manner. Hence the Agency, who even encouraged the Serbian Government to 
create a legal entity exclusively responsible for the waste management in Serbia to aid the 
VIND programme, provided technical advisory and expert support. This support was not only 
provided at the demand of the operation organization but frequently exceeded the “standard 
duties” and traditional supporting role within the frame of a TC-project. 
 
The technical advisory and expert support of the Agency encompassed mainly the following five 
activity fields: (1) traditional technical support, (2) documentation preparatory support, (3) trans-
boundary licensing support, (4) on-site technical reviews and (5) advisory support to implement 
equipment. 
 
The (2) document preparatory support and (3) trans-boundary licensing support have some 
overlapping with the support of safety and readiness reviews, thus they are discussed in a 
separate paper [4]. 
 
3.1 Traditional technical support 
As it was pointed out, not only the quantity of the usual technical TC project support was 
increased due to the complex and long lasting project but the kind of the support crossed also 
frequently the usual framework. Considerable support activates resulting mostly turning point in 
the project history were: 
• Technology selection. The Agency played an initiative and decisive role in 2005 to survey 

the site conditions, as well as infrastructure available in order that to define the technology 
approach (first repackaging then transfer) for SNF repatriation and to draft the technical 
requirements of an international bid that resulted in the tripartite contract for developing 
repackaging and shipment technology and shipment of the SNF to RF being signed in 
September, 2006. 

• Legal entity for the VIND Programme.  During the project termination it became obvious 
that the VIND project objectives didn’t fit the original organisation structure of the Institute as 
the VIND Project represented a second organisation sitting on top of the traditional structure. 
These dual structures generated personal conflicts and jeopardised the project 
transparency. Recognising these risk factors, in 2009, following the acceptance of “Law on 
Protection Against Ionizing Radiation” by the Parliament, the Serbian Government decided 
to provide a legal entity to the VIND Project. The Agency encouraged this approach. 

• Traditional technical support.  This covers biddings, issuing purchase orders, appraisal of 
deliverables, participation in panel reviews and factory and site acceptance tests. These 
technical issues were covered by four technical officers. To illustrate the project complexity, in 
the last one and half years 14 purchase orders were issued and 117 deliverables were 
technically evaluated that represented almost 90% of the project budget. 

 
3.2 Documentation preparatory support 
Upon demand of the PC NFS and sometimes contractors as well, the Agency ensured an overall 
consultative advisory and review support to develop the documentation. The support concerned 
PC NFS’s Mandatory Documents that were required to be elaborated and kept up-to-date by the 
SRA and/or PC NFS’s requirements are discussed in the separate paper referred as [4]. 
 
Regarding the technical documents accompanying the shipment the Agency provided overall 
assistance. Using the documentation of the earliest made shipments a complete set of 
templates were given to the PC NFS to elaborate fuel and container passports, radiation survey 
protocols, leakage test certificates, etc. Specimens of different protocols, emergency response 



plans, third party liability insurance policy, etc. were also handed over to support the preparation 
of technical and accompanying documentation. The final set of documentation was also revised 
by Agency experts. 
 
3.3 Trans-boundary licensing support 
While the onsite work meant a unique technical challenge for the operators, the obtainment of 
all needed authorisation and permits provided a puzzle for the legal entity intending to ship the 
SNF by the means of different transport modes from a non EU country through the EU to the 
RF. Although the transit countries were EU members, the procedures were only partly 
harmonised, and, of course, the initial country’s and target country’s regulations and procedural 
rules were completely different. Therefore, on this subject, the Agency had to provide long 
lasting complex advisory and coordination support, and sometimes had to act as a mediator 
between authority representatives and applicants. This support issue is also discussed in the 
separate paper referred as [4]. 
 
3.4 On-site technical reviews 
The on-site technical review activity of the Agency encompassed the entire on-site activities. It 
took the form of a periodic review and advisory support to review the on-going activities, which 
covered staff training, equipment commissioning, test operation of newly manufactured or 
already used accessories, devices and tools, as well as implementation of work procedures 
(e.g. package maintenance before loading, cask loading and drying, waste management, etc.). 
Within a facility walk down the acting Agency’s technical officer(s) revised the equipment 
conformity, work performed in terms with the requirement and the written procedures. 
Repeatedly revised and emphasised issues were: 
• work performance to strengthen planned, supervised and documented work culture; 
• safety provisions including visible management commitment to safety, understanding the 

concepts of safety issues, trust between management and front-line staff; 
• facility walk downs served also to obtain commonly with the operators lessons learned on 

the “overview” of a technical malfunctions that occurred (if any) between two visiting periods. 
The goal in each case was to clearly understand the causal relations, evaluate how the 
problem was fixed (corrected the work procedure) and the repaired equipment was tested, 
and documented the event. 

The observed and revised issues were discussed in each case with the PC NFS’s management 
in closing meetings following the facility walk downs. 
 
3.5 Advisory support to implement equipment 
These were very specific subject-oriented interactions, usually to mitigate risk forecasted in 
advance or to manage critical path scenarios that came up unexpectedly. Two interactions were 
made during the loading period: 
• TUK-19 Transfer Flask.  This device was designed by Sosny, manufactured in Romania 

and operated for the first time by IFIN-HH in the Romanian HEU SNF repatriation project. 
This equipment was used also for TUK-19 cask loading at the Vinča facility. Although the 
majority of the “teething problems” of the device were resolved during the IFIN-HH 
operation, some deficiencies were reported on the Lessons Learned meeting that took place 
in Poina-Brasov in May 2010. Being the designer and the main contractor is the same 
company (Sosony), the PC NFS was strongly supported by the Agency and advised that the 
technical requirements be clearly specified in the leasing agreement of the transfer flask and 
also prescribed that the designer (Sosny) should provide written instructions on the safe 
usage of the transfer flask, and demonstrate the operability of the flask (commissioning 
test), as well as train the user’s operators for the proper operation of the cask. Due to this 
prudent agreement and strong Agency review the designer made the needed corrective 



actions and the upgraded transfer flask operated safely and reliably without the already 
identified “typical” failure during the 16 TUK-19 casks loading.6 

• TUK-19 cask hot air- and vacuum drying.  A delay was announced in September 2010 for 
shipping the empty TUK-19 casks to the Vinča facility. The challenge put before the 
stakeholders of the Vinča shipment was to determine how to absorb this delay in the project 
schedule so as to maintain the original shipping schedule from Vinča. The originally 
scheduled 20 days for TUK-19 loading no longer had been kept. The IAEA developed and 
proposed an “in-parallel cask loading, drying and vacuuming plan” for TUK-19 transport 
casks, which reduced the previous 20-day in-series plan to 5 days, and initiated a technical 
meeting for optimizing the loading of fuel transport casks with the participation of all Vinča 
stakeholders. The proposed in-parallel approach was studied by all technical stakeholders 
for one week in advance of the meeting and was discussed in extensive detail during the 
meeting. It was agreed by all participants that the proposed in-parallel approach ensured the 
optimum and fastest safe procedure for loading and drying/vacuuming the transport casks. It 
was also estimated that the theoretical net time demand (5 days) to load and dry the TUK-
19 casks allowed an additional 3 days in the schedule to absorb minor delays, unexpected 
technical events, and transfer of loaded casks to the final ISO shipping containers. The 
agreed in-parallel TUK-19 cask hot air- and vacuum drying approach was implemented, and 
the TUK-19 casks were loaded and dried by the implemented in-parallel approach within 10 
days working in one shift/day only, as the time frame was not so tight at the end due to 
further changes. 

 
3.6 Means of support 
The SNF repatriation from the Vinča facility was the largest and most complex project in the 
Agency history. To comply with the facility demands, as well as ensure safe and timely project 
termination the Agency facilitated several means of support. In terms of technical advisory 
support following means of support were the determinatives: 
• Managerial and coordination assistance.  Contributed Agency’s organisation units were 

TC and NSNS. A Special Programme Manager (SPM) was hired based on an extensive 
technical and project management background. The SPM managed the in-house 
coordination within the Agency, served as the main technical coordinator between the TC 
and technical departments; maintained meetings with donors, international organisations, 
project stakeholders; initiated actions for implementation, including the recruitment of 
experts and procurement of equipment, in consultation with technical divisions and 
counterparts. 

• Technical backing.  Contributed Agency’s organisation units were RRS, MTPS, OLA, and 
SG. This activity included contracting, procurement support, participation on panel reviews, 
and technical appraisals of deliverables. The SNF repatriation project had four TOs, plus 
two technical experts assigned to the Project Management Unit (PMU) at the Vinča site. 

• Meeting, workshops organised by IAEA. In 2010 for example, eleven meetings and 
workshops were organised to facilitate the project termination safely and in a timely manner. 
The meeting days were used to organise goal oriented bilateral, multilateral ad-hoc 
meetings as well. 

• Missions.  Contributed Agency’s organisation units were NSNI and RRS plus involvement of 
external experts. Three missions were conducted in the last two years, the subject of which 
were mostly safety and readiness assessment, but these missions also supported the 
backing activity of the Agency and gave the opportunity to have an on-site walk down. 

                                                 
6 Some problem happened with its grapple: it got stuck once while getting out of the cask, due to the 
small gap between the opening of the cask and grapple pincers. This can serve a lesson learned to the 
designer (terminal fittings with assuming harsh operation circumstances). 



• Document preparation and reviews.  Contributed Agency’s organisation units were RRS, 
NSNI and NSNS. This included in-house meetings, expert discussions to prepare in 
advance or review documents, as well as outline templates and draw up requirements. 

• Stand-by support via e-mails and phone.  Contributed Agency’s organisation units were 
RRS and NSNI. This form included ad-hoc discussions clarifying requirement, prompt 
advisory support in response to daily questions, involving competent authorities and experts 
(if needed), and intermediation between stakeholders. 

• On site review visits.  Contributed Agency’s organisation units were RRS, NSNI and NSNS. 
A few subject-oriented trips to the facility were organised, but mostly the site walking downs 
were linked to the meetings announced in advance. 

 
4 Conclusion 
The technical advisory and expert support provided by the Agency to the operating organisation 
and stakeholders formed a wide-ranging professional backing, which was provided almost on a 
standby basis upon the stakeholders’ demand. The continued advisory and expert support 
significantly contributed to the smooth project termination, and helped ensure that all jobs were 
done safely and in a timely manner, and that in the end the often called “never ending project” 
was successfully accomplished. In summarizing the experiences gained from the technical 
advisory and expert support four important conclusions can be made: 
• The technical advisory and expert support strengthened the policy of the safety awareness 

among the front line operators: all activates were carried out with trained staff, in planned, 
controlled and documented way that resulted that no safety, security or radiation relevant 
issues as well as incidents, accidents or any other remarkable event were reported. 

• While the technical support strengthened the nuclear safety culture norms among the staff 
members of the operating organisation the IAEA’s backing fostered the self-confidence 
mainly in the PC NFS’s management and operators. 

• The technical support was often coupled with managerial and coordination provision which 
resulted that the Agency embodied a team-maker role (gathered the stakeholders into a real 
working team). 

• While the IAEA fulfilled its advisory and coordination assistance, the Agency unintentionally 
played the role of a mediator amongst the stakeholders, which consequentially yielded 
additional Agency support: a kind of “charity mission” to resolve conflicts between core 
actors and strengthen trust issues amongst the contractual parties. 

Finally, as lesson to remember − a truth of an old pearl has proven again: well-organised 
teamwork brings success. 
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ABSTRACT 
 

For conversion of high-performance research reactors from high-enriched 
uranium (HEU) to low-enriched uranium (LEU) fuel, a fuel material with a higher 
density than uranium aluminide is required.  Development studies are underway 
to develop U-Mo dispersion and monolithic fuels for conversion of several high-
performance reactors.  For dispersion fuels, development is narrowing down to a 
composition of U-7Mo dispersed in an aluminium matrix containing ~5% silicon.  
For monolithic fuels to be used in high performance research reactors in the 
United States, a zirconium-bonded U-10Mo foil appears to be the fuel of choice.  
For conversion to be realized a back-end disposition path is required for both 
fuels; one disposition pathway is reprocessing.   
Argonne National Laboratory is developing a pyroprocess for reprocessing spent 
monolithic fuel.  Pyroprocessing was chosen over conventional aqueous solvent 
extraction due to the necessity of adding fluoride to the fuel-dissolution solution 
in order to dissolve the zirconium bonding layer on the U-Mo fuel.  The proposed 
flowsheet and development activities will be described.   
A literature survey points to the ability to reprocess U-Mo dispersion fuels by an 
aqueous process, but due to several special characteristics of the fuel, the 
solvent-extraction flowsheets will be a departure from that normally used for the 
reprocessing of power reactor fuel.  Special concerns that must be addressed in 
reprocessing these fuels are, for example, the low solubilities of uranyl 
molybdate, molybdic acid, and silicic acid in nitric acid solutions.  This paper will 
address these concerns and development activities required to overcome them.   
 

1. Introduction 
The Fuel Development program of the National Nuclear Security Agency (NNSA) Global 
Threat Reduction Initiative (GTRI) is currently engaged in the development and testing of a 
novel nuclear fuel that would enable conversion of U.S. high-performance research reactors 
(HPRRs) to low enriched uranium (LEU) fuel.[1]  These reactors include the High Flux 
Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL), the Advanced Test 
Reactor (ATR) at the Idaho National Laboratory (INL), the National Bureau of Standards 
Reactor (NBSR) at the National Institute of Standards and Technology (NIST), the 
Missouri University Research Reactor (MURR) at the University of Missouri–Columbia, and 
the MIT Reactor-II (MITR-II) at the Massachusetts Institute of Technology (MIT).  The most 
promising fuel type currently under investigation is a layered, monolithic design consisting of 
a uranium-molybdenum alloy foil with 10 weight percent molybdenum (this fuel is referred to 
as U-10Mo), enclosed within a 6061 aluminium cladding.[2]  The uranium-molybdenum foil is 
separated from the aluminium cladding by a diffusion/bonding interlayer of zirconium.  This 
design provides a fuel-meat density of approximately 15.3 grams of uranium per cubic 
centimetre, making it particularly promising as a LEU alternative for HEU in research and test 
reactors.   
Studies are also going on throughout the world to develop U-Mo dispersion fuels for (1) 
converting current HPRRs that are fuelled by high-enriched uranium (HEU) to low-enriched 
uranium (LEU), (2) converting current LEU-silicide-fuelled reactors to a fuel that promises to 
be more easily reprocessed, and (3) designing of new LEU-fuelled HPRRs.   



Once the fuel is developed and qualified, the key to using a fuel in a reactor is having a 
disposition path for the spent fuel.  This paper discusses potential reprocessing paths for 
both the monolithic and Al-dispersion U-Mo fuels. 
 
2. Disposition of U-Mo Monolithic Fuels 
The baseline monolithic fuel-plate design consists of U-10Mo core with a thickness ranging 
from 0.01 – 0.05 cm.  The fuel meat is clad in Al-6061 alloy with a thickness ranging from 
0.04 – 0.24 cm (sum of both sides).  The cladding and the U-10Mo foil are separated by a 
zirconium layer that is approximately 25 µm thick.   
Annually, 1.8 metric tons of LEU will be used to run the five U.S. HPRRs.[3]  The projected 
number of element used in the five reactors and mass of LEU per element are shown in 
Table 1.  Currently, there are three disposition options for spent U-10Mo fuel: (1) long-term 
storage awaiting a US high-level waste (HLW) repository, (2) aqueous reprocessing at the 
Savannah River Plant or elsewhere in the world using a tributyl-phosphate based solvent 
extraction process, and (3) pyroprocessing of the spent fuel either at the Idaho National 
Laboratory’s Fuel Conditioning Facility, another DOE facility, or in a brand-new facility.   
 

Reactor Elements/yr g-LEU/element Spent LEU  kg/yr 
MITR 7 4,257 30
MURR 19 7,287 138
NBSR 28 1,924 54
ATR 82 6,942 569
HFIR 8 127,500 1020
Total   1811

Tab 1:  Projected Number of elements used per year and LEU per element 
for US HPRRs[3] 

 
2.1 Long-Term Storage with Eventual HLW-Repository Disposal 
 
With the loss of a Yucca Mountain Repository, the amount of time required for long-term 
storage and the availability of a storage location is unclear.  Currently, many state 
governments have forbidden storage of radioactive waste without a disposal option.  
 
2.2 Aqueous Processing Option 
 
The presence of a Zr-bonding layer for the monolithic U-Mo fuel puts a difficulty on aqueous 
processing of this fuel.  The interface between the U-Mo fuel and the Zr layer is likely to 
contain U-Zr compounds that can react explosively when dissolved in nitric acid alone.[4-7]  It 
is, therefore, common practice to dissolve fuels that contain U-Zr intermetallic compounds in 
nitric acid containing significant quantities of hydrofluoric acid.  Process flowsheets for 
dissolving and processing this fuel using fluoride have been developed, but not 
demonstrated.   
The Savannah River Site (SRS) has the capability to reprocess this fuel if the free fluoride 
(HF + F-) concentration is kept low enough to make corrosion of the dissolver and other 
stainless-steel equipment manageable.  At the free-fluoride concentration required to 
dissolve this fuel, the corrosion rate is estimated to be in the range of 0.78 mm/year.  
Determination of an “acceptable” rate of vessel corrosion is an empirical task that depends 
upon the construction of the vessel, the expected time of contact, and the desired service life 
of the system, among other factors.  Such a determination requires an engineering 
assessment, although rates below 1.3 mm/ year are considered “low,” “mild,” or “adequate” in 
similar contexts.[8,9].   
Even if the fuel could be processed at SRS, the current plan is to shutdown H Canyon by 
2019, making reprocessing of the fuel at that site unlikely.  Therefore, it does not appear that 
aqueous reprocessing of this fuel at SRS should be considered a viable option. 



 
2.3 Pyrochemical Reprocessing Option. 
As part of the GTRI Fuel Fabrication Capability scrap-recycle effort, Argonne has developed 
a pyrochemical option.  It was chosen as the best option for scrap recycle because of a 
number of factors when compared to aqueous processing: 

• Limited chemical reagents  
• Less process waste  
• Reduced process footprint 

Pyrochemical processing is also the preferred option for the treatment of spent HPRR fuel.  
Pyroprocessing uses molten salt electrochemical methods to separate and recycle uranium 
from the fission products contained in used fuel.  The technology was developed for treating 
fuel discharged from advanced liquid-metal-cooled reactors, and its feasibility was 
demonstrated by conditioning fuel discharged from the Experimental Breeder Reactor II (EBR 
II), which is located in Idaho.  The process used in Idaho was designed to treat U – 10 wt% 
zirconium (U-10Zr) fuel, but it shares many of the same key separation operations that would 
be required to recover uranium metal from HPRR fuel.  Feasibility lab- and engineering-scale 
experiments conducted at Argonne National Laboratory have demonstrated recovery of 
uranium from U-10Mo fuel scrap to establish recovery efficiencies and optimize operating 
parameters for the electrorefining process.  In fact, a higher degree of uranium recovery is 
expected from the U-10Mo fuel because of the difference in electrochemical properties 
between molybdenum and zirconium.  
The flowsheet describing the pyrochemical process to treat used HPRR fuel is shown in 
Figure 1.  The process is composed of seven principal operations that begin with a chemical 
decladding step using aqueous sodium hydroxide to remove the aluminium cladding.  Once 
the fuel is declad, the material is mechanically chopped and placed into fuel baskets.  The 
fuel baskets are transferred to an electrorefiner that electrolytically recovers uranium metal 
from the spent fuel.  Active-metal fission products and transuranic elements would partition to 
the molten salt, and the noble-metal fission products and the zirconium and molybdenum 
components of the fuel would remain in the fuel baskets.  The uranium-metal product with 
residual salt is transferred from the electrorefiner to the cathode processor to consolidate the 
metal and remove any adhering salt.  The resulting pure uranium-metal ingot can be melted 
with HEU to reach 19.8% 235U enrichment for recycle in fuel fabrication.  Salt distillation is 
also performed on the noble-metal fission products, such as molybdenum and zirconium that 
remain within the fuel baskets, to create a stable metal waste form and allow residual salt to 
be recovered.  The molten salt collected from the uranium consolidation and noble-metal 
fission product processing operations is recycled to the electrorefiner after it undergoes 
treatment to remove the salt-soluble fission products and a replenishment process to 
generate uranium-trichloride oxidant, which is required by the electrorefining process due to 
the presence of active metal fission products in the fuel.  The waste generated from the 
process is composed of aqueous waste, a noble-metal waste, and an active-metal fission 
product waste. 
The hot-cell facility envisioned to process the spent HPRR fuel would be sized to treat 
approximately 2 tons of fuel annually.  The current facility used for the treatment of EBR II 
fuel at Idaho is of sufficient size to treat spent HPRR fuel and has established the ability to 
work with the complexities of spent fuel in a remote environment.  Appropriate nuclear facility 
operations protocols and staff are in place to support the fuel treatment operation.  An 
advantage of converting the Idaho facility to process used HPRR fuel is that fuel chopping, 
electrorefining, cathode processing, and uranium product casting operations have been 
demonstrated at this facility.  The electrorefining and uranium consolidation processes have 
been developed to an engineering-scale for a similar fuel-type (i.e., U-10Zr), but these 
operations would require equipment upgrades to the technology (e.g., planar electrorefiner) 
currently being demonstrated at Argonne for HPRR fuel treatment.  In addition, new casting 
furnaces would need to be installed into the facility.  The system, however, has the 
disadvantage of not being engineered or optimized for the proposed HPRR flowsheet.  For 
example, chemical decladding of the fuel would need to be completed outside the facility and 
the unclad HPRR fuel would need to be dried and transferred into the inert atmosphere 



facility.  Additionally, fission product drawdown, fission product waste production and oxidant 
production systems would also need to be incorporated into the existing facility.  Substantial 
process engineering including removal of old equipment and system integration would be 
required to retrofit the facility with the equipment needed for HPPR fuel treatment.  Given that 
many of the processing locations are fixed within the current hot cell, material handling, which 
is extensive for pyrochemical processes, may prove to be the largest hurdle to facility 
optimization.  Another option would be to use hot cells at PNNL or SRNL.  These are air hot 
cells, but pyrochemical operations could be placed in inert modules and used in these 
facilities.  A third option is to build a new facility.   
 

 
 
Fig 1: Conceptual Pyrochemical Process to Treat Used HPRR Fuel  
 
3. Reprocessing of U-Mo Dispersion Fuels 
In a 2005 publication, Herlet et al. described experimental work on the dissolution of both 
irradiated and unirradiated U-Mo dispersion fuel.  They also provided a scheme to reprocess 
the fuel at La Hague by adding the dissolved fuel to the dissolved power-reactor feed to the 
PUREX process.  The spent LEU U-Mo fuel solution would be dissolved to ~15 g-U/L and fed 
into the conventional steam at a ratio of 1 part per 12 parts ~200g-U/L of dissolved spent 
power reactor fuel.[10] 
At the time of the Herlet et al. study, the requirement for adding Si to the aluminium matrix 
was not known; generally, ≥6 wt% Silicon is required to provide stable reactor performance in 
U-Mo dispersion fuels.[11,12]  Therefore, in this paper, we have looked at the effects of the 
addition of 6% Si to aluminium fuel matrix on the reprocessing scheme provided by Herlet et 
al.   
For this study, we have chosen the U-7Mo LEU fuel suggested for conversion of the Laue 
Langevin Institute (ILL) High Flux Reactor (RHF).[13]  This feasibility study considered 
the use of 3% Si; the fuel composition in this report was modified to allow 6% Si.  Table 2 provides 



the composition of a 15g-U/L solution of the dissolved fuel, which includes fuel and Al/Fe/Ni cladding 
but ignores fission and activation products formed during reactor operation.   

 Concentration
Element     g/L     M
H  4
Al 1.19E+01 4.42E-01
U 1.50E+01 6.31E-02
Mo 1.13E+00 1.18E-02
Si 1.81E-01 6.45E-03
Mg 8.81E-02 3.62E-03
Ni 9.77E-02 1.66E-03
Fe 9.09E-02 1.63E-03
Mn 2.87E-02 5.23E-04
Cr 2.68E-02 5.16E-04
C 2.62E-03 2.18E-04
Ti 4.79E-03 9.99E-05
Zr 7.66E-03 8.40E-05

Tab 2:  Calculated solution composition for unirradiated 
proposed ANL LEU U-Mo dispersion fuel at 15g-U/L 
(components with concentrations above 10-5 M.) 

 
Results from several studies have shown that Mo is soluble under the conditions specified by 
Herlet et al.[10,-14-23]  However, the Si added to the fuel meat is likely to hinder the 
proposed scheme.  The major problem with silica precipitation is its chemical form; silica gel, 
is a non-crystalline precipitate that cannot be readily filtered and can only be effectively 
removed by use of a centrifuge.  La Hague does not have a centrifuge, and formation of silica 
gel was their primary concern with reprocessing of uranium-silicide research reactor fuel.   
The saturation index (SI) for silica gel was calculated at three temperatures using the 
thermodynamic code Geochemist’s Workbench and equilibrium constants from Helgeson et 
al.[24]  The results presented below are from a calculation that was done for a 4 M nitric acid 
solution containing 6.45E-3 molar dissolved silica.  Calculations were also run for nitric acid 
concentrations ranging from 2 to 8 molar (for the same dissolved silica concentration).  The 
results showed that the solubility of the silica gel does not vary with acidity. 
The saturation index (SI) is used to estimate whether a solid phase will be present in a given 
mixture.  If SI < 0, the solution is undersaturated and therefore stable (no solids); if SI > 0, the 
solution is supersaturated and the solid would be expected to precipitate. 
 
The saturation index for the reaction SiO2(am) ↔ SiO2(aq) is defined as follows:  
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Where [SiO2(aq)] is the instantaneous ion activity product for the reaction and Ksp,SiO2(am) is 
the solubility constant for the solid phase SiO2(am).  Figure 2. shows the Saturation Index at 
three temperatures.  The calculations suggest that the solution of interest is supersaturated 
with respect to silica gel at 25oC and 75oC, but is slightly undersaturated at 110oC.  Figure 3. 
shows the amount of amorphous silica that is expected to precipitate as the solution is cooled 
from 110oC to 25oC as well as the corresponding dissolved concentration of silica. 
 
4. Summary and Conclusions 
A pyrochemical process was selected as the most appropriate means to reprocess 
zirconium-bonded monolithic U-Mo fuel used in conversion of U.S. HPRRs to LEU fuel.  For 



reprocessing of U-Mo dispersion fuels, the silicon that must be added to the fuel meat for 
stability during reactor operation adds a new concern to its reprocessing by aqueous means.   
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Fig 2. Saturation index vs. dissolved concentration for silica gel in 4 molar nitric acid.   
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Fig 3.  The diagram on the left shows the amount of silica gel (in miligrams per liter of 
solution) that is expected to precipitate as the solution is cooled from 110oC to 25oC.  The 
diagram on the right shows how the dissolved concentration of silica varies as the solution is 
cooled.   
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1. Introduction 

 
The RA research reactor, at the “Vinca” Institute of Nuclear Sciences approximately 15 km South-East 
of downtown Belgrade, has been in extended shut down since 1984. The Serbian government decided 
in 2002 to a permanent shut down of the reactor and to participate in the repatriation programme to 
ship the spent nuclear fuel back to the country of origin, Russia.  
 
A new Serbian Law [1] was issued on 12 May 2009 by which a new Agency for Ionizing Radiation 
and Nuclear Safety of the Republic of Serbia (Serbian Radiation Protection and Nuclear safety 
Authority: SRPNA) was established. The SRNPA replaced the Serbian Regulatory Commission (SRC) 
which was created in April 2005. The law required also that all nuclear liabilities and assets have to be 
transferred, from the Vinča Institute of Nuclear Sciences, to a new Public Company Nuclear Facilities 
of Serbia (PC NFS), including the responsibility for the research reactors, spent fuel and radioactive 
waste management at the Vinča Institute. 
 
The repackaging of the degraded fuel elements, which was necessary before loading into the transport 
containers to ensure safe transportation, started early December 2009 and was completed the end of 
May 2010. The loading of the transport containers started in August 2010 and was completed mid 
November 2010. The spent fuel transport left the premises on 19 November 2010 and reached safely 
the final destination on December 22, 2010. IAEA’s Safety Review activities from 2005 – 2009 of 
Vinča’s Spent Nuclear Fuel Repackaging Operation were discussed during the RRFM 2010 meeting 
[2]. This paper discusses the safety review activities conducted in 2010. 
 

2. IAEA’s support to ensure safe repackaging and transport 

In the frame work of IAEA’s Technical Cooperation projects RER/3/006 and SRB/4/002 a number of 
different activities were organised to advise the Vinca Institute of Nuclear Science, the former 
operator, PC NFS and SRPNA on all safety aspects and documentation to obtain the required licenses 
and to ensure safe and timely shipment of the spent nuclear fuel. During 2010 technical assistance was 
provided on all operational aspects and management system procedures to identify further 
improvement opportunities to ensure a safe and efficient repackaging and loading operation, for a 
further reduction of the dose to the staff and for a further reduction of the contamination risks. 

3. Nuclear safety and operational radiation protection 

3.1 Licensing and shipment documentation 

For the shipment of the Spent Nuclear Fuel many documents had to be prepared and several licences 
had to be applied for in different countries. These documents had to be prepared by the different 
departments of PC NFS, SOSNY (the main contractor) and TRANSING the transporter. The required 



Page 2 of 6 

licences for the transport needed to be issued by Serbia, the trans-boundary countries (Hungary, 
Slovenia) and Russia the country of the final destination. Also Mayak the “end user” required 
documentation regarding the characterization of the spent fuel to ensure safe reception and temporary 
storage of the fuel. But PC NFS as formal consignor was formally responsible for both the licence 
applications as well as for the transport documentation. In order to be able to take this responsibility 
and ownership of the documentation, it was advised to appoint a Document Control Manager. To 
facilitates the tasks of the document control manager the IAEA introduced a Document Control Sheet 
(DCS) and assisted in the implementation of a dedicated document control procedure. The DCS was 
based on earlier experiences gained with the preparation and transport of spent fuel from Hungary to 
Russia [3]. The DCS facilitated the identification of all documents which were required for the 
transportation and the documentation to ensure safe loading and transportation in an efficient way. The 
DCS provided also information regarding the responsible organization and person for the preparation, 
the deadlines, the requesting organization, the status and revision dates of the documents. 
 
The documents were categorized based on their objective (licensing, authorization, technical, 
operational procedures, etc.) and were divided into three main groups: 

• Licensing and Authorisation Documents  
• Mandatory Documents; 
• Operational Documents  

 
The 1st group of documents consisted of the formal licensing documents, including the applications 
and supporting documents to obtain all the required licenses. The second group of documents were 
required either by the end-user or by general shipment regulations (e.g.: invoices, packing lists) and 
the 3rd group of documents were the documents required by the license, by (inter)national regulations  
and the management system programme to ensure safe operations.  
 
Regarding the group of Mandatory Documents the Agency ensured a consultative advisory and review 
support to their developments. During the meetings it was consequently emphasized that the main 
objective of the operational documentation was to ensure that all activities should be carried out with 
trained staff in a planned, controlled and documented way. The most important documents that were 
developed by PC NFS in this stage and advised on by the IAEA were the working procedures, 
templates and check lists, radiation and environmental protection plan, emergency preparedness, and a 
training plan covering all activities to ensure that all activities could be performed safely and in an 
efficient way.  
 
A one day meeting was organised and shared by the IAEA, with all principle stakeholders (14) 
responsible for the preparation of the documents necessary to obtain a license and authorization for the 
transport, to obtain the required certificates for the containers, the documents required by the end users 
and the operational documents. During this meeting the available documents, the documents under 
preparation and the missing documents were identified. The stack holders, including the individuals 
responsible for the preparation and the required deadlines were agreed upon. In addition the bottle 
necks were identified and discussed and the required actions and the responsible for those actions were 
also identified. In addition the procedure to supply and distribute the documents and to update and 
distribute the DCS, in order that all the stakeholders were permanently updated on the status of all 
required documentation, was agreed 
 
For the majority of the documents at least two and sometimes four hard copies in English, two or four 
in Russian and two electronic copies were required to accompany the shipment. In addition one set of 
all the documents was prepared for own use and one set was prepared to be available for inspection by 
SRNPA. The document control procedure was reviewed and advises were given regarding a more 
systematic way of identification of the documents, to prepare a table of content which could also be 
used as a checklist for the shipping documentation, and to archive the set of documents (both the hard 
copies as well as the electronic copies) at several physical separated locations to ensure that the 
required numbers of copies were always available even in case of incidents. 
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3.2 Trans-boundary licensing support 

While the onsite work meant a unique technical challenge for the operators, the obtainment of all 
needed authorisations and permits provided a puzzle for the legal entity intending to ship the SNF by 
the means of different transport modes from a non EU country through the EU to the Russian 
Federation. Article 14 of the Council Directive 2006/117/Euratom of 20 November 2006 (hereinafter 
Shipment Directive) describes the procedure for obtaining authorisation for transit of spent fuel or 
radioactive waste through the Community as well as the required post authorisation activities. On the 
basis of the Shipment Directive, the Commission Decision of 5 March 2008 established the standard 
documents for the supervision and control of shipments of radioactive waste and spent fuel as referred 
to in the Council Directive 2006/117/Euratom. The commission decision consists of the sections B-1 
(application for authorisation of shipment of spent fuel) until B-6 (acknowledgement of receipt of the 
spent fuel). The natural or legal person who has the responsibility for managing the shipment within 
the first Member State of transit has to respect and act according to the provisions from both above 
mentioned documents. Although the transit countries were EU members, the procedures were only 
partly harmonised, and, of course, the initial country’s and target country’s regulations and procedural 
rules were completely different. Therefore, on this subject, the Agency and his experts provided long 
lasting complex advisory and coordination support.  
 

3.3 Emergency Preparedness 

The implementation of the local emergency response plans and the drill plans which were developed 
during some missions in 2009 were reviewed and advices were given for further improvement. 
Especially the additional requirements for local exercises, which were not all performed conform the 
planning due to the time pressure for the repackaging and loading activities, were discussed. Also the 
draft external response plans were discussed and advices were given regarding the use of emergency 
cards, training of all involved staff members and practical exercises. In order to increase the 
emergency preparedness a training week on emergency preparedness was organized in July 2010, with 
all internal and external response forces. This training week was the final preparation of all the 
response teams for the National Emergency exercise which took place in the 3rd quarter of 2010. 
The emergency plans and the exercises were discussed and agreed upon in a Governmental Working 
Group, in which the ministries and civil agencies supporting the project participated.  
 

3.4 Unusual events 

During the repackaging and loading operation 4 unusual contamination events were reported. Two 
workers were slightly contaminated in their face with some drops of contaminated water and in two 
occasions contaminated hands were reported. The workers did not wear eye protections since the 
available equipment did not have sufficient visibility under the heavy duty circumstances. The 
contaminated staff members were examined by the medical department and a whole body counting 
was performed. Although not contaminated, one worker was sent for medical examination since he 
was concerned about possible contamination. The four external contaminations were very modest not 
resulting in additional effective dose consequences and no internal contamination was observed. The 
events were all discussed in the combined Nuclear, Health Physic Safety and Security Committee and 
new spectacles with better visibility in heavy duty circumstances were ordered. Advices were given to 
improve and formalize the registration of unusual events. A practical example for such a procedure 
was provided. No internal contamination was detected by the workers. 
 

3.5 Readiness review 

From 27 – 30 July 2010 a safety and documentation readiness review was organized and conducted by 
an Agency lead expert team [4], to review the safety aspects and documentation readiness in order to 
identify the status of the implemented safety measures and the status of the required documentation in 
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order to recommend further actions to ensure safe and timely shipment of the Spent Nuclear Fuel. One 
team reviewed the status of the licensing procedures required in the country of origin (Serbia), the 
transit countries (Hungary and Slovenia) and in the country of destination (Russia). A second team 
was devoted to review the technical documentation, which has to be prepared for the shipment, and the 
third team reviewed the safety provisions and operational procedures to ensure safe loading and 
shipment of the SNF. 
The team recognized the technical competences, safety awareness, and the substantial progress which 
was made in the preparation of the required documentation for the shipment of the SNF. The 
documents reviewed, the discussions held, the training programme being conducted, and the 
equipment shown established a high degree of confidence in a safe loading and shipment operation. 
 
The team made recommendations and suggestions which should be implemented to ensure timely 
finalization of all required documentation and timely implementation of the documents and emergency 
plans to ensure a safe and smooth shipment. 
These recommendations are mainly associated with the need to: 
 
• Finalize the radiological and security emergency plans in consultancy with all stakeholders from 

the local and national authorities and define and implement an action plan in consultation with the 
involved authorities; 

• Formalize the changes in the processes as defined in the FTSR and in the Technical Specifications 
of Mayak; 

• Inform the Agency for Ionizing Radiation Protection and Nuclear Safety of Serbia on the process 
changes and on the latest revision of the procedures to be used during the loading and 
transportation; 

• Further improve the radiation protection plan and its implementation; 
• Revise the Document Control Sheet in a more systematic manner; 
• Keep clear records of all applicable documents, including copies of applications and their related 

application documentation; 
• Keep the required number of paper copies and an electronic copy in a well-defined location and 

keep an additional hard copy and an electronic copy in a separate location; 
• Include the documents as specified in the post authorization requirements of the Council Directive 

2006/117/EURATOM in the Document Control Sheet; 
• Finalize the preparation of the templates which need to be filled in during loading and for the 

preparation of the shipment; and 
• Prepare the necessary checklists for the required notifications, for smooth loading operations and 

for the readiness check for transportation. 
 

3.6 Radiation protection 

As reported in [2] a Water Chemistry Control System (WCCS) was installed to reduce the caesium 
from the basin water. A balance between the reduction of the activity in the basin water and the 
collection of radioactive material in the filters, resulting in possible exchange of the filters and higher 
dose levels for the staff, was applied. The WCCS was operated to maintain basin activity below a level 
of about 300 Bq/ml being a factor 3 lower than the activity level of the basin water at the start of the 
project. 
 
The last year introduced staff surveillance programme, by which the estimated anticipated dose per 
shift and the actual received dose were registered, was used as a management tool to optimise the 
balance between the operation of the WCCS and dose received by the staff. 
 
During several missions the required radiation protection provisions for the transport were reviewed 
and discussed in detail. The procedures and templates for the radiation and contamination 
measurements of the casks and ISO transport containers were discussed and practical examples for 
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efficient contamination controls were provided. In addition advices were provided to ensure that all 
the instruments which would be used for the preparation of the transport were calibrated.  
 
Due to the higher radiation levels in the working area above the storage pool and the high activity 
levels from the stored components a detailed training and dose surveillance programme for the 
safeguards inspectors was discussed and agreed in order to ensure that the received doses by the safe-
guard inspectors would be as low as reasonable achievable. In addition advises were given to relocate 
all high active components to reduce the dose levels around the working area to the extent possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Layout of the spent fuel basin and reactor hall with the allowed contamination levels  
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Several operating organizations in different countries executed a fuel repatriation programme in 2010 
and consequently the TUK19 and Skoda transport containers had to be shared amongst them, resulting 
in a limited availability for the loading of the SNF especially in the TUK-19 containers by PC NFS.  
 
To avoid unnecessary decontamination activities, which could result in a delay of the loading process, 
three different controlled radiation protection zones were introduced and the allowable contamination 
levels with associated protective measures were defined and agreed upon. In addition the ventilation 
regimes, which have to be applied to avoid contamination of the environment, were defined. It was 
agreed to carry out the contamination measurements before every shift in order to allow for 
decontamination before the start of the shift by which the delay in the loading process was reduced to 
the minimum. Also advises were provided to use professional V-shape floor wipers for the 
contamination control of large floor areas resulting in more efficient surveys. 
 
In order to increase the visibility of the basin water, which was decreased due to the formation of 
algae, a commercially available mobile water cleaning system similar to the ones being used for 
cleaning of small swimming pools, was ordered. For this commercial design, the filter housing had to 
be installed outside the water, which could result in an unshielded radiation source. The Radiation 
Protection Supervisor was not involved in the purchase of the cleaning system, and no radiation 
protection measures were defined. Advices were given to improve the appropriate radiation protection 
measures to ensure operation of the cleaning system without undue risks for the workers or without 
undue risks for spreading of contamination. Also the requirement to obtain the advice of the Radiation 
Protection Supervisor for every purchase where radiation protections aspects might be involved, was 
added to the purchasing procedure.  
 
The cumulative dose received by the staff during the whole repackaging and loading operation was   
14 man-mSv, The average dose amounted to 0,25 mSv and the maximum dose received by a staff 
member was 0,72 mSv. These values are 1/7 of the estimated doses as presented in the Safety 
Analyses report. 
 
None of the staff members were internally contaminated due to the repackaging and loading 
operations. Taking the heavily contaminated basin water into account it could be concluded that all 
implemented radiation protection measures were effective.  

4. Conclusions 

The IAEA implemented through the Technical Cooperation programme extensive assistance to the 
operating organisation for the preparation and repatriation of the Vinča’s Spent Nuclear Fuel to the 
country of origin. The assistance provided by the IAEA, the efficient implementation of the 
recommendations and the extended training programme together with the technical competence of the 
counterpart and the contractor, ensured safe and efficient repatriation, with improved radiological 
conditions for the planned operations.  
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ABSTRACT 
 

Corrosion protection of spent RR fuel for long term wet storage was 
considered important, primarily from the safety standpoint and the use of 
conversion coatings was proposed in 2008. This paper presents the results 
of: (a) on-going field tests in which un-coated and lanthanide-based 
conversion coated Al alloy coupons were exposed to the IEA-R1 reactor 
spent fuel basin for durations of up to a year; (b) preparation of cerium 
modified hydrotalcite coatings and cerium sealed boehmite coatings on AA 
6061 alloy; (c) corrosion resistance of coated specimens in NaCl solutions. 
The field studies indicated that the oxidized and cerium dioxide coated 
coupons were the most corrosion resistant. The cerium modified 
hydrotalcite and cerium sealed boehmite coated specimens showed 
marked increase in pitting corrosion resistance. 

 
 
1. Introduction 

 
It is well known that over 62,000 Al-clad research reactor spent fuel assemblies are stored in 
wet facilities around the world. [1] Most of the storage facilities have water quality 
management programmes, to prevent and/or reduce degradation of the fuel cladding. Pitting 
corrosion is the main form of degradation which could breach the cladding and release fissile 
material, contaminating thereby storage facilities as well as other stored fuels. It has been 
shown that maintenance of water parameters within specified limits does not prevent pitting 
corrosion of the fuel cladding, due to synergism between many basin water parameters that 
affect corrosion of aluminium and its alloys. [2-4] Therefore it is important to consider some 
form of corrosion protection for stored spent RR fuel. Use of conversion coatings is a well 
established corrosion control technique in many industries.  
 
Formation of cerium hydroxide films on Al alloys immersed in solutions containing cerium 
compounds as inhibitors has lead to the development of rare earth based conversion 
coatings on Al alloys, mainly to substitute hexavalent chromium, a known human carcinogen. 
[5-9] Use of conversion coatings, to protect spent research reactor fuel assemblies, was 
proposed in 2007 and laboratory as well as field investigations carried out at IPEN in Brazil. 
Preliminary results revealed that the pitting corrosion resistance of aluminium alloys AA 1100 
and AA 6061, used as cladding of RR fuel plates or elements, increased when coated with 
lanthanide-based compounds. [4, 10]  These investigations were subsequently extended to 
include cerium modified boehmite and hydrotalcite coatings on Al alloy surfaces. Inclusion of 
cerium impregnated with boehmite was motivated by the fact that a thick layer of boehmite 
forms on spent fuel surfaces. Hydrotalcite (HTC) is lithium aluminium-nitrate-hydroxide 
hydrate (a form of talc) and it forms on Al alloys, when the alloy is immersed in an 
appropriate alkaline Li salt solutions. [11-13]. Immersion of Al alloys in such solutions result 



in formation of a polycrystalline barrier film composed mainly of HTC like compounds. The 
main advantage of this coating process is its simplicity. 
 
This paper presents the results of: (a) on-going field tests in which uncoated and lanthanide-
based conversion coated Al alloy coupons were exposed to the IEA-R1 reactor spent fuel 
basin for durations of up to a year; (b) the formation of and the corrosion resistance of cerium 
modified hydrotalcite coatings and cerium sealed boehmite coatings on AA 6061. 
 
2.  Methods and materials 

 
Aluminium alloys AA 1100 and AA 6061 (Table 1) were used in the first set of laboratory and 
exposure tests. However, only AA 6061 was used to study boehmite and hydrotalcite (HTC) 
coatings. Details of specimen and coupon preparation, surface treatment, application of 
lanthanide coatings and laboratory corrosion testing in the first set of experiments can be 
found elsewhere. [4]  
 

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

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

 
The field tests consisted of preparing Al alloy coupons, stacking of these coupons in racks, 
immersion of the racks in the spent fuel section of the IEA-R1 research reactor in IPEN, 
Brazil, for 2 and 12 months, removal of the racks and examination of the coupons. This 
procedure was used in the IAEA coordinated CRP on “Corrosion of Research Reactor 
Aluminium Clad Spent Fuel in Water”. [2] Circular coupons 10 cm in diameter and 3 mm thick 
of the two alloys were coated with oxides of cerium, lanthanum, praseodymium and an oxide 
concentrate of cerium. [10] The coupon stacking sequence in the racks from top to bottom 
consisted of as-received; oxidized; cerium oxide coated; cerium oxide concentrate coated; 
praseodymium oxide coated; lanthanum oxide coated. Some coupons were oxidized at 300° 
C in air for 4 h to form a surface oxide layer to simulate spent fuel plate surfaces. The 
surface features of AA 1050 and AA 6061 coupons exposed for 2 and 12 months were 
examined, both visually and with an optical microscope. 
 
Table 2. Aqueous solutions, their composition and experimental conditions used to prepare 

and to coat AA 6061 specimens. 
 
Solution Purpose Composition of solution and conditions 

1 Degrease 25 g/L Na2 SiO3; 25 g/L Na2 CO3; 65 °C; 2 minutes. 
2 Deoxidize 10% HNO3; 3%   NaBrO3; 55 °C; 3 minutes. 
3 Form boehmite Deionized water; 97-100° C; 5 minutes. 
4 Incorporate Ce 

in boehmite 
0.1% CeCl3; 97 °C;  pH 4;  5 minutes. 

5 Incorporate Ce, 
Li and Al in 
boehmite 

0.1% CeCl3; 1% LiNO3; 1% AlNO3; 97 °C; pH-4; 5 
minutes. 

6 Form 
hydrotalcite 

6.9g/L LiNO3; 28.3 g/L KNO3; 2.4 g/L LiOH; 0.06 g/L 
NaAlO2; 98 °C;  pH 12; 10 minutes. 

7 Incorporate Ce 
in hydrotalcite 

10 g/L Ce (NO3)3; 30% H2O2; room temperature.  
 

 
To prepare boehmite and HTC coatings, AA 6061 specimens (2 x 2 x 0.2 cm) were first 
degreased in solution 1 and deoxidized in solution 2, under conditions shown in Table 2. The 
specimens were then boehmite or HTC coated by immersion in solutions 3 or 6 respectively. 



HTC formed on a specimen surface is shown in figure 1. Some of the boehmite coated 
specimens were further treated in solution 4 or 5 to incorporate Ce or Ce+Li+Al respectively. 
Similarly, some HTC coated specimens were treated in solution 7 to modify it with Ce. The 
electrochemical behaviour of uncoated and coated specimens was determined from anodic 
potentiodynamic polarization measurements carried out with a standard 3-electrode 
arrangement in 0.1 M NaCl, using a saturated calomel electrode (SCE) as the reference 
electrode.  
 

 
 

Fig 1. Hydrotalcite layer on the surface of AA 6062 specimen. 
 
3. Results and discussion 
 
3.1. Coupons exposed to IEA-R1 reactor spent fuel section. 
 
The coupons from the different racks were dismounted, rinsed, decontaminated, dried and 
examined visually and with an optical microscope. The top surfaces of all coupons revealed 
more pits compared to the bottom facing surface of the same coupon, indicating the 
influence of settled solids on the top surfaces. Table 3 summarizes the main features 
observed on the top surfaces of the different coupons. Overall, the coupons exposed for 12 
months were significantly darker, either brown or black, indicating formation of a thicker 
surface oxide, compared to corresponding coupons exposed for 2 months.  
 

Table 3. Surface features of coated and lanthanide coated AA 1050 and AA 6061 coupons 
exposed for 2 and 12 months to the IEA-R1 reactor spent fuel section. 

 
Alloy Treatment Surface features after exposure to IEA-R1 spent fuel 

basin for 
2 months 12 months 

AA 1050 None Dull, no pits Dark, stained, some pits 
+ CeO2 Yellow bright, no pits Mostly bright, no pits 
+ La2O3 Bright, many pits Dark, many pits 
Oxidized Dull, no pits Dark, few pits 
Oxidized + CeO2 Yellow bright, no pits Dark, few pits 
Oxidized +CeO2 conc Bright, few pits Dark, many pits 
Oxidized + La2O3 Bright, many pits Brown, many pits 
Oxidized + Pr2O3 Bright, many pits Dark, many pits 

AA 6061 None Dull, no pits Dark brown, many pits 
+ CeO2 Yellow, no pits Very dark, very few pits 
+ CeO2 conc Light brown, few pits Dark surface, many pits 
+ La2O3 Dull, many pits Dark surface, many pits 
Oxidized Almost bright, no pits Dark, some pits 
Oxidized + CeO2 Semi bright, no pits Dark, few pits 
Oxidized + La2O3 Semi-bright, many pits Dark, many pits 
Oxidized + Pr2O3 Semi-bright, many pits Dark, many more pits 



 
 
A study of the surface features of the different coupons revealed that in general after 12 
months of exposure to the spent fuel section of the IEA-R1 reactor, the CeO2 coated 
coupons were the most resistant to pitting corrosion. The coupons coated with La2O3 and 
Pr2O3 were heavily pitted after just 2 months of exposure. Even though preliminary laboratory 
tests indicated improved corrosion resistance of La2O3 and Pr2O3 coated specimens, to the 
same extent as CeO2 coated specimens, long term field tests have shown otherwise. [4] This 
could be attributed to formation of only soluble Pr and La hydroxides on the coupon surface, 
and inability therefore to provide ‘active corrosion protection’, like that provided by cerium 
coated coupons.  
 
3.2. Corrosion behavior of boehmite and HTC coated specimens. 

 
The electrochemical behaviour alloy AA 6061, with or without the coatings revealed 
differences in the anodic as well as the cathodic polarization curves. The free corrosion 
potential (Ecorr) and the pitting potential (Epit) were recorded and the corrosion current 
densities (icorr) determined by the Tafel extrapolation method. [10] 
 

Table 4. Corrosion current (icorr), corrosion potential (Ecorr) and pitting potential (Epit) of alloy 
AA 6061 in 0.1M NaCl 

Surface condition icorr ( mA.cm-2) Ecorr ( mV vs SCE) Epit (mV vs SCE) 
None        1.5 x 10-6 - 760         - 750 

Boehmite 2.0 x 10-7 - 711         - 650 
Boehmite + Ce        3.5  x 10-7             - 754         - 600 

Boehmite + Ce + Li + Al 7.1 x 10-7 - 741         - 565 
Hydrotalcite 3.5 x 10-7 - 718         - 580 

Hydrotalcite + Ce        4.0 x 10-7 - 764         - 420 
 
Table 4 summarizes the corrosion current, the corrosion potential and the pitting potential of 
the AA 6061 specimens with the different coatings. The Epit of the untreated specimen was 
very close to its Ecorr signifying active corrosion. With boehmite on the surface, the Epit 
increased to -650 mV. Modification of the boehmite with cerium hydroxide increased Epit even 
more to -600 mV. This indicates an increase in the pitting corrosion resistance upon 
introduction of Ce into the pores of the boehmite coating. Impregnation of the boehmite with 
Ce, Li and Al resulted in a further increase in the pitting corrosion resistance by increasing 
the Epit to -565 mV. A HTC layer on the alloy surface resulted in an even more marked 
increase in the pitting resistance by increasing the Epit from -750 to -580 mV. This increase in 
pitting resistance of the alloy with a HTC coat was further enhanced by modifying HTC with 
Ce. The Epit increased significantly to -420 mV. The cathodic current density of the AA 6061 
specimen in 0.1 M NaCl decreased by an order of magnitude upon coating it with either 
boehmite or HTC. The difference in the icorr between the boehmite coated and the HTC 
coated specimens was slight with no marked change even with the introduction of Ce into the 
coating. The open circuit or corrosion potential Ecorr of AA 6061 increased to almost the same 
extent with formation of boehmite or HTC. Modification of either coating with Ce increased 
Ecorr to again the same extent. 
 
The mechanism by which HTC imparts pitting corrosion protection is refered to as ‘passive 
corrosion protection’, in other words, the HTC acts as a physical barrier between the solution 
and the surface. On the other hand the mechanism by which the cerium modified HTC 
imparts protection is considered to be ‘active corrosion protection’, analogous to that in 
chromium coatings. This involves release of Ce ions from the coating, transport through the 
solution and action at defect sites to stifle corrosion. It has been speculated that if a Ce4+ 
bearing inorganic coating contacts a solution, soluble Ce4+ is released into the solution. 



When these ions encounter reducing conditions, like those associated with exposed bare 
metal at coating defects, it reduces to Ce3+, which forms an insoluble hydroxide and 
precipitates. The precipitated Cerium hydroxide at the defect then stifles further corrosion. 
 
 
4. Conclusions 
 

1. The CeO2 coated coupons were the most resistant to pitting corrosion after 12 
months of exposure to the spent fuel section of the IEA-R1 reactor.  

2. The electrochemical measurements revealed that the pitting corrosion resistance of 
AA 6061 alloy increased when it was coated with boehmite. Impregnation of the 
boehmite with Ce increased further the pitting corrosion resistance. 

3. The pitting corrosion resistance of HTC coated AA 6061 specimens was higher than 
those coated with boehmite. Cerium modification of the HTC coating increased pitting 
corrosion resistance further.  

4. A coating process involving simple immersion in several solutions to form cerium 
containing conversion coats on Al alloys, and thereby increasing the pitting corrosion 
resistance of the alloy, has the potential for scale-up to increase the corrosion 
resistance of Al-clad spent RR fuel assemblies during long term wet storage. 
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ABSTRACT 

 
The International Atomic Energy Agency (IAEA) and the government of Serbia have led the project co-
sponsored by the U.S, Russia, European Commission, and others to repackage and repatriate 
approximately 8000 spent fuel elements from the RA reactor fuel storage basins at the VINČA Institute of 
Nuclear Sciences to Russia for reprocessing. The repackaging and transportation activities were 
implemented by a Russian consortium which includes the Sosny Company, Tekhsnabeksport (TENEX) and 
Mayak Production Association.  High activity of the water of the fuel storage basin posed serious risk and 
challenges to the fuel removal from storage containers and repackaging for transportation.  The risk 
centered on personnel exposure, even above the basin water, due to the high water activity levels caused 
by Cs-137 leached from fuel elements with failed cladding.  A team of engineers from the U.S. DOE-NNSA‘s 
Global Threat Reduction Initiative, the Vinca Institute, and the IAEA performed the design, development, and 
deployment of a compact underwater water chemistry control system (WCCS) to remove the Cs-137 from 
the basin water and enable personnel safety above the basin water for repackaging operations.  Key 
elements of the WCCS system included filters, multiple columns containing an inorganic sorbent, 
submersible pumps and flow meters.  All system components were designed to be remotely serviceable and 
replaceable. The system was assembled and successfully deployed at the Vinca basin to support the fuel 
removal and repackaging activities. Following the successful operations, the Cs-137 is now safely contained 
and consolidated on the zeolite sorbent used in the columns of the WCCS, and the fuel has been removed 
from the basins.  This paper reviews the functional requirements, design, and deployment of the WCCS.   
 
1. Introduction 
 
Isolation canisters to store fuel assemblies with breached cladding in basins may have 
significant amounts of cesium dissolved in the local water trapped inside them.  Because 
cesium quickly diffuses into the general basin when a canister is opened, radioactivity 
dose rates can increase to high levels for workers in the area.  One such case involved a 
set of isolation canisters containing pieces of fuel that leaked very large amounts of 
activity (up to an estimated 6x106 Bq/ml) into the local water of the isolation canisters 
that were themselves in underwater storage in the Receiving Basin for Offsite Fuel 
(RBOF) at the Savannah River Site (SRS).  The plan for RBOF deinventory necessitated 
the recovery of the fuel for transportation to the L-basin at the site.  A special design of 
deionizer was needed to provide local deionization of the canister water without requiring 
large quantities of the RBOF basin water to be processed. 



 
 

A special underwater deionizer (UD) was designed, fabricated, and successfully 
deployed to process the high activity water and enable fuel retrieval from the SRS 
isolation canisters [1, 2].  The UD was operated as a single pass system, flushing water 
(for 10 hours total) from 6 large isolation canisters (416 L internal volume in each) 
containing fuel pieces through a column containing cation exchange media.  This took 
less time and had less operational impact than opening the canisters and deionizing the 
entire basin volume (9500 m3).  This approach to fuel recovery resulted in deinventory of 
the basin well ahead of schedule.  
 
A similar fuel recovery and repackaging campaign was planned at the Vinca Institute to 
recover aluminium-clad fuel stored in sealed aluminium barrels and stainless steel 
channel holders.  The Vinca Institute, IAEA, U.S. NNSA/DOE, Sosny Company, 
Tekhsnabeksport (TENEX) and Mayak Production Association planned the overall 
campaign to repackage and transfer the fuel from Vinca to the Mayak facility in Russia 
for reprocessing.  An important component of the overall operations was the need for 
clean up of the cesium from the Vinca basin water before and during the repackaging 
operations. 
 
A Water Chemistry Control System (WCCS) based on the UD used at SRS, was 
designed by Savannah River National Laboratory (SRNL) personnel under U.S. 
Department of Energy (DOE) sponsorship.  It was designed to remove cesium from the 
bulk basin water and trap the cesium on underwater columns containing sorbents while 
meeting the safety requirements at the Vinca site and also the space limitations, 
repackaging cycle time, and overall project schedule needs.   
 
The Vinca fuel storage basins are arranged as shown in Figure 1 below. 
 
 

 

 
 
 
 
 

 
 
Basin 4 Enlarged – WCCS Location in Green 
 

Figure 1. Vinca Basins 1-4 and Basin 4 (enlarged) with Repackaging Equipment Locations 

Basin 4 



 
 

2. Water Chemistry Control System (WCCS) for Vinca Fuel Reprocessing 
 
2.1 Functional Requirements 
 
Technical requirements for the WCCS were prepared by the repackaging contractor for 
the SRNL design team to identify the functional and safety requirements of the WCCS.  
The requirements included: 
 

 Fit in allotted underwater space (green 
zone) 

 Reduce activity from 107 to ≤105 Bq/l 
in a 40 m3 volume in 24 hrs 

 Filter particulates 
 Upstream sample port 
 Monitor fluid flow 
 

 Repairable/replaceable parts 
 Remote component replacement 
 Remotely controlled 
 Tools to operate/maintain WCCS 
 Support safety assessment 
 Avoid interference with other 

equipment 

The repackaging equipment dimensions left limited space for the WCCS (footprint 1 m x 
0.3 m x 1.5 m high) in Vinca’s basin 4 (see Figure 1). Using available space and sorbent 
properties, SRNL maximized WCCS capacity and flow rates.  Design iterations 
incorporated input from all parties.  The selected sorbent media was ResinTech® SIR-
600, an inorganic-based ion exchanger, highly selective for cesium removal and 
radiation-resistant.  Figure 2 shows the WCCS as it was configured at Vinca installation.  

 

   
 

Figure 2: Water Chemistry Control System for Vinca Institute Fuel Repackaging 
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The unloading process was expected to release a large quantity of dissolved cesium into 
basin 4.  Cumulative activity was expected to be 1012 Bq.  Vinca fuel storage containers 
were not designed to allow purging before opening. Therefore any cesium dissolved 
inside the container would be mixed with basin water when the storage can was opened.  
Activity removal from basin water was estimated using the formula 
 

C(t) = R/(Q ε) + [C0 – R/(Q ε)]e-(Q  * ε / V ) t 
 
Where, 
 

C(t) is the concentration of activity in Bq/mL in a volume of water at time t; 
R is the total activity released into a volume of water in Bq/s (e.g. from all leaking fuel); 
Q is the volumetric flow rate in L/s into and out of a closed loop deionization system; 
V is the volume of water in the basin; and 
ε is the efficiency of the deionizer system. 

 
Figure 3 below shows an example of results for the WCCS operation to reduce the 
activity in the total volume of basin water (200 m3) from the interconnected basins in 
comparison to the predicted (theory) activity removal results.  The difference is primarily 
attributed to a finite release rate R that was assumed to be zero in the predicted results. 

 

 
 

Figure 3. Activity Removal Results from the Total Water Volume (200 m3) 
 
2.2 WCCS Design 
 
The WCCS is arranged as two independent systems, each with a pump, filter, and 
sorbent column. Components were designed to be remotely replaceable, connected with 
flexible reinforced hose. Connectors are valved, push-to-connect, quick-disconnect 
couplings. The multi-stage centrifugal type pumps are submersible, electrically powered, 
and meet system head requirements and flow characteristics (up to 75 litres/min each). 
The pumps fit into gasketed openings in a suction plenum at the bottom of the frame, 
drawing water into the plenum through a single suction hose (see Figure 2). 
 



 
 

Drilling into the “aluminium barrels” containing the fuel was necessary to remove the fuel 
and the activity contained within the water of the barrels.  Any debris emanating from the 
drilling was intended to be released into basin 4 (40 m3 volume) only.  Suction nozzle 
placement and low fluid velocity in the suction hose keep cuttings from entering the 
pumps.  The suction plenum slows fluid further and strainers on the pump suction keep 
objects from entering the pumps.  A turbine-type flow meter mounted at the outlet of 
each pump provides reasonable flow indication although not optimally positioned due to 
constraints in the WCCS design to meet the requirements. 
 
Hoses connect the flow meters to filters downstream of the pumps.  Filters have 
stainless housings containing woven stainless cartridges with mesh openings of 100 
microns. Filter housings sit in a tubular socket mounted atop the suction plenum, kept 
from rotating by slots accepting the filter inlet and outlet piping. Filter housings are not 
fixed in any other way, allowing them to be replaced as necessary by disconnecting their 
hoses and lifting them out of the socket using the lifting eyes attached to the top of the 
housings.  A differential pressure transducer across the filter provides information to the 
control stand, allowing operators to anticipate filter replacement as the pressure 
differential increases. 
 
Filtered water flows to the top of the resin column, through an internal diffuser and into 
the resin. Each column has a capacity of 56 litres of resin, allowing a small amount of 
space for resin swelling, if necessary. Non-swelling sorbent media, such as zeolite, may 
occupy the entire space between the column’s internal baffles.  The sorbent ultimately 
selected for the operation was a zeolite sorbent that preferentially captured cesium 
compared to other water impurity species that were present (e.g. Ca, Mg).  The system 
provided for the maximum capacity in flow rate and capture volume for the space it 
occupied.  Water exiting the column flowed to an outlet about 1 m above the base of the 
WCCS frame (see Figure 2). 
 
2.3 WCCS Deployment 
 
Fabrication of the WCCS design was contracted by the IAEA to a fabricator (VUJE) in 
Slovakia.  SRNL designers consulted with the fabricator on questions of design and 
allowable part substitutions.  Upon completion, team members met at the fabricator’s 
facility to inspect the WCCS hardware, review the documentation, and observe a 
functional test of the WCCS.  
 
The WCCS was shipped to Belgrade for installation in Vinca basin 4 in June 2009.  
Vinca operations staff modified the WCCS to meet their particular operating and 
maintenance needs.  Following these actions, the device was installed in basin 4 (see 
Figure 4). 
 
The initial flow rate through each of the two lines in was approximately 70 litres/minute, 
and the pressure differential across the filters was approximately 0.25 bar. 
 



 
 

 
 

Figure 4. WCCS Installation in Vinca Fuel Storage Basin 4 
 
2.4 WCCS Operations Summary 
 
The activity in the entire basin water volume was reduced prior to repackaging 
operations from the initial value of approximately 700 Bq/ml to approximately 100 Bq/ml.   
 
The first aluminium barrel was opened in December 2009, and the WCCS was turned on 
to operate intermittently, as needed.  The water activity increased up to an estimated 
level of 3000 Bq/ml when some of the barrels were opened, but was quickly reduced by 
continued WCCS operation to at or below approximately 300 Bq/ml prior to resuming 
operations.  This significantly reduced the levels of exposure to the operators, located on 
platforms directly over the basin water, who were performing the repackaging. 
 
Large volumes of debris also emanated from the barrels as the fuel was retrieved, 
eventually causing plugging of the filters, and reduced flow rates in each of the two lines 
of the WCCS that were operated simultaneously.  The filters were replaced when the 
pressure differential reached approximately 1 bar.  The system was successfully 
returned to operation with the flow rates and pressure differential parameters in both 
lines at the initial, pre-operation conditions of 70 litres per minute and 0.25 bar, 
respectively.  All the fuel from 30 aluminium barrels and 297 channel holders in the 
Vinca basins was safely recovered by August 2010. 
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ABSTRACT 
 

Build-up of 6Li and 3He, that is, the strong thermal neutron absorbers or the so called 
poisons, in beryllium (Be) due to fast neutron irradiation is an important topic in the 
management of all Be reflected reactors. The presence of these isotopes in the Be 
reflector changes the physical characteristics of the reactor, such as reactivity, neutron 
spectra, flux level, power distribution, etc., and therefore must be accounted for in 
reactor core calculations. This paper presents detailed calculations to quantify the Be 
reflector poisoning phenomenon as well as the influence of impurities that were 
originally present in the fresh Be reflector elements of the SAFARI-1 research reactor. 
The calculational methodology uses MCNP to compute the spectrum over the Be 
reflector elements, FISPACT activation code to calculate isotopic number densities of 
6Li and 3He as well as that of other secondary impurities, as a function of the reactor 
power history, and finally the OSCAR-3 code system to quantify the impact of Be 
poisoning on core parameters. 

 

1. Introduction 
SAFARI-1 is a tank-in-pool MTR type research reactor licensed to operate at 20MW. The 
reactor has been operated for about 45 years since its commissioning in 1965. It has an 8 × 
9 core lattice, housing 26 fuel elements, 5 control rods, 1 regulating rod, a number of solid 
lead shield elements, solid and hollow aluminium filler elements as well as solid and hollow 
Be reflector elements. The Be reflectors are used on three sides of the core and most of 
them, originally installed in 1965 are still in use. The reactor has been operated on fully LEU 
core since 2009. Currently the reactor is operated for about 30 days, interrupted by a 4 - 5 
day refuelling shut down period and one extended 12 days refuelling and maintenance shut 
down per annum [1]. The OSCAR code system [2] has now been in use for more than a 
decade as a primary tool for fuel management calculations such as reloads and core follow. 
However, in the OSCAR-3 code Be reflector burn-up is not accounted for; OSCAR models 
Be as a non-burnable material and as 100% pure Be. The individual neutron irradiation 
history of each Be reflector element, as well as the impact of Be poisoning on reactor 
parameters, were never well known nor investigated before for SAFARI-1 reactor. In recent 
years bending of some Be reflector element has been observed, suggesting ageing of the 
reflector elements. 
 
This paper presents detailed calculations to quantify the Be reflector poisoning phenomenon 
and its impact on SAFARI-1 reactor core parameters. The influence of impurities that were 
originally present in the fresh Be reflector elements (1965), on the past and present thermal 
neutron absorption cross section of the reflector, was also investigated. 
 

1.1 Be reflector placement in SAFARI-1 research reactor 
The Be reflectors, of which the hollow elements are used for sample irradiation purposes, are 
placed at the periphery on the three sides of the core. The placement of the Be reflectors in 
the SAFARI-1 reactor core is shown in Fig 1. There are 19 Be reflector elements in total with 
the south and eastern side of the core completely occupied by the Be reflector elements (i.e. 
column 2 and row A in Fig 1). The western side is composed of the Be reflectors as well as 
aluminum filler elements. H8 is the only isolated reflector element. 
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Fig 1. Placement of Be reflector in SAFARI-1 reactor 
 

2. Isotopic transmutation in a neutron irradiated beryllium reflector 
In this study the two isotopes of interest are 6Li and 3He, the so-called “poisons” due to their 
large absorption cross section for thermal neutrons. The main chain reactions describing 
formation and build-up of these isotopes in Be due to fast neutron (i.e., 0.7 MeV – 10 MeV) 
irradiation are as follows [3], [4]: ,   , 0.8  

(1) 

 ,   , 12.3  
(2) 

 ,  
(3) 

 
In reaction (1) 6He is transformed to 6Li almost immediately (i.e., in 0.8 sec). 6Li is burnt by 
thermal neutrons according to reaction (2) resulting in the formation of 3H, which decays with 
a half-life of 12.3 years forming 3He. The concentration of 3He increases significantly during 
reactor shutdown periods and is converted back into 3H according to reaction (3) when the 
reactor is back at full power. However, the concentration of 3He and 3H in Be increases 
linearly in time. In FISPACT [5] activation code, the number densities of poison isotopes are 
computed by solution of a set of differential equations describing the above-mentioned 
reactions, given by equations 4: 

 
(4) 

where  is the number density of nuclide  at time ;  is the decay constant of 

nuclide  ;  is the decay constant of nuclide  producing  ;  is the total cross 

section for reactions on  ;  is the reaction cross section for reactions on  producing   and  is the neutron flux . . . 
 

3. Computational methodology 
The calculational methodology was as follows: the MCNP [6] SAFARI-1 reactor model was 
generated using OSMINT [7] program. The 172-group energy spectra for FISPACT runs is 
then calculated in each Be reflector element using MCNP. Next, the complete Be reflector 
material specifications, including impurities, was used in FISPACT to calculate the isotopic 
number densities of 6Li and 3He, as well as that of other secondary impurities, as a function 
of the detailed reactor power history (45 years). The computed number densities of the 
neutron poisons were then used in the OSCAR-3 cross section generation module to prepare 
the cross sections for the burnt Be reflector. Finally, the OSCAR-3 code was used to perform 
full core reactor calculations to quantify the impact of Be poisoning on core parameters. 
Effects on the general core parameters are evaluated against the reference, i.e., non-burnt, 
pure Be reflector. The results are also compared to experimental low power flux 
measurements. 
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4. Results and Discussion 
OSCAR-3 calculations were conducted based on a representative fully HEU core and results 
presented in subsequent paragraphs. 
 

4.1 Impact of impurities on Be reflector effectiveness and on core parameter 
The total absorption in the Be reflector due to transmutation products, presented in terms of 
equivalent boron content (EBC), is increased from 2 ppm up to about  25 ppm after 45 years 
of irradiation (1965-2010), with poisoning contribution as follows: impurities: 6%; 6Li: 48% 
and 3He: 46% of the total neutron absorption. Initial impurities and the rest of the inventory, 
except for 6Li and 3He isotopes, contribute insignificantly to the total absorption in Be reflector 
and thus have negligible effects on core parameters. 
 

4.2 6Li and 3He buildup in Be reflector and impact on core parameters 
The poison buildup in Be reflector up to the end of 2007 is presented below. Note that due to 
lack of cycle details as from 1965 until end of 2002, the spectrum was only updated as from 
2003 onwards to improve the accuracy in poisons number density. Poison buildup based on 
the average spectrum as well as individual Be reflector elements spectrum is shown in 
figures below.  Note that only the heavily (H8) and least poisoned (A2) Be reflector elements 
are shown. 
 

 
  Fig 2. 6Li build-up in Be reflector 

 

 
   Fig 3. 3He build-up in Be reflector 

 
 Fig 4. Effects of spectrum updating on 6Li 

 

 
Fig 5. Effects of poisons on reactivity 

 
In Fig. 2 and 3 H8 is the highest curve (heavily poisoned), A2 is the lowest curve (least 
poisoned) element; the average lies between the two curves. The average poison 
representation in Be underestimate H8 and overestimate element A2 by a factor of 
approximately 2, but it represents all the other elements within a 30% band. 
 
Furthermore, buildup of 6Li in position H8 increases sharply due to its fast spectrum 
environment, i.e., situated between the control rod and two typically fresh fuel elements (see 
Fig. 1). A2 is in a more thermalised and a low flux level region (see Fig. 1), as a result the 
transmutation of poisons in this position is slower. In Fig. 3 it is clear that 3He is very 
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sensitive to reactor operation schedule, especially shutdown periods. The two peaks in this 
figure represent the reduction in power and a 6 month shutdown in 1981 and 1988 
respectively. In Fig. 4 it is seen that with variation in spectrum (i.e., during the last 7 years) 
6Li number density does not reach equilibrium. Spectral changes lead to rather weak 
increase in 3He. Fig. 4 shows the negative reactivity effects introduced on core by Be 
reflector poisoning over 11 cycles of 2007. The effects vary from 1000 pcm to about 750 pcm 
between the beginning and end of 2007. 
 
Detailed poison distribution in each element is applied to a single cycle OSCAR-3 
calculations and impact on core parameters evaluated against the reference, i.e., non-burnt, 
100% pure Be reflector at BOC. The thermal fluxes redistribution is shown as percentage 
differences in the core map of Tab. 1 below. 
 

1 2 3 4 5 6 7 8 9 

A -22.7 -28.1 -21.1 -14.7 -16.8 -9.4 -7.6 -8.6 -8.1 

B -19.8 -22.7 -16.6 -13.4 -8.1 -4.6 -2.4 -3.2 -8.4 

C -15.3 -14.4 -9.0 -5.8 -2.4 -0.7 0.5 -0.8 -7.5 

D -12.5 -9.8 -3.7 -1.6 0.1 1.2 1.3 0.5 -5.9 

E -11.0 -10.4 -1.9 1.2 2.4 3.0 3.8 2.3 -2.0 

F -9.7 -9.8 -0.5 3.2 4.1 4.4 4.1 3.0 -2.1 

G -8.2 -8.0 1.2 4.1 5.8 5.4 4.9 3.2 0.3 

H -7.1 -7.5 2.2 5.1 5.5 5.8 3.9 -4.3 -1.7 

 

Tab 1. Thermal flux redistribution due to the Be reflector poisoning at BOC ( % 

 
In Tab 1 it is seen that Be reflector poisoning impact largely on thermal fluxes of the reflector 
and fuel elements on the south-eastern side of the core. Note that both the southern and 
eastern sides are fully reflected by Be (see Fig 1). Element A2, i.e., the least poisoned 
element show a large reduction in thermal fluxes while H8, the heavily poisoned element, 
show a small reduction in thermal flux. This is attributed to the surrounding environment of 
these elements as explained before (see Fig 1). Fuel elements adjacent to the Be reflectors 
on the south-eastern side of the core experience a flux depression of up to -16.6% (i.e., B3), 
while that towards the northern side increase by up to 5.8%. The observations above are 
consistent with the fast flux and power redistribution in the core. In a poisoned core less 
power is delivered by the fuel elements as compared to the pure Be reflected core. In 
general, the tilt in flux and power redistribution due to Be reflector poisoning is towards the 
south-eastern side of the core, accompanied by peaking towards the centre and the northern 
side of the core. These observations tend to correct the historical tilt seen in OSCAR-3 to 
match that of the experimentally measured SAFARI-1 reactor. The results are quantified by 
comparison to experimental lower power flux measurement (LPM). 
 

4.3 Comparison to experimental plant data 
Low power flux measurements in all fuel elements are performed prior to the reactor startup 
of each cycle with the reactor conditions modeled as accurate as possible. Comparison to 
LPM based on poisoned and 100% pure Be reflected cores was conducted using the 1st 
cycle of June 2007. The comparison is shown in the core map below. 
 
In Tab 2 the calculated flux mainly peaks in fuel elements adjacent to the pure Be reflectors 
and decrease towards the centre and the northern side (poolside) of the core. This is mainly 
due to modeling Be reflector as a pure, non-burnable material in OSCAR-3. The results of 
the poisoned Be reflector model are shown in the core map of Tab 3 below. 
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  1 2 3 4 5 6 7 8 9 

A   

B 10.78 16.31 -2.74 8.13   

C -0.04 4.34 7.15   

D 4.77 -10.24 -18.21 -3.05   

E -15.66 -1.37 14.29   

F 3.75 -6.03 -13.57 -13.74   

G -5.08 6.17 -0.60   

H     4.11 -8.62 -6.48 -6.20 -7.61     

 

Tab 2 LPM comparison for pure Be reflected core % 

 

  1 2 3 4 5 6 7 8 9 

A   

B -4.25 2.80 -9.48 5.69   

C -5.10 3.09 6.21   

D 1.28 -12.06 -18.27 -2.95   

E -15.26 0.76 16.05   

F 1.43 -4.05 -10.88 -11.82   

G -2.25 10.83 0.44   

H     5.72 -4.96 -2.44 -1.54 -4.85     

 

Tab 3 LPM comparison for poisoned Be reflected core % 

 
It is seen that Be reflector poisoning decrease fluxes on the south-eastern side of the core 
adjacent to Be reflector elements accompanied by an increase towards the centre and 
northern side of the core. These observations are opposite to that of Tab 2 above. 
Comparisons on the eastern side of the core show improvements (see Tab 3). More work on 
code-to-experimental data comparisons needs to be performed to account for and to better 
understand the differences observed above.  
 
Reload calculations, performed prior to BOC of each planned cycle using OSCAR-3, serves 
to evaluate the safety parameters of the planned cycle. The results of the calculation 
performed with and without poisons are summarized in Tab 4 below. The calculations were 
performed at cold, clean, Xe free core condition except for cycle length predictions. 
 

Safety Parameters Pure Be 
reflector 

Poisoned 
Be reflector

SAFARI-1 reactor 
parameters 

Planned cycle length (days) 30 30 - 

Calculated Cycle length (days) 35 31 - 

Excess reactivity ($) 9.4 8.6 - 

Control rod worth ($) 32.9 34.6 ≥ 20$ 

Shutdown margin ($) 20.6 23.2 >1/2 (rod worth) 
Estimated start-up bank (cm) without 
Mo99 target plates 

48.9 51.1 51.04 (at start-up) 

Estimated start-up bank (cm) with 
Mo99 targets 

46.1 47.2 > 39 cm 
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Tab 4 Predicted Safety parameters before start-up 
 
It is seen in Tab 4 that Be poisoning influence the safety characteristics of core. The negative 
reactivity introduced by the poisons reduces the predicted cycle length by about 4 days 
which is compatible with real life scheduling. The rod worth, shutdown margins and the start-
up bank reactivity is increased. There is good agreement between the poisoned core start-up 
banks (without targets) and measured bank position (i.e., plant bank position measured 
during the LPM experiment). This suggested that the Be poisoning impact positively on the 
general reactor safety parameter prediction. In general, modeling Be reflector burn-up shows 
promising results.  
 

5. Conclusions 
It is concluded that the initial impurities present in the Be reflector (1965) have a negligible 
effect on core parameters as well as on the total thermal neutron absorption of the reflector. 
These trace impurities and their transmutation products remain in the reflector throughout its 
service lifetime. Conversely, the formation of 6Li and 3He in the Be during reactor operation 
showed important effects on the general core parameters as well as the effectiveness of the 
reflector. To improve the accuracy and reliability of the predictive OSCAR code calculations, 
Be burn-up should be incorporated in the next releases of OSCAR. Based on this study, the 
inclusion of Be burn-up chains is planned for implementation in the currently tested OSCAR-
4 code system. Temporarily, details poison distribution in the OSCAR-3 code system will be 
accounted for using the calculational approach discussed herein. Furthermore, it is proposed 
that poison concentration be updated at BOC of each cycle for practical purposes. More work 
on comparison to experimental data as well as studies on swelling and embrittlement of the 
reflectors by 4He is ongoing. 
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ABSTRACT 
 

The National Research Universal (NRU) reactor is a heavy-water-cooled and -
moderated, tank-type, multipurpose reactor that operates at up to 135 MW. Originally 
designed for operation with natural uranium, NRU was converted to high-enriched 
uranium fuel in 1964. In 1991, AECL converted NRU to low-enriched uranium (LEU) 
fuel containing Al-61 wt% U3Si, with U enriched to 19.75 wt% 235U. Since the reactor 
was converted, the LEU silicide dispersion fuel performance has been excellent, with 
no reported fuel defects. However, in late 2008, monitoring showed an increasing 
trend in fission product activity in the D2O coolant/moderator. Despite steps taken to 
increase monitoring and analysis, locating the source of the problem proved to be 
difficult. Fission product analysis and isotopic analysis of U extracted from the coolant 
indicated that the source was a small defect in the LEU driver fuel. This paper 
summarizes the investigation of the NRU fuel defect. Results are presented from 
post-irradiation examinations to determine the root cause of the failure mechanism. 

 
1. Introduction 
The NRU reactor was built for three purposes: to be a supplier of industrial and medical 
radioisotopes used for the diagnosis and treatment of life-threatening diseases; to be a 
major Canadian facility for neutron physics research; and to provide engineering research 
and development support for the Canadian nuclear industry. The core is contained in an 
aluminum cylindrical tank approximately 3.7 m high x 3.5 m diameter. It has 227 vertical 
lattice sites arranged in a hexagonal array with a pitch of 19.7 cm. Control rods and low 
enriched uranium fuel rods occupy about half of the lattice sites; the remaining sites are for 
low temperature/low-pressure experiments and irradiations. Two high-pressure/high-
temperature experimental loops and six beam tube facilities are also available.  
The reactor is re-fuelled at power. NRU fuel rods are 12-element assemblies containing Al-
61 wt% U3Si dispersion fuel sheathed with finned Al cladding welded to Al end plugs. The 
approximately 3 m long fuel elements are separated by six spacer grid plates, and are 
welded at the bottom to a support (hanger) plate that is in turn pinned and welded to an 
aluminum flow tube. A bulge end and plug end are welded to the flow tube to complete the 
NRU rod. The fuel rod maximum power is 2.1 MW. 
The coolant flows upwards through the flow tubes, over the fuel and exits through an orifice 
section above the elements into the vessel. The coolant temperature rise and flow rate in 
each fuel rod is monitored. The D2O inventory (about 65000 kg) is circulated at a nominal 
rate of 1950 kg/s with all pumps at full speed. Helium is used as an inert cover gas to 
minimize isotopic degradation of the coolant/moderator system. The cover gas is monitored 
for gaseous fission products and the D2O is monitored for soluble fission products and 
activated corrosion products. 

2. Investigation 
In 2008 November, routine monitoring showed an increasing trend in fission product activity 
in the NRU coolant/moderator. A team of subject matter experts was assembled to 
investigate the cause. Detailed analysis of the radioactive fission products and U circulating 
in the D2O indicated that there was a defect in one or more of the LEU driver fuel rods in the 
core (the results ruled out a target or fast neutron rod being the primary source). However, 



locating
The larg
product
remove
on in-co
neutron
rods we
power t
manoeu
based 
increas
history 

3. Pos
Initially,
tubes w
for insp
the 12-e
of each
three w
were fo
the visi
region 
aluminu
Fuel se
middle 
three e
hot ce
photogr
gamma
examin
(SEM) 
ray (ED
X-ray (W
for bur
were a
Spectro
Spectro

Fig 1.  F

g the exact 
ge D2O inv
ts from a de

ed by IX pur
ore surface
n and gamm
ere used to 
transient in
uvre proved
on in-react
ing. Factors
were also c

st-Irradiat
, 10 of the d

were cut at t
pection. Afte
element clu

h individual 
were found 
ound in rod 
ble through
near the cl
um end plug
ections ~ 15

and intact 
elements. T
lls included
raphy; di

a scannin
ation; Sca
examinatio

DX) analysis
WDX) analy
rnup measu
augmented 
ometry (SIM
oscopy (XP

Fission produ

fuel rod(s) 
entory and 
efect to be 
rification, by

es such as 
ma fields at t

tilt the pow
n a failed r
d inconclus
tor residenc
s such as h
considered

ion Exami
discharged 
the hanger-
er prelimina
usters were 
fuel eleme
with visible
FL-1528 an
h-wall defec
osure weld

g beneath. F
50 mm long

opposite e
The PIE ex
d: visual e
mensional 
g; optica

anning Elec
n with Ene
s and Wave
ysis; and, U
urements. 

with Seco
MS) and X-
PS) examina

uct activity tre

among the 
high recirc
quickly dis

y the gibbs
flow tubes 
the top of re

wer distribut
rod might p
sive. Subse
ce time co
igh power o
. The selec

ination (P
rods were s
-plate weld 

ary inspectio
disassemb

nt was insp
e breaches 
nd one defe
cts were lo
d where the
Figure 2 sh
 were cut o

end of each
xaminations
examination

measure
l metallog
ctron Micr

ergy Disper
elength Dis
U isotopic a
The SEM 
ondary Ion
-ray Photoe
ations in a

end in NRU D

approxima
culation rate
persed in t
ite evapora
and fuel ro

eactor did n
ion in differ

provoke a d
equently, se
ompared to 
operation la
cted rods w

reacto
By the
prime 
activit
produ
April t
activit
was s
source
were 
insuffi
which
exami
defec
 

IE) 
selected for
location an

on of the vis
bled by cutt
pected und
in the alum

ected eleme
ocated in th
e cladding 
ows a photo

out from the
h of the 
 in the 
ns and 
ements; 
graphic 
roscope 
rsive X-
persive 

analysis 
exams 

n Mass 
electron 
n effort 

D2O.

Fi

tely 90 rods
e causes an
he coolant 

ator, by fiss
ods that are
not identify s
rent sectors
detectable 
everal rods

the period
ate in life, hi
ere then sc

or on a prior
e end of F
suspects w

ty began to
ct activity t
to 2009 Ma
ty continued
shut down
e was remo

removed 
icient evide
 specific 
inations w

ct. 

r detailed un
nd the elem
sible surfac
ing apart th
erwater. Of
minum clad
ent was fou
he aluminum
had bulged
ograph of a

e defected e

g 2.  Claddin

s in core pr
ny released
system wh
ion or deca
e in turn re
specific hot

s of the core
release, bu

s were iden
d that mod
gh burnup, 
cheduled fo
rity basis.  
ebruary/ear
were remov
o decline.
trend durin
ay is show
d to declin

in May, i
oved. Howe

and sto
ence to co
rod had 

were requir

nderwater in
ent assemb
ces of the o
he grid plate
f the 120 e

dding. Two 
nd in rod F
m cladding 
d and split 
a typical def
end region a

g Defect in N

roved to be 
d uranium o
ere it rema

ay, or by de
moved. Su
t sites. The 
e in the hop
ut results fr
ntified as “s
erator activ
and manuf

or removal f

rly March a
ved, the mo
The gross
g the perio
n in Figure
e until the 
indicating t

ever, when t
ored ther
onclusively 
failed, so 
ed to loc

nspection. T
blies were r
outer fuel el
es, and the 
lements ins
defected e
L-1540. All 
over the e
open to rev
fect. 
as well as f

NRU Element 

difficult. 
or fission 
ains until 
eposition 
rveys of 
adjuster 

pe that a 
rom this 
suspect” 
vity was 
facturing 
from the 

after the 
oderator 
s fission 
od 2008 
e 1. The 

reactor 
that the 
the rods 
re was 

identify 
further 

ate the 

The flow 
removed 
ements, 
surface 

spected, 
elements 

three of 
end plug 
veal the 

from the 

401-9.



to ident

4. Res
The vis
surface
overhea
change
location
fuel co
cosine 
the end
Metallo
with inte
ductile 
plug an
the defe
region b
the clad
three e
oxide/h
externa
surface
surface
that the
also co

Fig 3.  C

The def
Micro-h
adjacen
bulged 
welds w
steam. 
SIMS a
internal
impuriti
Detailed
each o
connec
chevron
that acc

tify the chem

sults  
sual examin
es appeared
ating or exc

es remained
ns the resid
re pieces s
flux shape 

ds; however
graphic exa
ernal press
rupture of 

nd cladding 
ect was ove
between the
dding due to
lements an
ydroxide la

al surface of
e in the cavi
es suggests
e defect occ
rroded, con

ross Section 

fect was lo
hardness m
nt as-extrud

and split i
were intact a
  

and XPS ex
 surfaces 
es were de
d optical m

of the defec
ted porosity
n-type crack
commodate

mical specie

nations sho
d to be in go
cessive cru
d small ove
dual claddin
showed tha
in NRU, i.e

r, the gamm
amination o
urization of
the claddin
at the bulg

er the plug n
e fins is con
o internal g
d indicates
yers of app
f the claddi
ity. The nom

s a similar d
curred early
nsistent with

Through Def

cated in the
measuremen
ded claddin
in this loca
and not the 

aminations 
that may 
tected but t

metallograph
cts, namely
y providing 
ks (arrowed

es the end p

es in the sa

owed that e
ood conditio

ud build-up.
er the fuel
g strain me

at the fissio
e., higher a

ma scans sh
of the prima
f the claddin
g. Figure 3

ge defect. T
near the we
nsistent wit

gas pressure
 a common

proximately 
ng, on the 
minally equ
duration of 
y in the serv
h a failure ea

 
fect. 

e weld hea
nts showed
ng or weld 
ation. Metal

source of a

were perfo
point to th
the results p
hic examina
y, internal 
a path lead
d) observed
plug spigot.

mples. 

except for t
on with no 
 Dimension
remote fro

easured 12 
on product 

activity in th
owed no di
ry defect lo
ng in the en
3 shows a c
The end plu
eld, about 4
h ductile fa
e. This com
n root cause
the same t
internal sur

ual oxide thi
exposure t

vice life of t
arly rather t

Fig 4.  

at affected z
d that the w

parent ma
llographic e
a problem s

ormed in an 
he source 
proved inco
ations of th
cracks/void

ding to the e
d in the cen
 The end p

the bulge d
evidence of
nal measur
om the defe

- 20%. Ga
activity pr

he samples 
scernable e
cations sho
nd plug reg
cross sectio
ug is nomin
0-50 mm aw
ilure under 

mmon mode
e of the pro
thickness (~
rface of the 
ickness on 
to the coola
he fuel. The
than later in

Surface Oxid

zone (HAZ)
weld HAZ 

aterial, whic
examination
such as coo

effort to ide
of the inte

onclusive.  
e fuel reve
ds in the c
end plug reg
ntre of the f
lug has a re

defects, the
f abnormal 
ements sho
ect, while a

amma scann
rofile was c
from the m

evidence of 
ow features 
ion, deform
on through 

nally ~90 m
way from th
tension fro

e of failure w
oblem. SEM
~ 20 μm, se
cladding a
both the in

ant environm
e surface o

n life. 

de Thickness

) about 10 
has lower 

ch explains
ns showed 
olant ingress

entify chem
ernal gas. 

ealed a com
centre of t
gion. Figure
fuel core ne
educed diam

e external c
conditions 

owed that c
at the bulg
ning of the 
consistent w

middle comp
f missing fue

that are co
mation (bulg

the alumin
m long ove

he fuel. The
m hoop stre
was observ
M surveys r
ee Figure 4
nd on the e
ternal and 
ment and in

of the split fa

s from SEM Im

mm from th
strength t

s why the c
that the e

s that could

mical specie
Carbon an

mmon featu
the fuel co
e 5 show the
ear the dril
meter spigo

cladding 
such as 
cladding 
e/defect 
stacked 
with the 
pared to 
el. 

onsistent 
ing) and 

num end 
erall and 
e necked 
esses in 

ved in all 
revealed 
4) on the 
end plug 
external 
ndicates 
ace was 

 
mage. 

he weld. 
han the 
cladding 

end plug 
 flash to 

s on the 
nd other 

ure near 
ore, with 
e typical 
led hole 
ot that is 



inserted
groves 
centere
annulus
features
the fuel
plug joi
about 0

Fig 5.  M
higher 
spigot a

The inta
ends sh
gas pre
and por
consiste
to sepa
pressur
irradiati
residue
unequiv
(as wel
present
operatio
the time
Fuel sa
microst
porosity
the par
thicknes

d in the ho
in the spigo

ed in the co
s despite it
s with little 
l and causin
int. The cla

0.6 g U was 

Micrographs 
magnification
and fuel.  Arr

act opposit
howed no c
essurization
rosity at the
ent with int
arate the c
re to fully 
on. SEM ex

e of the s
vocally iden
l as O, U, 
t carbon fou
on in the po
e of the defe
amples fro
ructure with
y. The typic
rticles, and
ss ranged f

ole, and is a
ot. The adja

ore; note, th
ts proximity
evidence o

ng a second
adding split
lost to the c

(a) 

of (a) fuel an
n image of ch
rows point to

e ends of t
centre crack
 over the e

e end of the 
ernal press
ladding fro
bulge and 
xams with E
species res
ntified. Carb

Si and trac
und when a
ost-defect c
ect. 
m the inta
h no eviden
al fuel inter

d fission ga
from ~15 μm

attached us
acent trans

here is little
y to the b

of corrosion
dary defect
t where the
coolant from

nd end-plug s
hevron crack
 chevron-typ

the three fu
ks or conne
nd plug. Th
fuel, and a

surization. T
m the end
rupture th

EDX and W
sponsible f

bon was det
ce impuritie

analysing su
condition m

act midplan
ce of anom

raction with 
as bubbles
m at the ce

sing a rolle
sverse secti

evidence o
bulge defec
n but the th
t due to oxid
e fuel oxidiz
m the three 

spigot region 
ks in core, and
pe cracks in th

uel element
cted porosi

he third sam
 discernable

These resul
 plug and 

he cladding
WDX analysi

for interna
tected with a
es), but it co
urfaces, and

most likely o

ne regions 
malies or un

the aluminu
s decorated
entre of the 

ed joint to c
on (Fig 5 (

of coolant in
ct. Two of 
ird showed 
dation and 
zed and sw
defects (ba

at inlet (botto
d (c) cross se
he extruded c

s were also
ty in the co

mple showed
e gap betw
lts suggest 
to initiate 

g at that e
is were use
l pressuriz
all of the su
ould not be
d the results
obscured ev

showed t
usual featu
um matrix w
d the kerne
core to ~7 

compress t
c)) shows t
ngress or c
the sample
evidence o
swelling of 

welled.  It w
ased on me

(b) 

(c) 
om) of eleme
ection throug
core. 

o examined
re and no e
d less exten
een the cla
there was 

sheath lift-
nd during 

ed to check 
zation of t
urface analy
e differentia
s were inco
vidence of t

he normal,
res such as
was observe
els. Measu
μm at the 

he fuel ove
the end plu
orrosion of 
es showed
of coolant r
the fuel at 

was estima
tallography

 

ent 401-9, (b) 
gh end plug 

d. Two of th
evidence of
nsive centre
dding and e
sufficient p

off, but ins
the course
whether or 
he fuel co

ytical metho
ated from th
onclusive. E
the environ

, stable NR
s chevron c
ed at the su

ured reactio
periphery. T

er the V 
g spigot 
the fuel 

d similar 
reaching 
the end 

ated that 
y). 

he intact 
f internal 
e cracks 
end plug 
pressure 
sufficient 
e of the 

not any 
ould be 

ods used 
he ever-
xtended 

nment at 

RU fuel 
cracks or 
urface of 
on layer 
The fuel 



core diameter measurements showed, as expected, that swelling was higher in the mid-
plane samples compared to the ends, as these regions operate at higher power and achieve 
higher burnup due to the cosine flux profile in the reactor core. The maximum mid-plane 
swelling, ~3%, is well within the previous experience base for NRU fuel [1] and shows that 
the fuel material was behaving satisfactorily in regions remote from the defect. 
Burnup analysis was performed using measured 235U/238U and 236U/235U atom ratios. 
Conversion of the measured atom ratios to burnup were performed using the WIMS-AECL 
V3.10 code. The middle of the fuel rods achieved high burnup in the range 86-90 at% 235U. 
The inlet ends achieved 59-64 at% burnup, and at the outlet ends 52-63 at% burnup. 
Results from U in the coolant were within the measured 235U/238U atom ratios. 

5. Discussion 
The literature [2] indicates that in forward extrusions, centre cracks and porosity are 
commonly observed where contamination and impurities are entrained in the material. The 
foreign material could not be conclusively identified during PIE, but is likely an excessive 
quantity of one of the organic compounds used in the manufacturing process. Likely 
contaminants include hydrocarbon materials used as parting/release agents to prevent the 
fuel material from sticking to the ram during core extrusion, rust inhibitors/oils used on the 
manufacturing equipment and cleaning solvents. A hydrocarbon contaminant would 
decompose during irradiation, producing gaseous species, including hydrogen gas, which 
would pressurize the interior of the fuel element.  
Laboratory tests were performed on mini-elements that were fabricated with intentional 
additions of potential contaminants from the manufacturing process. Samples developed 
similar bulges with splits in the cladding over the end plugs after furnace heating for one 
hour at 500°C. Here a temperature in excess of that observed in NRU was applied as a 
rough approximation of radiolytic breakdown of the organics, which cannot be easily 
duplicated in the lab. Experiments were also performed to determine the pressure required 
to rupture the cladding. Samples were cut from the ends of archive full-length elements and 
internally pressurized in a test rig, with the cladding heated to 100°C to simulate the in-
service temperature. The samples developed bulges in the weld HAZ that appeared almost 
identical to the NRU fuel defects, and ruptured at a pressure of ~12.4 MPa. 
The amount of hydrocarbon material required to create a failure could be estimated from the 
size of the bulge defect and knowledge of the rupture pressure. Metallographic 
measurements of the three defects indicate the volume under the bulges ranged from ~89 to 
106 mm3. The maximum internal pressure, P, is given by 
 

PV = nRT (1) 
 
where V is the volume, n is the number of moles of gas, R is the gas constant and T is the 
temperature at the defect. Assuming the NRU defect occurred under conditions similar to 
those in the lab tests, i.e., P = 12.4 MPa, V= 0.106 cm3, T = 373 K and R = 8.314, then  

n = PV/RT = 12.4 x 0.106/(8.314 x 373) = 0.0004 moles of gas. 
If the pressurizing gas is H2, then 0.0004 mol x 2 g/mol = 0.8 mg H2 is required. For example, 
if the source is methanol, then 12.8 mg CH3OH is required. It is more difficult to calculate the 
quantity of materials such as release agents that are mixtures of high molecular weight 
compounds. 
The connected porosity provides a leak path from the centre cracks to the end of the fuel so 
that gaseous species released from the radiolytic breakdown of organic contaminants during 
irradiation could migrate and pressurize the end-plug region of the fuel element. If sufficient 
internal pressure is generated, the cladding will rupture at its weakest point, near the weld 
heat affected zone, and lead to element failure. Below this pressure threshold, the cladding 
may bulge but not fail.  



Since NRU was converted from HEU to LEU fuel in the early 1990’s, there have been no 
reported driver fuel defects. During the LEU fuel development program, mini-elements with 
holes drilled in the cladding were irradiated at linear power up to 87 kW/m in NRU to assess 
the fuel defect behaviour [3]. PIE results showed small cavities developed beneath the holes 
but very little fuel was lost to the coolant (from 1 mg 235U after 29 days, to between 9 and 48 
mg 235U after 98 days of irradiation), confirming the good corrosion resistance of material. 
Subsequent experiments also showed that prior irradiation further enhanced the resistance 
to corrosion/erosion. 
There appears to be little additional information in the literature on the defect behaviour of 
LEU silicide dispersion fuel under research reactor operating conditions. During initial 
development and irradiation testing in the ORR reactor, plate-type fuels containing U3Si and 
U3Si2 with cladding defects suffered extensive corrosion during irradiation [4, 5]. In the case 
of the Al-U3Si fuel plates irradiated in ORR, no evidence of the failure was detected, 
indicating the amount of fission product release was small. It was concluded that hydrolysis 
of water during irradiation liberated oxygen, which reacted with the fuel. The results show the 
LEU silicide fuel is corrosion resistant and that cladding breaches are not likely to result in 
catastrophic failure.   

6. Summary and Conclusions 
Post irradiation examinations were performed on three defected fuel elements from the NRU 
reactor. The observed defects were bulges with axial splits in the cladding in the end-plug 
weld heat affected zone. Chevron-type flaws were observed in the centre of Al-U3Si fuel 
cores near the defected ends of the elements. These features are observed when impurities 
are present during extrusion. The impurity was not conclusively identified during PIE but is 
likely foreign material (organic contamination) that was introduced inadvertently in the 
manufacturing process. During irradiation, gas released from the radiolytic breakdown of 
organic contaminants would pressurize the interior of the fuel element, and the cladding will 
rupture at its weakest point in the weld HAZ if sufficient pressure is generated. 
The oxides/hydroxides on the internal surfaces of the defected elements indicate that the 
fuel failed early in its operational life. Despite a considerable period of post-defect operation, 
only a small quantity of fuel material was lost to the coolant. This confirms the good 
corrosion resistance of the Al-U3Si dispersion fuel, and the robustness of the NRU fuel 
design. 
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ABSTRACT 
 
SAFARI-1, the Nuclear Research Reactor located at Pelindaba, South Africa, has to meet a multitude 
of requirements relating to corporate policies and strategies, preventative maintenance, in-service 
inspection, plant ageing management, quality management, conventional and radiological safety, 
regulatory compliance; and security, commercial and financial goals which need to be incorporated 
into an integrated management system. The control of these various requirements and activities 
within the nuclear research reactor organisation becomes quite complex if the processes and systems 
are to be integrated maintained and at the same time managed so as to achieve the objectives and 
targets within the resources available. Plant maintenance is one aspect which became a challenge 
over the last decade to implement and optimize. This has been evidenced by the shorter reactor shut 
downs which are carefully planned to maintain operational schedules required for production and 
other interested parties.  
 
Although SAFARI-1 maintains ISO 9001 and ISO 14001 certification, its present commercial and 
operational schedules need a very well coordinated 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 level of more than 300 full power days per year, the 
planning, implementation and coordination of routine maintenance, in-service inspection, and projects 
related to upgrades and ageing management need to be well structured and controlled. The effective 
and efficient implementation of such a management system will ultimately ensure the success of the 
reactor in the competitive environment. This becomes particularly relevant where the development 
and the responsibility of implementation of systems and processes lie not only within the SAFARI-1 
organization but also within various other departments in the parent South African Nuclear Energy 
Corporation (Necsa) organization. 
 
The complexities of resources and processes implemented to achieve success with the various 
projects, processes and systems will be discussed and examples will be given of experiences during 
the last 10 years 
 
1. INTRODUCTION 
 
The SAFARI-1 Research Reactor was designed, constructed, commissioned and licensed and has 
been operational since March 1965. Ongoing programmes of development, improvement through 
preventative maintenance, upgrading projects and ageing management have characterized this past 
operation and are expected to continue for the remaining life time of the facility. The aim of this all is 
to ensure the safe operation of the facility, reliability and life time extension to 2030. 
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Safety is considered by management to be the most important issue with respect to employees, 
public, operation and utilization of the reactor. The requirements for conformity are set out in an 
integrated Quality Health Safety Environmental management system (QHSE) and therefore are 
binding on all personnel and levels of management within SAFARI-1. Amongst others, effective 
maintenance, ageing management and in-service inspection are some of the most important activities 
to achieve safety and maintain the intent of the design objectives during the operation of the facility.  
 
2. QUALITY HEALTH SAFETY MANAGEMENT SYSTEM 
 
The SAFARI-1 QHSE management system together with Necsa’s corporative SHEQ management 
system defines the organizational structure, responsibilities of management and personnel, , quality, 
health, safety and environmental management, project management, reactor operations, reactor 
engineering, training and authorization as well as the utilization of SAFARI-1 Research Reactor. The 
SAFARI-1 management, now reports NTP PTY (Ltd) a wholly owned subsidiary of Necsa, has the 
primary responsibility for the safe operation of the facility and providing the finances for operation, 
utilization, maintenance and ageing management projects.. To discharge this responsibility, senior 
management has implemented a new organizational structure supported by an integrated QHSE 
management system which: 

• Ensures that safety matters are given the highest priority; 
• Ensures that established safety policies of Necsa and the regulator are adhered to; 
• Provides a clear definition of responsibilities and accountabilities with corresponding lines of 

authority, accountability and communication; 
• Ensures that sufficient staff are employed in engineering, nuclear safety and project 

management that are experienced and competent to carry out safety-important work 
according to their appropriate education, training and skills; 

• Controls sound project management processes,, good design and engineering support, good 
quality engineering and work documentation based on good safety practices to ensure that 
projects related to plant upgrades/modifications are strictly adhered to also ensure success of 
implementation; 

• Reviews budgets to provide for financial support of all projects according to priorities allocated; 
and 

• Reviews priorities and cash flow quarterly; 
• All safety matters are monitored and regularly verified through inspections and audits.   Any 

audit findings and non-compliances are formally controlled through action plans giving 
corrective measures which are followed up until closed out. 

 
3. SAFARI-1 OPERATIONAL HISTORY 
 
The operating history (see also Figure 1 below) of SAFARI-1 is summarized below. By March 2011 
the reactor had been operational for 46 years and had produced a total of more than 3000 GWh of 
thermal energy. SAFARI-1 produced the 1st 1000 GWh within 30 years, the 2nd 1000 GWh within 8 
years and the 3rd 1000 GWh within 7 years. The last 15 years since 1996 required a high utilization for 
commercial purposes. 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 
systems for 20 MW operation. 

• 1977: Due to political pressure the US fuel supply to SAFARI-1 was stopped, prompting a 
reduction in reactor operation to 5 MW and 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. 
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• 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 to a progressive increase in reactor power higher than 5 MW. Initially at 10 MW 
but between 1995 and 2000 the power was further increased to 18 MW average, and 
ultimately to 20 MW over the last 10 years. 

• 1994: Enrichment of locally produced fuel elements was changed from MEU to HEU, with a 
235U content of 200g. 

• 1995: One 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: Two million MWh (2000 GWh) total energy production since first start up. 
• 2007: The first two LEU lead test fuel elements (340g of 19.75% enriched 235U) were 

successfully irradiated in the core. 
• 2008: Core conversion to LEU started. 
• 2009: LEU conversion of the core was completed and regulatory approval for continuous 

loading of LEU fuel was obtained in August 2009. 
• 2009: Three million MWh (3000 GWh) total energy production since first start up. 
• 2010: SAFARI-1 staff and operation responsibilities were seconded to Nuclear Technology 

Products PTY (Ltd). 
• 2010: Regulatory approval for commercial production of 99Mo from LEU target plates was 

granted. 
• 2010: Currently on 3.038 million MWh total energy production since first start up. 

 
Table 1: SAFARI-1 AVAILABILITY 

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

a) Available time [hrs] 8760 8760 8760 8784 8760 8760 8760 8784 8760 8760 

b) Operational time [hrs] (a-c-d) 7608 7446 7541 7392 7501 6982 7167 7314 7222 7361 

c) Scheduled downtime [hrs] 1089 1278 1176 1279 1214 1329 1321 1331 1499 1499 
d) Unscheduled downtime [hrs] 
(e+f) 63 36 43 113 44 449 271 115 35 6 

e) Plant unreliability [hrs] 33 11 29 25 2 349* 239* 36** 0.9 0.3 

f) Beyond plant control [hrs] 29 25 14 87*** 42 99 32 78** 34 6 

g) Load factor [%] (b/a) 87 85 86 84 86 80 82 83 82 84 
h) Loss in load factor due to 
plant unreliability [%] (e/a) 0.38 0.13 0.33 0.29 0.03 3.98 2.73 0.42 0.01 0.003 

 
* Failure of deminerilizer anion column bottom sieve and resin released into primary system. 
**  Two unreliable channels of the six safety channels caused sporadically reactor scrams. 
***  Failure of Primary Conical Strainer 
 
From Table 1, since 1996 the reactor power levels were progressively increased from an average of 
16 MW to 20 MW continuously and operation for the last nine years has averaged out at ~303 days a 
year at 20MW. Operating cycles are ~35 days (including a 5 day maintenance shut down), and one 
extended 12-day shutdown per annum. SAFARI-1 has a very good performance and reliable 
operational record. See Table 2 below for data of the last four years. 
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Table 2 

Operation Year 

2007 2008 2009 2010  

Planned operation (days) 302.5 303.5 302.5 302.5 

Actual operation (days) 306.1 303.2 301.0 306.6 

Availability (%) 100.5 99.9 99.5 101.4 

 
Figure 1 
 

 
 
4. MAINTENANCE SYSTEM 
 
The SAFARI-1 research reactor maintenance programmes were adapted since 1996 (with more 
emphasis on maintenance and personnel competency) to ensure that systems, structures and 
components (SSC) continue to operate as required and to meet the design and safety objectives. The 
maintenance procedures form an integral part of the QHSE management system and prescribes the 
principles and controls established for periodic inspections and maintenance within the SAFARI-1 
facility. This maintenance programme 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. 
 
4.1  MAINTENANCE PROGRAMMES 
 
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 adjust the paradigm of employees from a 
Monday to Friday research culture into a more complex commercial culture, operating the plant 24 
hours a day, 7 days a week, at a fixed operating schedule so as to meet customer and stakeholder 
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requirements. All maintenance procedures/activities are compliant 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. 
One of the areas was to develop, prepare and maintain maintenance programmes requiring 
maintenance at regular intervals in order to reduce the probability of failure and to suit the commercial 
programmes. Since 1997 the maintenance programmes for instrumentation, electrical, mechanical 
and reactor specific activities were optimised according to experience gained on SSC’s:  

• 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). 
• In-Service Inspection (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 programme lists responsibilities, frequencies, schedules (i.e. daily, weekly, monthly, 
yearly and more than one year), 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.  
 
4.2  MAINTENANCE SCHEDULES AND SHUTDOWNS 
  
Only approved project and related work activities for the shutdown will be taken into account in 
planning maintenance activities, due cognizance is taken of the reactor operational programme, 
maintenance programmes, ISI plan as well as the nuclear safety aspects pertaining to the 
maintenance work. A pre-maintenance shutdown meeting is held, where after (13 times per year) a 
Maintenance Shutdown Plan is issued detailing all maintenance schedules and ad-hoc inspections or 
testing to be performed during the specific shutdown. After maintenance has been completed, reactor 
operations evaluates all work performed on SSC’s, tests and/or inspections that were performed to 
ensure safe operation thereof before accepting the plant for operational purposes. 
During the post shutdown meeting 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.  
 
Maintenance 
Activity 

No. Routine 
Work/Year on 
Equipment 

No. Shutdown 
Work / Tasks 

No. Ad-hoc 
Work /Shutdown 

No. ISI Work 

Mechanical 1082 152 242 22 
Electrical 278 127 86 0 
Instrumentation 559 293 106 0 
Total 1919 572 434 22 
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5. AGEING MANAGEMENT 
  
5.1 Ageing Management Plan 
The plan for the implementation of the Ageing Management Programme was drawn up, based on 
IAEA Guideline document SSG-10 and further revisions thereof. The plan included the methodology 
for identifying, assessing, prioritising and addressing plant ageing issues.  
 
5.2 Ageing Management Assessment 
A series of IAEA Workshops on Ageing Management during 2009 and 2010 provided a valuable tool 
in the form of what is referred to as an Ageing Matrix. The matrix lists all SSCs typically found in 
Research Reactors in the vertical axis and provide a comprehensive list of ageing mechanisms (see 
section 5.7) in the horizontal axis, allowing the user to map out a plant-specific set of ageing issues in 
order to plan actions, budget and prioritize. The Ageing Matrix was used to draw up an Ageing 
Management Assessment of the SAFARI-1 Reactor that formed the basis for implementing an Ageing 
Management Programme (AMP) at the facility. 
 
5.3 Ageing Management Projects 
Any Ageing Management Projects that might arise from the above assessment are dealt with as 
follows: 

• A prioritisation methodology has been developed, and included in the Ageing Management 
Plan, against which prioritisation of projects is done.  

• Approval of Ageing Management projects are done based on processes prescribed in Necsa 
corporative SHEQ procedures, SAFARI-1 procedures and regulatory documents. 

• All Ageing Management projects shall be managed as per a project management procedures 
and SHEQ processes prescribed on the categorisation for level of SSC’s, safety 
classification and quality class level to establish the level of control and involvement of all 
parties.  

 
5.4 Licensing 
Where Ageing Management projects affect a safety critical or safety-important item, or otherwise 
affect the operating licence, the regulator forms part of the approval process for the project. In any 
event, the regulator is fully informed of all actions and a project implemented under the Ageing 
Management Programme, irrespective of whether they require regulatory approval or not, as the 
Ageing Management Projects enjoys a high profile status with all stakeholders and customers. 
 
5.5 Ageing Evaluation Task Group 
An ageing evaluation task group, headed by the Strategic Projects Manager was established to 
identify and evaluate SSCs affected by ageing, and implementing the resulting Ageing Management 
Projects. The task group consists of selected top management and section heads in the SAFARI-1 
structure and may invite any other suitably qualified and experienced person/s to assist in the 
evaluations as required from support groups within Necsa licensing and SHEQ Departments 
 
5.6 Grouping of Structures, Systems and Components (SSC) 
Ageing Management Assessment specific to the SAFARI-1 facility is based on IAEA guidelines, which 
were adjusted to fit the type of reactor and its structures, systems and components and were grouped 
into: 

 Reactor block, fuel and internals; 
 Cooling systems; 
 Confinement and containment; 
 Instrumentation and controls; 
 Power supply; 
 Auxiliaries (e.g. fire protection, crane, hot cells and radioactive waste handling); 
 Experimental facilities; 
 Non SSC; 
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 Documentation (e.g. SAR, OTS, design and management system); and 
 Staff training. 

 
5.7 Clarification of Ageing Mechanisms  
The following ageing mechanisms described were considered for evaluation, rating and allocating risk 
factors: 

 Radiation- change of properties,  
 Temperature - change of properties 
 Creep due to stress/pressure 
 Mechanical displacement/fatigue/wear from vibration, cyclic loads  
 corrosion, 
 Material deposition (e.g. crud) 
 Flow induced erosion – (e.g. orifice concrete) 
 Obsolescence -technology change damage due to power excursion and events 
 Flooding - deposition; chemical contamination 
 Fire - effects of heat, smoke, reactive gases 
 Changes in requirements legislation or acceptable standards 
 Other (time dependent phenomenon)   

 
5.8 Remedial Action and Prioritisation 
A simple mathematical model was developed to aid in the objective prioritisation of remedial actions 
and was applied throughout. The methodology followed was to allocate a score to each remedial 
action for each impact factor. The sum of these scores is then adjusted (multiplied) by a 
supplementary “Weighting Factor” on a scale of 1 to 10.  
 
For each ageing mechanism applicable to a SSC identify a corrective action (e.g. replace, refurbish, 
redesign or maintenance action). The following number of projects was identified for further evaluation 
and or implementation:  

 Ageing management projects - total 18 (e.g. reactor vessel life time, gamma channel, PLC 
systems, ventilation control systems, overhead crane and refurbish electrical equipment)  

 Development and upgrade projects (e.g. non-AMP) - total 38 (e.g. Upgrade SAR, replacement 
of beryllium reflector elements, control room annunciator system, primary temperature and 
pressure instrumentation, strainer, pool structure, core grid plate, waste and storage effluent 
tanks, further development of data logging systems, QHSE system and safety culture) 

 Upgrade and maintenance projects – total 24 (e.g. beam lines SANS, NDIFF, NRAD, foyer 
extension, workshop extension, cooling tower PLC, Mo rigs, silicon irradiation facility, 
demineralised systems, replacement electrical transformers, replacement of in-core 
components) 

 
5.  CONCLUSION 
 
An integrated QHSE management system complying with various requirements, codes and standards 
(corporate, regulatory and international) is needed to manage a nuclear facility safely and 
successfully. The integrated QHSE management system must be developed in conjunction with other 
management systems and should be effectively implemented to support the engineering, 
maintenance, and operational aspects to ensure that operational schedules are maintained. One of 
the most important objectives of a nuclear reactor is “Reactor Safety” and this can only be 
accomplished by having effectively implemented design control and project management processes, 
maintenance programmes, ageing management systems and training programmes for personnel to 
execute all activities.  
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ABSTRACT 
 

In this work, we propose an outline of a monitoring system to supervise 
variables coming from a fission nuclear reactor of TRIGA type (1-MW 
TRIGA reactor RC-1). The system can interface the control room 
instrumentation and can display the characteristic parameters (e.g. 
nuclear power, temperatures, flow rates, radiological parameters) in an 
intuitive, user-friendly way for plant operators.  This aim is achieved using 
the Labview development environment. A front panel of a virtual 
instrument allows for a direct measure and a check that would not be 
possible by only reading the output data coming from the instruments of 
the control room, because of their standards and strict safety regulations. 
The acquisition system, for signals coming from the reactor, can process 
data and generate a detailed representation of the results. Statistics 
resulting from data analysis will be interpreted to optimize reactor 
management parameters. This system also includes a simulation tool to 
predict specific performances and investigate critical phenomena, or to 
optimize overall plant performances. In particular, it allows to have a 
feedback control and to perform predictive statistical surveys of all main 
process parameters. 

 
 
 
1. Introduction 
 
In a Nuclear Power Plant (NPP) the problem of supervising and control is crucial for 
enhancing all monitoring and operation tasks. In the last years, supervisory systems tend to 
become more and more totally digital, thus providing more advanced operational and 
maintenance functionalities, together with a greater cost-efficiency. As a matter of fact, a lot 
of working reactors are partially or totally supervised and controlled by analogue systems. In 
order to improve the Human-Computer Interface (HCI) for the so-called “old generation” 
plants, it could be worthwhile to introduce simple supervisory systems based on general-
purpose technology but able to satisfy the reliability requirements demanded by NPP 
equipment. The simplest way to test such a system is in the context of a research reactor, 
due to its inherent capability of mimic a real nuclear power plant and to this purpose 
designed for use by scientific institutions and universities.The purpose of this paper is to 
present a tool for monitoring and supervising variables coming from a fission nuclear reactor. 
This supervisory system has been tested and validated on the basis of the control system for 
the 1-MW TRIGA reactor RC-1 at the ENEA, Casaccia Research Center. In Section 2 we 
present a description of the reactor, with a particular focus on the Control andInstrumentation 
aspects. In Section 3 we describe how the supervising tool has been designed and 
implemented. The potentiality of the simulation tool and some preliminary results of the 
validation process on TRIGA reactor control room are presented in Section 4. Finally, we 
discuss results and open problems in the conclusion section.   



 
2. TRIGA reactor RC-1 
 
TRIGA RC-1 is a pool thermal reactor having a core contained in an aluminium vessel and 
placed inside a cylindrical graphite reflector, bounded with lead shielding [1], [2]. The 
biological shield is provided by concrete having mean thickness of 2.2 m. Demineralized 
water, filling the vessel, ensures the functions of neutron moderator, cooling mean and first 
biological shield. 
Reactor control is ensured by four rods: two shims, one safety fuel-follower rods and one 
regulation rod. 
Produced thermal power is removed by natural water circulation through a suitable thermo-
hydraulic loop including heat exchangers and cooling towers. In Tab 1 some irradiation 
facilities are listed. 
 

Description Neutron flux 
[n/cm2/s] 

Rotating rack (40 positions) 2.0·1012 
Pneumatic transfer system 1.25·1013 
Central channel 2.68·1013 
Thermal column collimator ~1.0·106 
Tangential piercing channel (w/o) 
collimator  ~1.0·108 

 
Tab 1: Irradiation facilities 

 
The core and the reflector assemblies are located at the bottom of an aluminium tank (190.5 
cm diameter). The overall height of the tank is about 7 m, therefore the core is shielded by 
about 6 m of water. The core, surrounded by the graphite reflector, consists of a lattice of fuel 
elements, graphite dummy elements, control and regulation rods. There are 127 channels 
divided in seven concentric rings (from 1 to 36 channels per ring). The channels are loaded 
with fuel rods, graphite dummies and regulation and control rods depending on the power 
level required. One channel houses the start-up Am-Be source, while two fixed channels (the 
central one and a peripheral) are available for irradiation or experiments. A pneumatic 
transfer system allows fast transfer from the peripheral irradiation channel and the 
radiochemistry end station. 
The diameter of the core is about 56.5 cm while the height is 72 cm. Neutron reflection is 
provided by graphite contained in an aluminium container, surrounded by 5 cm of lead acting 
as a thermal shield. The fuel elements consist of a stainless steel clad (AISI-304, 0.05 cm 
thick, 7.5 g/cm3 density) characterized by an external diameter of 3.73 cm and a total height 
of 72 cm end cap included. The fuel is a cylinder (38.1 cm high, 3.63 cm in diameter, 5.8 
g/cm3 of density) of a ternary alloy uranium-zirconium-hydrogen (H-to-Zr atom ratio is 1.7 to 
1; the uranium, enriched to 20% in 235U, makes up 8.5% of the mixture by weight: the total 
uranium content of a rod is 190.4 g, of which 37.7 g is fissile) with a metallic zirconium rod 
inside (38.1 cm high, 0.5 cm in diameter, 6.49 g/cm3 of density). There are two graphite 
cylinders (8.7 cm high, 3.63 cm in diameter, 2.25 g/cm3 of density) at the top and bottom of 
the fuel rod. Externally two end-fittings are present in order to allow the remote movements 
and the correct locking to the grid.The regulation rod has the same morphological aspect as 
the fuel rod: the only difference is that instead of the mixture of the ternary alloy Uranium-
Zirconium-Hydrogen there is the absorber (graphite with powdered boron carbide). The 
control and safety rods are "fuel followed": the geometry is similar to that of the regulation rod 
but with fuel element at its bottom. The graphite dummies are similar to a fuel element but 
the cladding is filled with graphite. Fig 1 shows an horizontal section of the reactor. 
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ABSTRACT 
 

The decommissioning of nuclear facilities, especially research reactors, can be 
facilitated, with significant reduction of the costs and amount of wastes, if suitable 
choice of the employed materials and their chemical composition is made during 
the design phase. It deserves special attention the reactor regions where activation 
of materials is possible, since the presence of determined elements in the 
composition of alloys and structural materials can affect significantly the future 
decommissioning. Then, the proper selection of the materials and their chemical 
composition and respective allowances will reduce the impact in the future 
decommissioning costs, amount of high level wastes generated during the process 
and in the safety of the involved personnel. In this paper is presented a review of 
the main criteria employed in the choice of materials used for fuel elements and 
structural components for research reactors. 

 
 

1. Introduction 
The shutdown of a research reactor and their related supporting facilities, such as 
radioisotope production and waste treatment facilities, leaves an important nuclear 
decommissioning legacy. Interest for reducing the residual radioactivity in construction 
materials employed in research reactors evolves from the impact that this reduction will have 
in the decommissioning and dismantling future activities. To facilitate future research 
reactors’ dismantling and decommissioning projects some recommendations, such as  the 
clearance levels of the most important isotopes for different materials employed in the 
reactors’ construction, should be included in the regulatory norms and procedures on 
national and international levels.  The decommissioning of nuclear facilities, especially 
research reactors, can be facilitated, with significant reduction of the costs and amount of 
wastes, if suitable choice of the employed materials and their chemical composition is made 
during the design phase. Regarding the decommissioning issues involved in the design of a 
new research reactor, the main concern should be to take into account the lessons learned 
and the worldwide accumulated experience in the decommissioning of such facilities [1] 
avoiding mistakes and reducing the amount of problematic wastes in the future. 

 
2. Brazilian regulatory procedures regarding research reactors 

In Brazil, CNEN is the Regulatory Body in charge of regulating, licensing and controlling 
nuclear energy. Since 2000, CNEN has been under the Ministry of Science and Technology - 
MCT (Ministério da Ciência e Tecnologia). Some of CNEN responsibilities include: the 
preparation and issuance of regulations on nuclear safety, radiation protection, radioactive 
waste management, nuclear material control and physical protection; licensing and 



authorization of sitting, construction, operation and decommissioning of nuclear facilities;  
regulatory inspection; acting as a national authority for the purpose of implementing 
international agreements and treaties related to nuclear safety, security and safeguards; 
participating in the national preparedness and response to nuclear emergencies.  

The Brazilian legislation defines the operating organization as the prime responsible for the 
safety of a nuclear or radioactive installation, including the management of spent fuel and 
radioactive waste. The licensing regulation CNEN-NE-1.04 establishes that no nuclear facility 
shall operate without a license. It also establishes the necessary review and assessment 
process, including the specification of the documentation to be presented to CNEN at each 
phase of the licensing process. It finally establishes a system of regulatory inspections and 
the corresponding enforcement mechanisms to ensure that the licensing conditions are being 
fulfilled. The enforcement mechanisms include the authority of CNEN to modify, suspend or 
revoke the license. The licensing process is divided in several steps: Site Approval;  
Construction License; Authorization for Nuclear Material Utilization; Authorization for Initial 
Operation; Authorization for Permanent Operation; Authorization for Decommissioning 
Federal Law 9756, approved in 1998, establishes taxes and fees for each individual licensing 
step, as well as for the routine work of supervision of the installation by CNEN. Other 
governmental bodies are involved in the licensing process, through appropriate 
consultations. The most important ones are the Institute for Environmental and Renewable 
Natural Resources (Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais 
Renováveis - IBAMA), in charge of environmental licensing [2].  

Nevertheless, Brazil does not have yet a national regulation that establishes rules for 
decommissioning of nuclear facilities and no decommissioning policy has been adopted until 
now regarding research reactors. As the Brazilian nuclear program and related facilities are 
relatively new in comparison with other countries, it should be taken into account the 
international experience for the decommissioning of shut down nuclear facilities.  These 
activities have increased within the last ten years and are constantly increasing as older 
facilities retire and the need for their dismantling or safe enclosure becomes prominent.  

 
3. Decommissioning requirements for research reactors and nuclear facilities 
Decommissioning of large facilities such as research reactors and associated units is a 
technically complex task and has significant implications for the local social and economic 
situation. Regulatory requirements are an opportunity to improve the technical aspects of 
design, construction and operation of nuclear installations, and they will affect the safety and 
the decommissioning costs of such facilities. Many issues should be solved before 
successful decommissioning can be achieved and include clearly defined regulatory 
requirements for decommissioning of nuclear facilities. 
Decommissioning is defined to include all activities after the final termination of operation of a 
nuclear facility. Decommissioning consists of: the final shut down of a nuclear facility; 
sometimes followed by transferring it into safe store condition; decontamination and 
dismantling of systems and components; demolition of some or all of the buildings; the 
clearance and release of the site to the green-field state if possible. 

The phase of decommissioning is the last life cycle phase of a nuclear facility. All these 
activities are considered to be kept under regulatory control, in continuation from the 
operational phase. This includes licensing procedures where legally required or regulatory 
approval as well as regulatory inspection by the authorities. Some countries are planning to 
introduce further legal requirements for licensing of decommissioning activities and develop 



corresponding standards and guidelines. In general, most countries see the need for more 
precise legal requirements and regulatory guidelines to regulate or license and to inspect 
decommissioning activities of nuclear facilities [3]. 
 
4. Clearance of waste material - release and clearance criteria 

An important feature of decommissioning is the possibility to clear waste material for 
recycling, reuse or conventional disposal. The clearance might be unrestricted or subject to 
conditions after clearance e.g. a prescribed installation for processing or disposal. Related 
regulations for this, i.e. clearance criteria and procedures, are developed and applied in 
almost all countries. The clearance criteria are in most cases based on the internationally 
agreed criteria for the resulting radiation exposure. 

Related to future regulatory requirements for new projects, some countries develop further 
requirements for licensing of decommissioning activities and develop corresponding 
standards and guidelines. For instance, the members of the European Union are in the 
process of introducing the EURATOM 96/29 directive into their legal framework. In general, 
most countries see the need for more precise legal requirements and regulatory guidelines to 
regulate or license and inspect decommissioning activities of nuclear facilities. 

Is interesting that, even in Europe, most countries have no specific regulations in place and 
some countries plan to introduce a licensing regime for decommissioning. Decommissioning 
is regulated mostly on a case by case basis by approval of the regulatory body similar to 
plant modifications. Safety reviews for these activities are generally required. Some countries 
require submission of preliminary decommissioning considerations (feasibility study) as a 
license condition already for operation. Such data are to be revised regularly. In all countries 
the regulatory bodies continue to be in charge of regulating safety and radiation protection as 
the plants change over from operation to decommissioning activities. The relevant 
regulations (safety, requirements, rules, standards), normally applicable to construction and 
operation, continue to be valid also for decommissioning, sometimes including adaptations or 
amendments as appropriate [3,4]. 

An important aspect of the decommissioning task is to describe the specific activity and 
surface contamination clearance criteria and clearance procedures for the release of waste 
material for unrestricted use, and authorized reuse. The release of waste material (containing 
radioactivity below prescribed limits) for unrestricted use, conventional disposal, recycling or 
reuse is possible in most of countries. By this provision the amount of radioactive waste to be 
disposed off can be kept small. If necessary, the release of waste material is regulated on a 
case by case basis. 

Some countries have not yet established release and clearance criteria and procedures but 
are in progress of developing such criteria. In most countries release criteria refer to the 
international criteria discussed at the IAEA or the European Union. The international criteria 
are based on a dose of the order of 10 µSv/y to the public for each practice of release 
pathways. The development of an integrated approach for clearance criteria to release waste 
material from licensed activities taking into consideration the fundamental international 
guidance on acceptable radiation exposure is commendable practice. 
 
5. Specifications and allowances for research reactors materials 

The commendable practices are not international standards or guidelines. The preparation of 
an efficient, safe and economic decommissioning project begins during the design phase, 



since a lot of problems can be avoided by the proper choice of construction materials, mainly 
those employed in regions subjected to activation. 

The decommissioning items listed below should be considered already during design and 
construction of the reactor or for any modernization or refurbishment during the operational 
life. These items include: - Minimizing the potential for activation of the materials and / or 
contamination; - Provision of equipment and systems in order to have adequate space to 
allow for the easy implementation of decommissioning activities; - Management of 
radioactive waste to be generated during the lifetime of the reactor to minimize the need for 
treatment and disposal during the decommissioning. 

Therefore, a design principle related to decommissioning to be adopted is that the design of 
the reactor facility must minimize contamination and activation of components. The design of 
the reactor facility should take into account the need of monitoring the parameters, during the 
life of the reactor, that can affect the inventory of radioactivity and the radiological factors 
needed to estimate the potential radiation levels during the decommissioning phase. 
Materials near the reactor core or passing through it are activated and become sources of 
contamination and/or activation of other materials. Of particular importance to the 
decommissioning activities is the reduction of the amount and intensity of radiation sources 
existing in the reactor building. 

The neutron flux generated in the reactor core induces radioactivity in materials nearby. At 
the time of decommissioning, it is advisable to plan a period of decline prior to handling these 
materials in order to decrease the dose to workers and decrease the volume of tailings. 
Still in design phase or during the reforms, the choice of materials should take into 
consideration the following characteristics: physical properties depending on operational 
requirements; Mechanical properties to ensure good performance of the material; the range 
of possible activation products that can be generated and half lives; for those materials in 
contact with water, consider the resistance to corrosion. 

An important recommendation is that materials which are subject to high neutron fluxes must 
be specified according to nuclear standards, because they restrict the presence of impurities 
that raise the levels of radiation. The main characteristics of some materials used in this type 
of project are presented bellow. Aluminum alloys are used preferably in materials subjected 
to high-flow regions in the reactor, since Al has low cross-section of neutron capture and 
good mechanical performance under neutron radiation. These alloys are widely used in the 
manufacture of the plate array and other reactor components. The main advantage is that 
most of the isotopes resulting from irradiation of Al have a short half life, being 24Na the main 
one. Therefore, these components can be handled as low-activity waste in a relatively short 
space of time after the final shutdown of reactor. The zirconium alloys 
have benefits under neutron irradiation, and mechanical properties (low absorption cross 
section and high resistance under neutron flux). These alloys must be manufactured to 
standards for nuclear pattern, limiting the content of hafnium as an impurity. Nevertheless, 
the irradiation produces radionuclides with longer half life than the aluminum alloys such as 
60Co, 125Sb and 93mNi. The stainless steel is a material with excellent corrosion resistance and 
has been used in various structures of the reactors. Despite the use of special alloys with low 
cobalt content, the activation products such as 60Co, 51Cr, 55Fe, 59Fe, 56Mg, make these alloys 
difficult to handle before the decay, and therefore usually require the use of shields. 
Therefore, the use of these alloys has been avoided, particularly in regions of high flow.  
The concrete that is used as shielding has small amount of impurity such as iron, cobalt and 
europium which tend to become radioactive under intense neutron flux. Wherever possible, 



activation sources should be positioned away from concrete bioshields or other shield walls 
in order to reduce the quantity of activated concrete. Given the nature of the materials that 
make up concrete, it is difficult to source these so as to reduce activation [5]. 

  
5. Conclusion 

Designing for decommissioning is the best long term facilitator of the decommissioning 
process [6,7]. In reactors, the trace elements that are always present in construction material 
will be activated in a neutron flux. The resulting radioactive isotopes contribute to operational 
doses (e.g. 60Co) and can become significant for waste management (e.g. long lived isotopes 
such as 36Cl from graphite and 14C from most construction material). It may not be practicable 
or cost effective to eliminate relevant trace elements entirely, but care should be taken in 
construction material selection and samples should be retained for future analysis to support 
characterization campaigns for decommissioning; for example, the use of aluminum rather 
than stainless steel for research reactor containment tanks reduces the quantities of low and 
intermediate level waste (LILW), since all commercial stainless steels contain significant 
quantities of elemental cobalt (although most aluminum alloys contain some residual traces 
of cobalt) [8]. The international exchange of information concerning the specifications and 
allowances of materials employed in the construction of components of research reactors is 
of fundamental importance for the reduction of the waste volume and for workers safety 
during the decommissioning phase. The international availability of information on 
specifications and tolerances for the materials used in research reactors should be 
encouraged and emphasized. 
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Abstract 
 
The thermal column of the TRIGA reactor in Mainz is being used very effectively for medical 
and biological applications. The BNCT (boron neutron capture therapy) project at the 
University of Mainz is focussed on the treatment of liver tumours, similar to the work 
performed in Pavia (Italy) a few years ago, where patients with liver metastases were treated 
by combining BNCT with auto-transplantation of the organ. Here, in Mainz, a preclinical trial 
has been started on patients suffering from liver metastases of colorectal carcinoma. In vitro 
experiments and the first animal tests have also been initiated to investigate radiobiological 
effects of radiation generated during BNCT. For both experiments and the treatment, a 
reliable dosimetry system is necessary. From work elsewhere, the use of alanine detectors 
appears to be an appropriate dosimetry technique. 

 



Introduction 
 
Every second patient, suffering from colorectal carcinoma, gets metastasis in the liver. For 
half of them the liver is the only organ where metastases occur. Therapy, such as resection, 
conventional radiotherapy or local ablation, is only available in 25 % of these cases (for 10% 
of the total number of patients), caused by the location and the number of the metastases [1]. 
Extended involvement of the liver by primary and secondary cancer is life limiting even if the 
tumour is confined to this organ. So far in this situation only palliative treatment using 
chemotherapy is applicable. For a large group of patients, who are not suitable for a curative 
therapy, BNCT could be a promising alternative.  
In 2001 and 2003, at the TRIGA in Pavia (Italy), two patients with liver metastases were 
treated successfully by combining BNCT with auto-transplantation of the organ. This led to a 
BNCT project focussed on liver tumours to be applied at the TRIGA Mainz [2, 3]. The 
successful treatments in Pavia gave rise to the assumption that BNCT could be a beneficial 
option for a large number of patients suffering from primary and secondary cancer. Taking 
also into consideration the treatment options of hepatocellular carcinoma (HCC) and 
intrahepatic cholangiocarcinoma (CCC), about 12,000 patients per year in the European 
Union could profit from this kind of treatment. Therefore, at the University of Mainz, a 
multinational research consortium conducts research in BNCT to explore the possibilities of a 
curative treatment of the liver.  
BNCT is a biologically-targeted form of radiotherapy, which uses the ability of the isotope 10B 
to emit He-4 (alpha) particles and Li-7 recoil ions following the capture of thermal neutrons 
with a very high probability (cross-section: 3837 barn). The fragments produced in this 
reaction (10B(n, )7Li) have high linear energy transfer (LET) properties and a high relative 
biological effectiveness (RBE) relative to photon irradiation. The range of these particles in 
tissue is limited to 8 and 5 µm, respectively, thus confining the destructive effects to about 
one cell diameter. Therefore, if the 10B can be selectively delivered to cancerous tissue, the 
short range of the high LET charged particles offers the potential for a targeted irradiation of 
individual tumour cells while the healthy liver parenchyma would be spared [4]. 
The critical prerequisite to achieve this effect is a sufficient concentration of 10B inside the 
target cells. Such a concentration is achieved by a 10B-carrier, which is administered to the 
patient, which shows a high uptake rate in the specifically targeted cells. The uptake of the 
tumour cells has to be higher ( 3) compared to the uptake in the surrounding healthy tissue, 
which causes the dose to the tumour to be much higher than the dose to the healthy tissue. 
Only in such a case, a lethal damage is inflicted to the tumour while the healthy tissue 
remains intact. For this task, the boron compound, 4-borono-phenylalanine (BPA), is a 
suitable choice.  
 
 
Clinical Study to determine the boron uptake 
 
For successful treatment, it is necessary to identify the kind of tissue or cells, where the 
ionised radiation is generated. Furthermore, knowledge of the differences of the boron 
concentration in cancerous and healthy tissue is required to calculate the correct dose 
released by ionising radiation in the different tissues. Work is currently in progress on a 
pharmacokinetic study with 15 patients at the Department of Transplantation Surgery of the 
University of Mainz, to investigate the uptake of the boron carrier under conditions identical to 
the proposed therapeutic situation in prospective patients [5].  
During surgery, blood and tissue samples of the tumour and the tumour free liver are taken to 
assess the pharmacokinetic behaviour of the BPA. Blood samples are measured with prompt 
gamma ray analysis (PGAA) and quantitative neutron capture radiography (QNCR). PGAA 
measurements have been performed at the HFR in Petten, The Netherlands [6] and at the 
FRM II in Munich, Germany [7]. Figure 1 shows the results of the blood samples for the first 
four patients in the preclinical trial for both facilities [8]. 
  



Fig. 1. Pharmacokinetic curves for Patient 1 (dashed); Patient 2 (dotted); Patient 3 (solid); 
Patient 4 (dashed-dotted)

While PGAA is a spectroscopic method that cannot perform a local selective analysis, 
radiography is a method to visualize the distribution of particular isotopes by image analysis. 
This can be done qualitatively and quantitatively using adequate standard reference 
materials. These images are obtained from the irradiation of a particular solid state detector, 
more specifically, a polyallyl-diglycol-carbonate polymer film (TASTRAK, CR-39), which is 
sensitive only to charged particle radiation. On such films, cryo-sections are mounted from 
cut samples. Upon irradiation, the fragments produced during the 10B(n, )7Li reaction leave 
so called “latent tracks” on the surface of the films, which are made visible by etching. 
Hence, a precise image of the concentration distribution inside the tissue slices is created.  
With this method it is possible to determine the boron concentration on the millimetre scale. 
This has a greater advantage compared to other methods in BNCT, which very often perform 
bulk-analysis of tissue samples, where local information is inevitably lost. 
Tissue samples obtained from tumour-free tissue were also measured with PGAA, as to 
confirm the results of the QNCR analysis. Tumour samples were excluded, as with PGAA, it 
is not possible to determine the spatial distribution within the analysed sample, which was 
crucial for the analysis. Tumour-free liver tissue provides eligible sample material, as it is 
very homogeneous in its cellular structure and composition. The analysis of the same 
samples with all three methods showed a good correlation, especially for the measurements 
with PGAA (Fig.2). 
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Fig 2: Results from the tumour-free tissue samples of the first four patients (ppm 10B),
samples measured in Petten, Munich and Mainz.

The regions of cells in tumour and tumour-free tissue were analysed by QNCR and in parallel
characterised by the pathologist to be able to deduce a cell-type dependence of the boron
enrichment. The data vary greatly between the different types of cells. As expected, the 
uptake is highest in metabolic active tumour tissue (20 to 34 ppm) and lowest in necrotic
tissue (4 to 7 ppm), compared to an uptake of 7 – 11 ppm in tumour-free liver tissue.



Neutron irradiation of cell cultures 
 
Currently, at the thermal column of TRIGA Mainz, experiments with human hepatoma cell 
lines are carried out to expand the research on the treatment of liver cancer in the BNCT 
project. To estimate an organism’s or complex organ’s reaction of a therapeutic radiology, 
either animal or alternative cell experiments are required. For both experiments, the thermal 
column is an excellent facility, and a standard protocol for further trials has been created.  
In particular, results of experiments with human liver cells correlate more with results of 
human in vivo analyses than with animal experiments. For this purpose, the cell line Huh7 
was selected, which stems from a well-differentiated hepato-cellular carcinoma. The cell 
culture media were treated with p-borono-phenylalanine enriched with 99% 10B before the 
cells were irradiated in the thermal column. The aim of the cell experiment was to calculate 
the survival of cells depending on different doses, incubation times and boron concentration. 
The survival curves allowed the determination of a relative biological effectiveness (RBE) 
specific to the liver, which is an important parameter to evaluate later for the radiotherapy. So 
far, the experimental findings prove qualitatively the ability to deprive HuH7 cells of their 
proliferation abilities. To derive RBE values from our data, a more precise follow-up study will 
be required to collect more data for the creation of a cell survival calculation model. 
Additionally, the first experiments were carried out to prove the selective enhancement of the 
BPA uptake into the same cells by stimulation of the metabolic pathways by preloading of the 
cells by supposedly, metabolically-similar acting structural analogues. For that purpose, L-
DOPA and L-tyrosine were chosen. As a result, a significant enhancement of the BPA-uptake 
in HuH7 cells by preloading with L-DOPA or L-Tyrosine was achieved. Nevertheless further 
experiments with longer incubation times will be carried out to improve the results and animal 
tests are in preparation. 
 
 
Dosimetry in mixed neutron and gamma fields 
 
During treatment of the liver, the irradiation will need to be performed outside of the body, as 
otherwise there would be relevant tissue damage inflicted to the surrounding organs and 
tissues by neutron and gamma radiation from the radiation source. The organ was therefore 
explanted, after infusion of BPA in the operating theatre, and then irradiated in a suitable 
facility, such as the thermal column of a research reactor. Monte Carlo simulations have 
demonstrated the potential for an effective BNCT treatment for extracorporeal livers 
irradiated in the modified thermal column. Simulation of the gamma dose has shown the 
necessity to shield the organ from all sides, due to the secondary gamma photons induced 
within the graphite of the thermal column, which contribute considerably to the total gamma 
dose [9].  
To monitor the mixed neutron and gamma field in the thermal column, an alanine detector 
system was established and tested [10]. The alanine pellets had a diameter of 5 mm and a 
thickness of 2 mm, consisting of 90% finely-grained, crystalline alanine powder. Irradiation of 
alanine forms the stable radical CH3–C H–COOH. Using an electron spin resonance (ESR) 
reader, the radical electron at the carbon atom can be detected. The value of the ESR signal 
correlates to the amount of absorbed dose. 
The dose in each pellet correlates to an equivalent gamma dose by a factor called relative 
effectiveness (RE). To determine the RE values and to predict the dose for each pellet, the 
Hansen & Olsen alanine detector response model is used together with FLUKA, a 
multipurpose transport Monte Carlo code, able to treat particle interactions up to 10,000 TeV. 
The only information needed for the calculations is the neutron and gamma spectrum for the 
TRIGA Mainz and the description of the thermal column. 
Figure 2 a) and b) shows the results of the dose measurements in a phantom and a resected 
liver in the thermal column and the connected simulations with the two codes. The RE value 
was determined to be 0.83 ± 0.07. The presented data are preliminary and calculations are 
still being improved. 
 



 

    
Fig. 2. First results of the dose measurements (green) and simulations (MCNP – red, 
FLUKA – blue) (a) position for a phantom along the phantom length axis and (b) along the 
liver length axis 
 
 
Conclusion 
 
The BNCT project at the University of Mainz is focussed on the treatment of liver tumours. 
The thermal column of the TRIGA Mainz is an excellent facility to conduct in vitro 
experiments, and a standard protocol for further trials has been created. In particular, a 
preliminary clinical trial is conducted to explore BPA pharmacokinetics and boron 
concentration behaviour in patients suffering from liver metastases. So far, the results from 
the first four patients have been achieved. The study will continue with changes in some 
study parameters and will be extended to hepatocellular carcinoma (HCC) and 
intrahepatic cholangiocarcinoma (CCC). From measurements taken at the PGAA facilities 
at Petten and Munich, it was possible to obtain the pharmacokinetic curves for the blood 
concentrations. The results from each facility for both blood and tissue samples show a good 
agreement and also a good correlation between the surgical procedure and the boron 
concentration in the blood. With the QNCR it could be demonstrated that the BPA uptake into 
cells depends on the cell type. In-vitro experiments together with preloading with either L-
tyrosine or L-DOPA can enhance the BPA-uptake in HuH-7 cells. To understand this 
mechanism, more knowledge and research on the molecular biological processes is 
necessary. 
Alanine pellets are able to measure the dose values in the mixed neutron and gamma field in 
the thermal column. The application of the FLUKA and MCNP codes allows the simulation of 
neutron fluences and absorbed doses for these pellets. With further investigations, it will be 
possible to develop a reliable dosimetry monitoring system for a liver treatment and in vitro 
experiments at the TRIGA Mainz. To increase the sensitivity of the alanine to thermal 
neutrons, the alanine in the detectors shall be modified with boron to give a higher thermal 
neutron dose in the pellet, which would lead to even more detailed dosimetry results. 
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ABSTRACT 

This paper deal with the research and develop(R&D) on Control Rod Magnetic Suspension 
Drive Mechanism(MSDM) of CARR. The MSDM is made up of tube, coil, armature, step 
motor, lead screw etc. . The MSDM use electromagnetics as its main principle. The open 
solenoid electromagnet technique is employed to implement suspension function. It has 
advantages of high drive precision, high safety feature, good running reliability, easy 
maintenance and good economical property. The R&D process of MSDM has three phases 
including single coil electromagnet, principle prototype and engineering prototype. 

Key words: Control rod; Magnetic Suspension; Drive Mechanism; single coil 
electromagnet; principle prototype; engineering prototype 

1 Introduction 
The China Advanced Research Reactor (CARR), composed of reactors, auxiliary systems 

and testing facilities, is a safe, reliable and multifunctional research reactor with high 
performance. The CARR is a large-scale nuclear science project providing an important 
testing platform for nuclear science and research of China. The Control Rods Magnetic 
Suspension Drive Mechanism (MSDM) of CARR is researched and developed independently 
by the Institute of Nuclear Energy Technology (INET) of Tsinghua University in China. The 
MSDM is a new type of electromagnetic apparatus, as well as is a completely new scheme for 
reactor control rod drive, in China. This paper presents MSDM’s system composition, 
operating principle, R&D processes and the main features. 
2 System Composition[1] 

 

Fig 1. MSDM principle sketch 
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1-tube; 2-coil; 3-step motor; 4-lead screw; 5-armature; 6-linkage; 7-shell; 8-control rod; 9- 
in-core; 10-buffer. 

The MSDM system mainly is made up of ten parts, shown in the principal sketch (Fig 1). 
The tube(1) guarantees the reactor’s pressure border integrity. The armature(5) and linkage(6) 
are in the tube. The linkage is used to connect armature and control rod(8).  

The coil(2), step motor(3) and lead screw(4) are outside the tube. The lead screw is 
connected to the coil, and they are driven by the step motor.  

At the bottom of tube, a buffer(10) is set to protect the control rod when it shuts down. 
3 Operating Principle[1] 

The Control Rods Magnetic Suspension Drive Mechanism is designed mainly based on 
the electromagnetic principle. The key technique is the Open Solenoid Electromagnet 
technique, which is used to implement suspension function. 

The MSDM’s operating principle is as following:  
Firstly, the coil(2) which is outside of tube(1) is turned on by power supply, and the 

armature(5) which is inside of tube will be pulled together with coil by electromagnetism. In the 
other words, the armature is suspended by the electromagnetism. When the coil is moving, 
the armature will move with it, which drives the movement of the reactor control rod(8). 

Then the step motor(3) is powered on, and it rotates the lead screw(4). The coil is thus 
able to move up and down along the lead screw. The MSDM implements the function of 
reactor control in this way. 

When the coil or step motor power is shut off, the control rod will drop to in-core(9) by 
gravity in case of emergency. 
4 MSDM R&D Processes 

R&D process on the MSDM includes three phases. In order to understand the 
performance of the Open Solenoid Electromagnet, the single coil electromagnet was studied 
firstly; the principle prototype was then designed for the purpose of dealing with some 
unsolved problems in the single coil electromagnet study such as overall structure 
practicability, space limitation, drive element selection etc.; as well as some predicted 
problems that must be considered in the engineering prototype design such as the static 
property and dynamic property. The property experiment on principle prototype was carried 
out. Thirdly, the engineering prototype was designed and manufactured. The test for the 
control rod drive line performance, full-life and anti-seismic were accomplished. 
4.1 Study on Single Coil Electromagnet [2] 

 
Fig 2. Single Coil Electromagnet 
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Finite Element Analysis (FEA) is employed to study the open solenoid electromagnet 
technique. In order to make sure the functional performance of the open solenoid 
electromagnet, we designed and fabricated the single coil electromagnet as shown in Fig 2. 
Series tests, such as rigidity experiment, carrying capacity experiment, turn off response 
experiment and temperature experiment etc. were carried out. 

The results of the single coil electromagnet experiment indicate that: 
 The equilibrium temperature of the coil which is air-cooled is about 65 

Centigrade when the current of coil is 1.5A. 
 The maximum carrying capacity is larger than 100kg. 
 The single coil electromagnet has good shut off response ability. The time 

between coil power off to control rod begin drop is about 0.047s. 
 The rigidity of electromagnet is about 100N/mm. 

4.2 Principle Prototype Study[3,4] 

     
 After the single coil electromagnet study, with the consideration of overall structure 
practicability, space limitation, drive element selection etc., we designed the principle 
prototype which combined three single coil electromagnets together and include tray, linkage, 
step motor, tube, armature, lead screw, frame, buffer etc. as shown in Fig 3. The distance of 
run is 200mm.  
 A test-bed was built as shown in Fig 4 after the principle prototype machining is ready. In 
the test-bed the static property experiment and dynamic property experiment were carried out 
regarding on some predictable problems in engineering prototype design.  

The results are as follow:  
 The carrying capacity is linear with the coil electric current. The maximum 

carrying capacity meets the demand of design which shall be not less than 
300kg. 

 The rigidity, which varies with load and current, has an optimum value. 
 The electromagnet coil has a good heat radiation property.  
 The drive system runs smoothly and do not have significant vibration; steady 

transform can be achieved under all kind of work conditions. 
 The location precision and dynamic carrying capacity meet the demand of 

 
Fig 4. Principle prototype test-bed 

 

Step moto

Frame

Lead Scew

Tube 

Coil 

Linkag

tray

Buffer 

Arma

Tray 

Linkage 

Step motor 

Tube 

Coil 

Armature 

Lead Screw

Frame 

Buffer 

 
Fig 3. Sketch for the principle prototype
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design. 
 Armature displacement needs offset when it is measured indirectly, and the 

offset value is related with load and electric coil current. 
4.3 Engineering Prototype Study 
 The structure of coil and machine are improved regarding to the problem which appeared 
in the principal prototype study. Moreover, several engineering factors were taken into 
account, such as the motor and the rod overtravel-limit switch, rod position indicator, refuelling 
device, inservice inspection etc.. The engineering prototype in accordance with the ratio of 1:1 
was then developed, shown in Fig 5-A. Its distance of run is 920mm.  

A test system was built up. Fig 5-B shows the testing frame and testing loop. The 
following tests were carried out: MSDM’s performance, drive line performance, 2000 times 
normal running, 2000 times shut off. The shut off time is less than 1.0s; the rod kinematic 
accuracy can be controlled less than 0.1mm; and the other qualifications such as carrying 
capacity, shut off response ability, coil temperature, operating property etc. completely meet 
the expectance. 

After the drive line performance and life testing experiments, anti-seismic test were 
employed. Fig 5-C shows the seismic test frame. The control rod was shut off 
before/during/after the seismic events, which included 5 Operating Basis Earthquake (OBE) 
and 1 Safe Shutdown Earthquake (SSE). All shut off times met the requirement, and all 
system parts kept the structural integrity. 

     
Fig 5. Test photo      Fig 6. Engineering plan in CARR 

Based on the results of the tests, we designed the engineering plan for the CARR project. 
Fig 6 indicates the MSDM arrangement design in CARR, and the Fig 7 is final appearance of 
the MSDM. 

 
Fig 7. Engineering design photo 
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 The installation of MSDM in CARR has been completed and CARR has reached critical in 
May 2010. The operation of MSDM has shown good safety and functional performance.  
5 Main Features of MSDM 

The MSDM’s main features are as follow: 
 Continuously movement rather than step movement was achieved using lead 

screw, pinpoint controlled by step motor. The rod kinematic accuracy is lower 
than 0.1mm. 

 The drive system runs smoothly and do not have significant vibration, steady 
transform can be achieved under all work conditions. 

 Good shut off response ability; the time between coil power off and control rod 
begin to drop is 0.047s. 

 The electromagnet coil has a good heat radiation property. When coils total 
current is 4.5A, the coil temperature was about 65 Centigrade.  

 The system has advantages of low current and large carrying capacity with the 
maximum capacity larger than 300kg. 

 There is no mechanism inside the boundary of reactor main loop. The structure 
of the driving chain is simple and is able to operate safely and reliably.  

 All mechanism are located outside the boundary of reactor main loop, and use 
normal drive equipment and material; so it is easy to maintain, and has good 
economy. 

 The shut off time is less than 1.0s. 
6 Conclusions 

Because the MSDM has the superiority of high drive precision, high safety, good 
operating reliability, easy maintenance and economical property, the CARR choose it as its 
control rod drive mechanism. Moreover, the MSDM can be applied in not only pool reactor but 
also shell reactor. It can drive from top to bottom or vice versa. Therefore we believe MSDM 
can contribute to more reactors. 
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ABSTRACT 
 

Due to the limited availability of fast reactors, some experiments supporting fast 
reactor development have to be conducted in MTRs whenever possible. At the 
Jules Horowitz Reactor, currently under construction in Cadarache, studies are 
underway to determine the range of possibilities at this reactor for basic neutron 
cross section, material and fuel behaviour experiments before ASTRID, the 
presently studied fast reactor prototype, becomes operational. One of the 
examined options is to aim for a similar neutron physics environment by hardening 
the neutron spectrum with Cd and Hf shields. Because reactor is designed to be 
strongly under moderated with a fast flux of 5.5 1014 n/cm²/s in core, the neutron 
flux conditions come reasonably close to low power density fast reactors as long as 
the thermal part of the spectrum can be excluded. This paper presents calculations 
for adjusting the neutron spectrum in the JHR with neutron shields and compares it 
to a SFR core spectrum. The examined irradiation positions are located in the 
reflector close to the core, in the central tube into a fuel element and as a 
replacement of a fuel element. An estimation of the effect on the neutron economy 
of the reactor is also given.  
 

 
 
Introduction 
 
There are currently several fast reactor/ADS projects in various stages of planning in Europe 
but, because of the limited availability of operational ones worldwide, some supporting fuel 
research has to be done in MTRs whenever possible. In order to estimate the possibilities at 
the Jules Horowitz Reactor [2] several proposals for neutron physics and fuel behaviour 
studies are currently investigated at CEA Cadarache. While for some experiments like power 
ramping the neutron spectrum is of secondary concern, others like a fuel pin irradiation test 
require an environment, which is as close as possible to the real case. In the following test 
cases for approaching a fast reactor spectrum with the help of neutron shields in the JHR are 
presented together with their expected reactivity costs.  
 
Concept and Geometry 
 
According to the current plans (fig 1), there will be seven fuel elements with a central 
irradiation channel with a diameter of 4 cm and three irradiation positions replacing a fuel 
element with a diameter of 9.6 cm in the JHR core. For this study a pre-existing device, 
CALIPSO [4], was adapted with neutron shields consisting out of 1 mm Cd and 2 mm Hf to 
give an estimate for the resulting neutron spectrum and the reactivity costs on reactor 
operation. CALIPSO has a NaK cooling loop for high temperature / high power fuel pin 
experiments and provides room for a sample with a diameter of 9.5 mm at outer device 
diameter (in core) of 33.1 mm. Due to the low melting temperature of Cd, the Cd shield has 
to be outside of the device and the investigated location is inside the device’s water cooling 
tube (between the fuel element and the CALIPSO device). For the calculations four positions 



were chosen: two near the centre of the core (101 and 103), one in the outer fuel element 
ring (313) and one in the reflector close to the core (C313) as a low reactivity cost fall back 
option. The position 103 was included in case the available space (about 4 mm shield 
thickness) in the centre of a fuel element would prove insufficient for the needed shield 
thickness and cooling.  
 
 

 

Fig 1: Assumed irradiation positions and device cross section 
 
 
Methodology 
 
All the JHR calculations were done with TRIPOLI-4 [2] using the JEF2.2 library because this 
is the reference model for the CEA JHR core calculations. The reactivity effects and overall 
flux distribution were calculated with the full core model for the cases with 1 mm Cd + 2 mm 
Hf as neutron shields and without shielding. For further variation of the shield thickness, the 
core flux distribution was assumed as constant and a smaller model of the device itself was 
used. As a reference sample serves a 9.43 mm thick (UPu)O1.97 rod with a density of 
11 g/cm3 and the following isotopic composition:  
 

 238Pu 239Pu 240Pu 241Pu 242Pu 241Am 235U 238U 
at% 0.62 8.25 5.16 1.43 1.81 0.14 0.21 82.39 

Tab 1: sample actinide composition 
 
The basis for SFR reference case was calculated by V. Brun-Magaud and L Buiron [1] with 
ERANOS. The average total core flux is given as 2.5x1015 n/s/cm² and the spectrum is 
shown in fig 2 and 3. 
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Fig 2: Neutron spectra used in the calculations 

 
Results 
 
As seen in figure 2 above the fuel element (27% enriched U3Si2) in position 101 acts as 
thermal neutron shield for the device, increases the fast flux and reduces the reactivity cost 
for the reactor (table 3). Additionally because there are 7 possible in-fuel element positions 
versus 3 fuel element replacements available, such a setup would be preferable if the 
experiment is to be placed inside the core. The resulting spectra inside a 1 mm Cd + 2 mm 
Hf shield in figure 3 show a strong equalizing effect between the positions in the thermal an 
low epithermal energy range, so the criterions for the position selection will most likely be the 
achievable neutron flux and the reactivity cost.  
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Fig 3: Resulting neutron spectra inside 1 mm Cd and 2 mm Hf shields. 
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Fig 4: radial power distribution in sample. 

 
One of the key problems of utilising MTRs for FR fuel research is generating a similar power 
profile in the fuel sample due to the strong self shielding effects in the thermal and low 
epithermal energy ranges. With shielding the problem can be mitigated but not fully resolved 
as figure 4 above shows. The acceptable deviation from the SFR case will determine the 
neutron shield needed and in turn strongly depend on the planned duration of the 
experiment. 
 

 101 103 313 C313 

Δkeff [pcm] -1450 -1580 -550 -150 

total flux [n/s/cm²] 5.48E+14 5.44E+14 3.36E+14 8.84E+13 

Table 2: reactivity cost of full core height shielding depending on position. 
 
The negative reactivity value of an experimental device with full core length neutron shields 
is unsurprisingly close to a fully inserted control rod. For comparison a day of operation costs 
between 200 and 300 pcm of reactivity with 25-26 efpd between scheduled refuelling and the 
total average core flux of the SFR is given as 2.5x1015 n/s/cm². Depending on the 
experimental requirements the effect on the core can be reduced by either reducing the 
height of the shield or by shifting the experiment towards the rim of the core. Because of a 
much smaller reactivity drop, the later option is particular attractive as long as the maximum 
JHR neutron flux is not strongly needed. 
 



 

 < 0.625E-6 MeV 0.625E-6-0.9 
MeV > 0.9 MeV Fast/thermal 

ratio 
No shielding 1.14E+14 4.96E+14 2.03E+14 1.78 

1 mm Cd 8.10E+12 5.84E+14 8.91E+13 11.00 
4 mm Hf 5.74E+12 4.40E+14 8.25E+13 14.36 

1 mm Cd 2 mm 
Hf 1.98E+12 4.63E+14 8.36E+13 42.25 

1 mm Cd 4 mm 
Hf 9.28E+11 4.32E+14 7.78E+13 83.83 

Table 3: fast/thermal ratio for position 101 depending on shielding. 
 
 
Conclusions 
 
This preliminary study was primarily intended as a starting point for more detailed work. So 
far the results indicate that the remaining difference in the radial power distribution between 
SFR reference case and the heavily shielded JHR cases can be attributed to differences in 
the low epithermal neutron spectrum. Unfortunately reducing it further would require more 
volume, which restricts the available experimental positions inside the core. Additionally, 
although this study used Cd as a baseline option for its excellent thermal neutron shielding 
capabilities, Cd is unlikely to be used in an actual device inside the reactor core. Because Cd 
has very low melting point, it is problematic inside a core with a high power density like JHR 
and should be replaced with either a thicker Hf or an Europia shield.  
The primary objectives for the follow up neutronic study are to replace the Cd shield and to 
estimate the effect of the different radial power profile on the radial burn up. A fuel element 
experiment would likely last up to two reactor years (400 efpd) and the later effect could set 
the minimum necessary shield thickness. 
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ABSTRACT  
 
In preclinical and clinical Boron Neutron Capture Therapy studies the knowledge of the 
amount of 10B in blood and tissues  is very important. The boron concentration 
measurements method used in Pavia (Italy) is based on the charged particles spectrometry 
of thin tissue cuts irradiated in the Thermal Column of the TRIGA reactor of the University. In 
order to perform measurements in biological liquids such as blood and urine, or in other 
tissue that cannot be cut in slices, a Prompt Gamma Neutron Activation Analysis (PGNAA) 
[1] facility is being designed, which measures 10B concentration detecting the prompt gamma 
from boron nuclear capture reaction.    
At the TRIGA reactor in Pavia, there are four horizontal  channels, potentially available for 
PGNAA. The choice of the suitable channel, and the design of its configuration, were 
achieved using the Monte Carlo neutron transport code MCNP4c2. To perform the 
simulations, an input code already validated, describing the reactor structure and the neutron 
source, was used. The calculations were implemented applying non-analog techniques for 
the neutron transport, that are necessary to obtain a sufficient statistic in every positions 
along the channel and especially at its end.  
The selection of the channel for PGNAA installation was carried out by comparing the 
simulated fluxes obtained in the different channels at the present configuration. The channel 
shielded by the core reflector was chosen, because the graphite lowers  the fast component 
of the neutrons, with no need to insert additional material in  the facility. The thermal flux at 
its end is 1.7 x108 n/cm2 s with thermal-to-total neutron flux ratio around 0.8. 
Subsequently a bismuth block for gamma radiation shielding and blocks of single crystal 
sapphire as filter for fast neutron component were inserted in the channel. Other components 
of the facility that are under study are a collimator and the beam catcher.  

 
1. Introduction 
The knowledge of boron concentration in tumor and in healthy tissues is one of the most 
important issues to achieve an effective BNCT treatment [2]. Currently, in Pavia, a well 
established quantitative method is used, based on α spectroscopy. With this method it is 
possible to determine the boron concentration in different kinds of tissue. However, due to 
the fact that the samples are under vacuum during the measurement process, this method 
cannot be exploited for liquid samples. In order to perform measurements in biological liquids 
such as blood and urine, a Prompt Gamma Neutron Activation Analysis (PGNAA) facility is 
being designed at the TRIGA Mark II reactor of the University of Pavia. This technique allows 
to analyze every element (except 4He) detecting the γ radiation emitted after a neutron 
capture reaction. There are two types of γ radiations following a neutron capture reaction: the 
prompt and the delayed γ  characteristic of a particular element. The γ  prompt is related to 
the binding energy released by the nucleus as soon as the reaction occurs (typically 6-9 
MeV), while the second takes place only if the product nuclide is radioactive (with energies 
up to 2-3 MeV).  PGNAA exploits mainly the prompt γ radiation for elemental analysis. The 
neutron capture reaction in 10B produces an α particle and a 7Li ion. With a probability of 
94%, the Li ion is produced in an excited state, and it decays by emission of a 478 keV γ ray. 



A Germanium detector is used to collect these γ rays and from the obtained spectrum it is 
possible to calculate the boron concentration present in the sample. 
The main requirement of a PGNAA facility is the availability of a thermal neutron flux of about 
107 n/cm2 s at the irradiation position, with a low gamma background. In this conditions,  
boron measurements with a resolution suitable for BNCT can be performed. 
In this work the results of the filtering of the neutron beam performed by Monte Carlo 
simulation are presented. 

 
2. Material an Methods 
The Applied Nuclear Energy Laboratory (LENA) in Pavia is equipped with a TRIGA MARK II 
research reactor. This reactor operates at a maximum power of 250 kW. It is provided of 4 
lateral channels; two of them, named A and B, are radial beam ports that stop at the outer 
edge of the graphite reflector. Another channel named C is tangent to the outer edge of the 
core and a fourth, D,  is a radial piercing beam port that crosses the graphite reflector and 
stops in front of the core.  Among these channels, the most suitable to install the prompt 
gamma facility is B. The graphite reflector thermalizes neutrons, in a way that the epithermal 
and fast components are lower if compared to the others channels. Even if the total flux at 
the B beam port is lower than at the port of the other channels, a brighter and cleaner 
thermal neutron source is more suitable for a PGNAA facility. 
In order to reduce the γ background coming from the core a bismuth shield was inserted in 
the channel, and calculations were performed to study the suitable thickness and position. 
Furthermore, to decrease the epithermal and fast neutron components of the neutron beam a 
sapphire filter was tested. All the simulations were performed using the Monte Carlo 
transport code MCNP4c2 [3]. 

 
2.1.  Neutron flux simulations 
To perform the simulations, an input  code describing the complete reactor geometry and the 
neutron source, already validated with experimental  measurements in the thermal column 
[4], was used. Non-analog techniques for the neutron transport were applied, in order to 
obtain reliable statistic in every position of the channel and especially at its end. First of all, a 
geometry splitting/Russian roulette was applied, by dividing the channel into cells and 
assigning the cells an importance increasing towards the end of the channel. In the other 
parts of the reactor the importance was set to zero; causing the neutrons that enter that cells 
to be automatically killed, thus reducing the computer time. Furthermore, a set of space-
energy weight windows was assessed by a weight windows generator, in order to increase 
the efficiency of the calculation. The calculation of thermal neutron flux after a single-crystal 
sapphire filter, requires the thermal treatment for the specific materials, to take into account 
the effect of the crystal lattice on the thermal neutron transport. In fact, normally MCNP uses 
the approximation of free gas for all the materials of the geometry [5]. 

 
2.2.  Gamma flux simulations  
About the gamma simulation, some considerations about the source of γ radiation are 
necessary. The contribution of γ background come from: 1. prompt gamma coming from  
fission reactions, 2. gamma-rays coming from the fission products and 3. gamma-rays 
coming from the secondary interaction of neutrons with the materials (including the gamma 
ray coming form the inelastic scattering of the fast neutron).  
The problem was approached by considering only prompt gamma radiation, i.e. ignoring the 
interaction of the neutrons. For this purpose a source of prompt gamma was implemented in 
the MCNP input file, shutting down the neutron source and the neutron transport. 
The gamma source was obtained sampling the gamma rays from each fuel element, and 
using a decreasing exponential probability distribution function [6], ranging from 0.2 to 7.6 
MeV1. 
                                                 
1  When the reactor operates at the maximum power of 250 kW, the intensity of the prompt gamma source 
is 5.4 x106 s-1, since 7 gamma rays are emitted during a single fission and 0.76x106 fission per seconds occur. 



This source was used to test the effect of a bismuth shield in a proper position inside the 
channel, whose function is to clean as much as possible the neutron beam irradiating the 
sample thus lowering the background that could spoil the measurement. 
In the next section the results for the neutron and gamma flux simulations are presented. 
 
3.  Results and discussion 
Different simulations were first performed to get the neutron energy spectrum at the end of 
the channel for several energy binning (Fig.1).  

 
The typical features of a neutron beam from reactor can be recognized; a Maxwellian part in 
the thermal region (meV), an epithermal  slowing-down region (eV) and fission fast 
component in the high energy region (MeV)  EeE E 2sinh)( −Ψ=Ψ .  
Energy lower than 0.2 eV was considered for the  thermal neutrons, from 0.2 eV to 0.5 MeV 
for the epithermal component and from 0.5 MeV to 20 MeV for the fast one . Without any 
filter in the channel, the thermal flux is 1.07x108, the total flux is 1.35 x108 , with a thermal-to-
total neutron flux ratio around 0.8. 
A poly-crystal bismuth filter, 7.7 cm radius, was than placed in the channel, 45 cm far from 
the external edge of the graphite in order to absorb the gamma radiation (Fig.2).  
 

 
Fig 2. MCNP geometry for the channel B with the bismuth and sapphire filter inside. 

Fig. 1 Fig 1. Neutron energy spectrum at the end of 
the channel without any filter



 
Simulations were performed to study the γ attenuation due to the bismuth and the thermal 
neutron absorption as a function of the filter thickness. A flux tally was put in the middle of 
the channel.  
Figure 3 shows the comparison of the gamma flux after a 5, 7 and 10 cm thickness of 
bismuth and with no filter. For γ energy < 1 MeV,  the average attenuation coefficient is 0.015 
for 5 cm, while 7 cm and 10 cm it is ≅ 0.008. For γ energy > 1 MeV the average attenuation 
coefficient decreases with increasing of thickness, taking the value 0.14, 0.07, 0.05 
respectively for 5, 7, 10 cm. 

Fig 3. Comparison of the gamma spectra for different thickness of bismuth 
 
The bismuth shield also affects the neutron beam. The attenuation factor (F) for the different 
beam component as a funcion of the bismuth thickness are showed in Table1. 
 

  Thermal    Epithermal    Fast   Total 
 no filter  1.07E+8   2,26E+7 5.80E+6   1.35E+8 
    F   F  F    
 5 cm  Bi  3.53E+7  0.33 6,72E+6  0.29 3.07E+6  0.53 4.51E+7  
 7 cm  Bi  2.34E+7  0.22 4,27E+6  0.19 1.98E+6  0.34 2.82E+7 
 10 cm Bi  1.23E+7 0.11  2,20E+6 0.09  1.29E+6 0.22 1.58E+7 

Tab 1: Attenuation factor (F) and neutron flux for the different thickness of bismuth block. 
  
A 7 cm thick bismuth was chosen in order to obtain a good gamma radiation shielding 
without attenuating much the thermal neutron beam. 
 
A single-crystal sapphire, 7.7 cm radius, was inserted 10 cm after the bismuth as a filter of 
fast neutron beam [7] (Fig.2). Two thickness were tested: 5cm and 10 cm. Table 2 shows the 
combined effect on neutron beam of the bismuth shield (7 cm thick) and the sapphire filter (5 
cm thick). 
 
  Thermal    Epithermal    Fast   Total 
 7cm Bi  2.34E+7    4.27E+6  1.98E+6    2.96E+7  
    F  F F    
7 cm Bi +       
5 cm sapph  1.93E+7  0.83  9.65E+5  0.22 4.91E+5  0.25  2.07E+7  



7cm Bi +      
10 cm  sapph 1.62E+7  0.71 3.53E+5  0.12  2.11E+5  0.11 1.67E+7  

Tab 2:Attenuation factor (F) and neutron flux for sapphire and bismuth filter 
 
The introduction of the sapphire filter 10 cm thick, determines the decrease of the unwanted 
neutron beam components of about one order of magnitude, without affecting the thermal 
neutrons. The choose of a even bigger thickness is an economic limitation. The effect of the 
sapphire filter on gamma radiation is also positive, allowing a further reduction of the 
background.   
 
4. Conclusion and future work 
The PGNAA facility will be installed in the B channel of the Triga Mark II reactor in Pavia. 
The insertion in the beam tube of a 7 cm thick bismuth shield and a 10 cm thick single crystal 
sapphire, rapresent a good compromise between the reduction of the gamma background 
and the shaping of the neutron beam.  
New simulations are under way for the design of a collimator that will allow a uniform neutron 
flux in the sample position, reducing, however, the thermal neutron flux depending on its 
shape and length. 
This new set of simulations will also explore the possibility to replace the 7.7 cm radius 
sapphire with a tighter one, for practices and economic purposes.   
The design of the beam catcher and the shielding of the Germanium detector are also in 
progress. 
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ABSTRACT 
A flat fuel plate and a box type fuel assembly for a research reactor were modeled to be finite 
element meshes of the ANSYS to predict dynamic characteristics, such as natural 
frequencies and mode shapes. These characteristics provide the basic information about 
their vibrations. If the model is properly prepared, it can be used for further calculations of the 
dynamic behaviors under the SSE or even in the static stress calculation. With the FE Model, 
the natural frequencies and the mode shapes of a fuel plate and a FA were obtained in air 
and in water environments. The effects of fluid surrounding the fuel plate and the FA as well 
as the combs on the natural vibration of the FA are discussed.  
 

1. Introduction 
 
The dynamic analyses of a Fuel Plate (FP) and a Fuel Assembly (FA) are essential 
procedures in the design of nuclear fuel in order to avoid the resonance failure from coolant 
flow fluctuation caused by the pump blades passing frequencies. For the purpose of 
obtaining the dynamic behavior of a FP and a FA, they are modeled to be the Finite Element 
meshes of the ANSYS[1] and the natural frequencies and mode shapes were calculated. The 
calculation model will also be used in the analysis of FA integrity during the Safe Shutdown 
Earthquake (SSE).  IF the dynamic model is pertinent, the subsequent calculation will result 
in reliable results. Thus it is necessary for the model of the FE dynamic calculation to be 
validated by tests using a dummy fuel plate and/or fuel assembly. 
As the first step of the analysis, the designed fuel parameters can be used to model for the 
modal analysis to yield the natural frequencies and mode shapes. After determining such 
data, the dynamic characteristics as well as the model can be checked by comparing the test 
results for the validation of the model. After confirming the model, the model further can be 
used to calculate the dynamics behavior during the SSE.  Since the mesh size and the 
nodal numbers of the model affect significantly on the calculation cost, the fine meshes of the 
fuel plate needs to be constructed in simplified equivalent meshes while preserving the same 
dynamic properties. By way of simplification, the calculation time can be reduced drastically. 
The natural frequencies and mode shapes of the FP were obtained with two boundary 
conditions, all edges were free and two lateral edges fixed. To investigate the fluid effect on 
the natural vibration of a fuel plate, the frequencies were obtained with varying fluid sizes. 
With the FE model of the FA, where all fuel plates were assembled, the natural frequencies 
and mode shapes of the FA were calculated. Since the FA was inserted in the fuel hole on 
the grid plate, fixed boundary condition with bottom end fitting was imposed. With the results 
of the FA natural vibration, the characteristics of dynamic behavior of the FA were discussed.  
All the frequencies and mode shapes will be validated by experimental tests, scheduled to be 
performed in the future.  
 

2. Calculation Model and Input 

2.1 Description of the FA 
The design of a fuel assembly (FA) for a research reactor is based on well-proven box-type 



2 

 

concepts. A plate type fuel which has been almost standardized one is adopted due to its 
high heat removal capability and successful uses in many research reactors. The U3Si2 
dispersion fuel developed in connection with non-proliferation policy is chosen in the 
standpoint of well-proven performance.   
The FA is composed of a fuel box assembly (FBA) and an end fitting. The height of the FA is 
1015 mm. The upper part of the end fitting is inserted into the lower part of the fuel box 
assembly, then they are joined together by welding or screwing.  
The material of the FA components, except fuel plates, is aluminum alloy 6061-T6 for its high 
strength and good performances in the reactor core. The rectangular duct at the upper part 
of the end fitting is reduced to a circular duct for a smooth transition of the flow area. When 
the FA is loaded in the core, the lower cylindrical part of the end fitting is inserted in the fuel 
hole on the grid plate, and then the FA can stand alone in its position without any lateral 
support. 
The FBA has 21 flat fuel plates and the envelope dimension is 76.2 mm x 76.2 mm x 830 mm 
excluding wear pads on 4 edges of the FBA out surface at top. Each fuel plate one after 
another is inserted in the groove inside of the side plates and then fixed by applying plastic 
deformation on the crests in between the grooves, by means of moving wedge or roller, i.e. 
roll-swaging or crimping.  
The LEU fuel plate, 1.27mm thick, is composed of a fuel meat with the surrounding cladding 
of 0.38mm thickness. The fuel meat is made of a fine and homogeneous dispersion of U3Si2 
particles in a continuous aluminum matrix. The fuel is LEU with a 235U enrichment of 19.75 
wt% and the uranium density in the fuel meat is 4.8 g-U/cm3. The fuel meat is hermetically 
sealed with aluminum alloy cladding. In addition, the fuel meat is bonded rigidly to its 
surrounding cladding for structural integrity. This type of fuel plate has been routinely 
fabricated for decades [2].  
  

2.2 FE Model of the Fuel Plate and the Fuel Assembly  

 
The Model of the fuel plate and the FA calculation are shown in Fig. 1 and Fig. 2, respectively. 
In the detailed model, cladding and meat was modeled with 4 element layers in the normal to 
the thickness direction, with Solid45 element of the ANSYS. Since the detailed model 
required too long time for the calculation, it was needed to make simplified finite element 
model to have less elements and nodes in the meat, to be only one element layer in the 
thickness direction of the FP.  

                        
Fig. 1 Fuel Plate FE Model                Fig. 2 Fuel Assembly FE mode 
 
Material properties of the simplified model were controlled to preserve the same dynamic 
characteristics by adjusting the material properties, density and Young’s Modulus.  
In order to get the natural frequencies of the fuel plate, both ends of the fuel plate in the 
longitudinal direction were fixed to simulate the swaging condition. As for the boundary 

a) Detailed Model 

b) Simplified Model



3 

 

condition (BC) of the FA, the end fitting in the hole of the grid plate was fixed. After getting 
the natural frequencies in an ascending order, the mode shapes corresponding to the natural 
frequencies were found which took rather tedious and time consuming work.  
 
3. Calculation Results and Discussions 
 
3.1 Natural Vibration of the Fuel Plate  
 
The natural frequencies of the fuel plate with all 4 edges free and two lateral edges fixed are 
listed in Table 1.  The mode shapes and the natural frequencies of the FP in air with detailed 
model under both sides fixed are shown in Fig. 3. 

 
Table 1 Frequencies of a Fuel Plate under various Conditions                   (Hz) 

B.C  
Detailed Model Equivalent Simplified Model 

Free-Free B.C  Fixed-Fixed B.C Free-Free B.C  Fixed-Fixed B.C  

Mode  Air  Water  Air  Water Air  Water Air  Water  

1  13 26  1266  929  13  26  1264  925  

2  35  50  1275 934 35  50  1273  931  

3  70  53  1289  944 70  53  1287  941  

4  73 83  1310  958 73  83  1308  954  

5  115 107  1338  976 115  107  1336  973  

 

         
Fig. 3 Fuel Plate Mode Shapes                        Fig. 4 FP FE Model in Water 
 
A fuel plate with all 4 edges free boundary conditions, which eliminate the boundary effects 
on the vibration, reveals very low frequencies starting from about 12 Hz in air and shows 
relatively slightly lower frequencies than those in air.  For the simulation of the FP in water 
condition, the fuel plate was surrounded by 100mm of water as shown in Fig. 4.  Comparing 
the frequencies of all the edges free BC, the natural frequencies of the both sides fixed 
condition show fairly higher frequencies, starting from 1266Hz in air and they show slightly 
lowered in water condition. To investigate the effects of the size of the surrounding fluid on 
the natural frequencies of the plate, the frequencies with variation of the fluid thickness were 
obtained as in Table 2 for the fixed BC. It is significant that as the size of the surrounding fluid 
becomes smaller, the frequencies increase significantly. Since the fluid size of 2.35mm is the 
actual size of the flow gap in the FA, the frequencies of the FP under this condition seems to 

1st mode shape 
: 1266 Hz

2nd mode shape 
: 1275Hz

3rd mode shape 
: 1289 Hz

4th mode shape 
: 1310 Hz

70.7mm
100mm

100mm

1.27mm

100 mm
1.27 mm

Fluid model FP model
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be the real frequencies in water. The reason why the frequencies of FP decreased with the 
fluid amounts is due to the added mass effect of the water which is a portion of the 
surrounding fluid that is accelerated as though it were rigidly attached to the FP. On the 
contrary if the fluid gap becomes smaller, the fluid needs more energy to escape from its 
place which results in a resistance to the motion of the FP so that it may increase the 
frequencies of the FA[3].  This phenomenon can be validated by the vibration test in water 
with dummy fuel plates in the future.  
 
Table 2 Natural Frequencies of the Fuel Plate as variation of Fluid Size       (Hz) 

Mode 
number 

Fluid thickness(mm)  
Air condition 

200  100  2.35 
1 425 424 929 1266 
2 430  430 934 1275 
3 440 439 944 1289 
4 453 452 958 1310 
5 470 469 976 1338 

 
 
3.2 Natural Vibration of the Fuel Assembly 
 
The comparison of the natural frequencies of the FA in air and in water is in Table 3. It shows 
that the frequencies of the detailed model and the simplified model do not show much 
difference, while for those in water environment, the FA frequencies decreased by 30% lower 
than those of in air. It is noted that the dynamic analysis of the detailed model in water was 
not performed due to its high computational costs. These frequencies of the FA also will be 
compared with those of test results, which are scheduled to be performed in the future. The 
modes of the FA in water are shown in Fig.5.  
 
Table 3 Natural Frequencies of the FA in Air and in Water                     (Hz) 

Condition Fuel assembly with 
detailed FP model 

Fuel assembly with 
simplified FP model 

Mode Air Water Air Water 
1 65 - 65 47 
2 79 - 80 53 
3 378 - 378 246 
4 420  419 304 
5 466  466 370 

 
Investigating the frequencies and mode shapes as shown in Table 4, the combs do not affect 
much on the FA lateral vibration but affect only on the twisting mode of the FA vibration which 
implies the combs do not influence the lateral stiffness of the fuel plates.    
 
Table 4 Natural Frequencies of the FA with Combs and without Combs in Air    (Hz) 

Mode No. FA with combs FA without combs Relative Ratio 
(%) Remarks 

1 65 65 1.00  
2 80 80 1.00  
3 378 378 1.00  
4 419 419 1.00  
5 466 451 0.97 Twist mode 
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Fig. 5 FA Mode Shapes in Water 

 
4. Conclusion 
 
A fuel plate and a fuel assembly are modeled to be the finite element meshes of the ANSYS 
and the natural frequencies and mode shapes of them were obtained. The effects of 
boundary conditions of the fuel plate and the FA on the frequencies and mode shapes were 
investigated. The natural frequencies of the fuel plate were significantly reduced in water.  
The frequencies of the fuel plate as assembled in the FA in air were calculated which show 
slightly lower frequencies than FP alone.  These lowered frequencies seemed to be the fact 
that the assembled BC of the FP is softer than that of the FP only.  
The frequencies of a FA were compared in air and in water. The first frequency was about 72 % 
of that in air. It is shown that the assembled FPs by combs showed only affects the torsional 
vibration modes of the FA. Thus the combs do not affect on the frequency of the transverse 
mode of vibration of the FPs in the FA.  
The model of the calculation will be used as the basic model for the dynamic analysis during 
the SSE after validation by vibration tests in air and in water using dummy FPs and/or FAs.  
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ABSTRACT 
In recent years, the demand for irradiation services has increased as research reactors face a number 
of challenges. These challenges include reduction in enrichment, the need for economical use of fuel, 
and the medical isotope crisis brought about by the temporary shutdowns of the NRU and HFR. 
These challenges have inspired the design of a revolutionary research reactor assembly concept 
making use of the new U-Mo monolithic fuel form. Each assembly consists of a trapezoidal plate-
fueled region and integral triangular flux trap. When placed in a hexagonal core, this structure permits 
multiple orientations of the flux trap with respect to those surrounding it. As a result, multiple 
orientations, sizes and shapes of the flux trap are possible. These flux trap parameters can be 
adjusted to provide the spectra needed to meet ever-changing experimental needs. 

This assembly concept was applied to the development of a 5 MWth research reactor core, and 
optimized for peak thermal flux. During the design process, attention was given to making the design 
economical, manufacturable, and maintainable. The design was able to produce a maximum 
unperturbed thermal flux of 1.2 x 1014 neutrons/cm 2 s, 70% higher than existing research reactors of 
the same power rating. Despite this optimization for thermal flux, the reactor is still capable of 
producing fast fluxes in excess of 1 x 10 14 neutrons/cm 2 s in other regions of the core. 

The response of the resulting core to thermal hydraulic transients was also analyzed.  

1. Introduction 

As research and test reactors worldwide face challenges ranging from the need for 
increased proliferation resistance to maintenance issues, to high fuel costs, the demand for 
irradiation facilities continues to climb. Meanwhile, considerable opportunities in the field of 
new design work exist as a result of the ongoing qualification of high density U-Mo 
monolithic fuels at Idaho National Laboratory. 

These have combined to inspire the development of a new 5 MWth research reactor concept 
which is both safe and economical to operate. In order to obtain the maximum benefit from 
this reactor, the geometric parameters of the core are optimized to maximize thermal flux 
while meeting safety limits. Additionally, the core contains multiple flux traps in order to allow 
the flux to be as fully utilized as possible. 

2. Physics Analysis 

In order to make the concept economical to construct, fuel and operate, the core was 
designed to make use of a single assembly geometry with flat fuel plates. In order to do this 
and still achieve the goal of making available multiple regions for high-thermal flux 
irradiation, it would be necessary to devise an assembly with an integral flux trap. The result 
was the concept shown in Figure 1. 
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3.1. Steady State 

One of the constraints used during neutronic optimization was the maintenance of 300% 
margin of safety to ONB heat flux. This large margin was chosen to delay ONB in the event 
of loss of forced flow. However, this margin was not sufficiently large to prevent flow 
instabilities from makng the core uncoolable upon loss of forced flow. As a result, the steady 
state flow rate was increased so that a large quantity of heat would be removed during pump 
coastdown, delaying ONB for long enough to allow actuation of safety injection for cooling of 
the core. 

The resulting steady state flow velocity is high, but still lower than that of reactors like the 
HFIR [1]. In addition, the selected velocity provides a 200% margin of safety to the critical 
flow velocity predicted by Miller’s method to produce channel collapse [5]. The resulting 
pressure drop is also high, but the economics of the high thermal flux and its utilization are 
expected to mitigate the costs associated with installing sufficient pumping power. 

Table 2: Steady State Thermal Hydraulic Parameters 

Power density 0.1755 MW/l 
Average heat flux 0.212 MW/m2 

Peak heat flux 0.4785 MW/m2 
Flow velocity 10.0 m/s 

Flow area 0.0088 m2 
Frictional pressure loss 2.03 x 105 Pa

Tclad, max 54.6 C 
Tin 40 C 
Tout 47.4 C 

 

3.2. Loss of Flow Transient 

The loss of flow transient is modeled in RELAP5-MOD3.3, and assumes a linear coastdown 
of the pumo over 10 seconds. The reactor scrams 1.2 seconds after loss of normal pumping 
power, as a result of signal transmission delay after a low-flow signal. Natural circulation and 
anti-siphon valves open passively 9 seconds after pump failure, and provide a flow path for 
natural circulation. A safety injection system is actuated 30 seconds after pump failure, 
providing 10 kg/s of cooling water. This actuation is necessary due to the difficulty of natural 
circulation cooling in the narrow channels. The results of the transient calculation are shown 
in figure 2. 



 

Figure 2: Peak Cladding Temperatures after LOF 

As can be seen, while flow instability causes a large spike in the peak cladding temperatures 
in the hot channel, the introduction of safety injection causes the peak cladding temperature 
to maintain a nearly 150 degree C margin of safety to the clad’s softening temperature for 
the duration of the transient. 

3.3. Reactivity Insertion Transient  

Fast ramp insertions of reactivity, such as may occur with sudden ejection of an 
experimental device, were also investigated using RELAP5-MOD3.3. The reactor was 
assumed to scram on 20% overpower, with a 0.1 second delay for signal transmission. The 
ramp rate was $1.5/0.5 s., a typical value recommended by the IAEA. 

 

Figure 3: Peak Cladding Temperatures After RIA 

As can be seen, the peak clad temperatures remain low for the duration of the transient.  

The limiting case of a step reactivity insertion was also investigated, with the maximum 
survivable insertion being $2.1.The fact that this limit is smaller than that of other reactors is 
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not considered to be of concern in limiting the reactor’s scientific goals. The worth of 
individual targets is so small that a large number of them would have to be ejected 
simultaneously in order to produce such a massive reactivity insertion. A recent study on 
prediction of reactivity worth of MURR targets indicates that the highest worth specimen in 
use in that reactor has a worth of -11.8 pcm [4]. Assuming that targets of comparable worth 
were irradiated in the present design, it would take the simultaneous ejection of 118 of these 
high-worth targets to produce a step insertion of $2.1. The reactor can therefore survive any 
foreseeable reactivity insertion transient.  

4. Conclusions 

A new research reactor core concept has been developed and optimized for supply of 
thermal flux to multiple irradiation facilities at 5 MWth. This unique concept provides the 
experimenter the opportunity to tailor the flux spectrum, size, and position of each flux trap to 
meet ever-changing experimental needs. The resulting concept is capable of delivering 
thermal fluxes 70% greater than reactors of the same power rating, and comparable fast 
fluxes to those same reactors. Analysis of the potential of the design for scientific use and 
supply of medical isotopes is in ongoing, and appears promising. While the compactness of 
the core renders it difficult to cool, the expense of its large pumping power is expected to be 
balanced by benefits of the concept’s ability to supply high thermal flux to a large volume of 
in-core irradiation facilities.  

Simulation using RELAP5-MOD3.3 has been employed to demonstrate that the concept can 
survive a loss of flow transient when a modest supply of emergency cooling water is made 
available up to a minute after loss of forced flow. Analysis has also demonstrated that the 
reactor can sustain both ramp and step reactivity insertions with a large margin of safety to 
the clad softening temperature.  

5. References 

[1]  R. Burn, ed. Directory of Operating Research, Training, and Test Reactors in the 
United States of America, 4th edition. United States Department of Energy, 1997. 

 
[2] N. Cressie, Statistics for Spatial Data, John Wiley and Sons, New York, 1991. 

 
[3]   S.J. Kim, Y. Ko, L.-W. Hu, “Loss of Flow Accident Analysis of the MIT Research 
Reactor HEU-LEU 

Transitional Cores Using RELAP5-3D”, Proceedings of ICAPP 2010, San Diego, CA, 
June 13-17 2010. 

[4]  Z. Ma, “Development of MURR Flux Trap Model For Simulation and Prediction of 
Sample Loading Reactivity Worth and Isotope Production”, University of Missouri-
Columbia Dissertation, May 2007. 

[5]  D. Miller, “Critical Flow Velocities for the Collapse of Reactor Parallel-Plate Fuel 
Assemblies,” KAPL-1954, Knolls Atomic Power Laboratory, 1958. 

 



- Research Reactor Fuel Meeting 11th Conference, Roma, Italy, March 20-24, 2011 
 

1 

  
Abstract— The CABRI experimental reactor is located at the 

Cadarache nuclear research center, southern France. It is 
operated by the Atomic Energy Commission (CEA) and devoted 
to IRSN (Institut de Radioprotection et de Sûreté Nucléaire) 
safety programmes. It has been successfully operated during the 
last 30 years, enlightening the knowledge of FBR and LWR fuel 
behaviour during Reactivity Insertion Accident (RIA) and Loss 
Of Coolant Accident (LOCA) transients in the frame of IPSN 
(Institut de Protection et de Sûreté Nucléaire) and now IRSN 
programmes devoted to reactor safety. This operation was 
interrupted in 2003 to allow for a whole facility renewal 
programme for the need of the CABRI International Programme 
(CIP) carried out by IRSN under the OECD umbrella. 

The principle of operation of the facility is based on the 
control of 3He, a major gaseous neutron absorber, in the core 
geometry. The purpose of this paper is to illustrate the safety 
computation associated to the preparation of a test campaign. It 
presents the schemes and tools dedicated to core 
characterization. Eventually, it shows an original physics 
offspring result of a such campaign. 

Index Terms— RIA, Core, 3He, Neutron, Kinetics, CFD. 

I. INTRODUCTION 

The experiments to be performed in the CABRI facility will 
now be confined to a new pressurized water loop. This device 
is located at the heart of a pool type reactor (cf. fig. 1). The 
experimental fuel rod will then stand a powerful neutron flash 
during the core driven power transient. A vertical channel 
symmetrical across the core allows the hodoscope, a unique 
neutron 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. The reactivity is controlled via 6 
bundles of 23 Hf rods. The reactivity worth for these control 
rods is ~19$. 

The active part of the core is the size of a small refrigerator. 

 
G. Ritter, A. Rondeaux. DENCAD/DER/SRES CEA Cadarache, Bt 223. 

13108 St Paul Lez Durance. France. (Corresponding author. Phone +33 
(0)442 25 41 80. Guillaume.Ritter@CEA.Fr) 

Th. Cadiou. DENCAD/DER/SESI CEA Cadarache, Bt 212. 13108 St Paul 
Lez Durance. France. 

 

 
Fig. 1.  ¼ CABRI core at unloading. Center up-left. 

 
The key feature of the CABRI core is its reactivity injection 

system. This device allows 96 tubes filled with 3He (major 
gaseous neutron absorber with a capture cross section σHe-

3(n,p)T at least 50 times larger than Hf) up to a maximum 
pressure of 15 bars and located among fuel rods to 
depressurize very fast into 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 (cf. fig. 2) in 
a few ms and decreases just as fast due to the Doppler effect 
and other delayed reactivity feed-backs. 
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Fig. 2.  Typical CABRI 3He pressure and core power during a transient. 

Safety of experiments prior to a test campaign 
and associated reactivity injection 

characterization 
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In 2008, the core safety case was upgraded. It confirmed the 
need for a pre computation before each new test campaign. 
This analysis also allowed a sharper physics characterization 
of the core behavior during transients. The safety issues were 
addressed by robust and dedicated tools in a project approach 
whereas these physics questions like e.g. in-core 3He pressure 
could be answered through research oriented applications. 

II.  UPGRADING CABRI WITH A WATER LOOP 

 
The CABRI International Programme was decided in order 

to realize tests representative of PWR accidental conditions. 
The facility is now being modified in order to have a water 
cooling in the test section. 

The CABRI + project is a facility side of the CABRI 
INTERNATIONAL PROGRAM initiated by IRSN in the late 
90’s and including about 20 partners. IRSN is the Technical 
Safety Organization for the French Nuclear Safety Authority. 
The main goal of the CABRI + project was to replace the 
experimental sodium cooling loop by a pressurized water 
loop. Installing water cooling for the test rod will allow to be 
representative of PWR’s, essentially during the post rod 
failure phase when there can be fuel-coolant interactions. It 
will be used to test future high burn up or alternate fuels like 
MOX and to re-assess current safety margins. 

 

 
Fig. 3.  The basket : support structures for the new CABRI water loop. 

 

Figure n° 3 before shows what volume it takes to put a 
pressurizer, a pump, a couple of heat exchangers and a few 
valves. 

 
The experiments performed in the past with sodium cooling 

were mostly Fast Breeder Reactor oriented but some tests 
were done with Light Water Reactor severe accident 
scenarios. 

The CABRI facility is made of an experimental loop 
containing the test rod at the core center. A special neutron 
camera, called a hodoscope, allows to track the power burst in 
the test rod through a collimator and from outside the core. 

The core fuel rods are steel clad to allow them to withstand 
the numerous power bursts performed in the facility. There 
have been about 700 pulses since the beginning.  

Upgrading this facility is a major challenge that has to be 
carefully accounted for. Six years after the beginning of 
operations, several safety and technical improvements have 
already been achieved to fulfil the project and only a few still 
remain to be done, like criticality associated testing [1]. 

The technological upgrade issues essentially concerned 
replacing a major heat exchanger, inspecting and fixing all 
primary circuits, installing new vessels and capacities where 
necessary, putting a safety brake on the crane for heavy 
lifting, designing and realising a handling cask for 
experimental fuel, controlling the 3He circuit and all the 
others, installing a new water treatment station and developing 
the current facility liquid waste circuit. 

The safety issues were largely dedicated to strengthening 
the buildings, major mechanical equipments and core 
structures against seismic quakes, to the overall building fire 
protection, to the development of a new ventilation (5 times 
more powerful), to the design and construction of a new 
storage building and eventually although not the least, to a 
comprehensive revision of the core safety case. The safety 
topics were of course conducted in agreement with the 
prescriptions of the safety authority. 

All works were realized while the nuclear facility normal 
operations were maintained. 

III.  PRINCIPLE OF OPERATION 

 
The CABRI reactor is a world unique facility for its 

Reactivity injection system (cf. figure n°4 next page). The 
main feature of this device is to allow an accurate control of 
reactivity injections. Opening the valves delivers a fast 3He 
ejection causing a reactivity injection resulting in the burst of 
power (e.g. 3,5 $ within 0,12 s as in figure n°2 prev. page). 

There are two options for 3He depressurization, a long 
breath or a quick blow, depending on the size of exhaust 
pipes. The adjustable valve aperture for each way can also be 
tuned to the desired flow and injection time. 
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Fig. 4.  Principle of operation of the CABRI facility. 

 
A high reliability automat is dedicated to the control of 

valves aperture and enforces the Hf control rods insertion at 
the end of the experimental sequence. The device has been 
designed so that the risk of failure is lower than 2. 10-9 per 
test. 

The design of a test basically depends on two criteria : The 
maximum power at pulse peak and the transient duration at 
half peak power. These figures are used to determine which 
conditions must be met with the 3He reactivity injection 
system. Afterwards, an investigation is performed to make 
sure these parameters comply with the facility safety. 

 

IV.  VALIDATION OF TEST SAFETY 

 
The core safety now relies on three parameters and each 

must be evaluated with the maximum margins. The fuel 
temperature must not exceed 2810°C, the clad strain must 
remain within 3.6% and the maximum clad temperature must 
be lower than 1300°C. 

Before any new test campaign, the envelope safety 
parameters are computed according to the maximum expected 
conditions during the campaign. The computation is made 
with SCANAIR, the thermal hydraulics and thermal 
mechanics code from IRSN [2] dedicated to fuel rod 
characterization during power transients. It includes a 
comprehensive validation on thermal hydraulics experiments 
as described in [3]. This code was adapted to a routine 
production use by experimentalists under MS Windows 
environment and this upgrade provides a large flexibility for 
test preparation. 

The main input to this computational validation of test 
safety is the pulse power. Actually, it is the main changing 
variable from a test to an other for the core hot rod. There are 
two evaluation options for this item. The first is an existing 
records library based on previous measurements. Such 

measurements would have been performed in analogous 
conditions of initial power and reactivity injection either 
during the past sodium loop program or within the pressurized 
water loop commissioning campaign. It would in any case be 
envelope of the perspective campaign to be tested. The second 
option is dedicated to fast pulses only and relies on the 
knowledge of the 3He absorber concentration in the core. 

 

V. CORE SAFETY PARAMETERS ASSESSMENT 

This paper concerns the realization of a fast pulse using 
only the large depressurization line (in gray on fig. 4) for 
which no data or approaching conditions would have been 
recorded in the past. As a consequence, it requires a specific 
computation. This operation will consist in assessing the core 
power from the injected reactivity using point kinetics. The 
time wise reactivity worth corresponding to 3He ejection off 
the core is evaluated with a combination of functions : 

ρρρρ(t) = ρρρρ(PHe) ⊗⊗⊗⊗ PHe(t) where 
• ρ(PHe) is given by a Monte-Carlo core 

computation with TRIPOLI 4 [4] and 
• PHe(t) is a preliminary measurement of 3He 

pressure in actual test conditions but without core 
operation 

The term PHe(t) can be extrapolated from previous 
measurements. It can also be computed with the following 
analytical law. 

α1)(Bt

1

p(0)

p(t)

+
=  

with :  
 α = 2γ / (γ – 1) and γ = Cp / Cv, γ =1.66 for Helium 
 B= a term characterizing the valve flow and fitted to the 

experiments. 
The analytical law exposed above shows PHe(t) and thus 

ρ(t) only depend on the initial pressure and the valve aperture. 
The control of core reactivity during a transient starts with 

3He depressurisation and ends with the control rods automatic 
insertion. This last term is thus also included at the end of the 
ρ(t) transient model. 

 

 
Fig. 5. CABRI Quarter core rodwise power distribution thermogram 
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The DULCINEE neutron kinetics code [5] converts the 
reactivity ρ(t) into a pulse of core power. At this point, the hot 
spot correction can be added to the overall core power. This 
correction comes again from a TRIPOLI 4 Monte Carlo 
transport calculation as illustrated in figure 5 above. This 
quarter core rod wise power distribution shows in particular 
how the fission rate is depleted in the 3He rods region on the 
right of the figure. This corresponds to the situation before the 
power burst when the gas absorber pressure is high in the 
tubes. The hot spot correction accounts for the sharp evolution 
of power distribution during the pulse due to the 
disappearance of the 3He absorber. This phenomenon reminds 
the heat rate is peaked on the hot rods region at high 3He 
pressure and goes to the outside of the core when this absorber 
is gone.  
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Fig. 6. Agreement between computation and experiment for DULCINEE 

 
DULCINEE was developed at the beginning of CABRI. It 

was initially dedicated to fuel plate geometries and then was 
adapted to rod bundle cooling configurations. The geometric 
model is 1 D ½, corresponding to a full radial heat transfer 
from the fuel center to the coolant and an axial heat flux 
profile without transfer. It has been especially validated 
against low pressure coolants like sodium and LP water. In the 
late 80’s, a fractured fuel model was inserted allowing a better 
validation against experimental temperatures. It was 
successfully validated against the CAPRI experimental 
Thermal-Hydraulics programme realized at CEA-Grenoble in 
the late 1970’s. 

DULCINEE uses feedback parameters that were computed 
with TRIPOLI 4. It includes the instant Doppler effect and all 
delayed phenomena like clad expansion or coolant density. 
The delayed neutron fraction β and generation lifetime l were 
computed with MCNP [6]. The resulting values are now 
consistent and have successfully been tested with DULCINEE 
against experimental data acquired during the sodium loop 
past programs (several hundred power bursts in the past 40 
years). It will be tested against the experiment with a neutron 
noise measurement technique [7] during core commissioning. 
Figure 6 above shows the very good agreement between 
computation and experiment for the DULCINEE kinetics tool 
during a fast 10 ms duration typical fast pulse. The 

"experiment" plot corresponds to the measurement of an ion 
chamber whereas the "computation" plot corresponds to a 
reactivity driven DULCINEE computation. In this latter case, 
the reactivity comes from the above mentioned combination of 
functions : ρ(t)=[PHe-3(t)]measurement. ⊗ [ρ(PHe-3)]calc.. 
 

Eventually, the hot rod power features are computed in 
SCANAIR to evaluate the three safety parameters presented in 
the previous paragraph (i.e. Tfuel, Tclad and εclad). 

The steps exposed before to assess the safety of any 
upcoming experiment include several added margins. Most of 
this legitimate conservatism is concentrated in a large 
overestimation of the core power. This approach maximizes 
the energy deposited in the rod, which is the driving parameter 
for clad temperature. 

 

VI.  3HE REACTIVITY WORTH ASSESSMENT 

 
The time behavior of 3He induced reactivity is the result of 
two combined functions: [PHe-3(t)] ⊗ [ρ(PHe-3)]calc. The 
reactivity as a function of 3He pressure has been computed 
with TRIPOLI 4 Monte Carlo whole core computations and 
with DULCINEE in the reverse kinetics option. It has been 
successfully validated against past measurements. This 
validation first compared the computed hafnium rods 
criticality level to the measurement for several 3He pressures 
in a statics approach and it also provided an assessment of the 
3He reactivity worth in a dynamics approach. Both methods 
showed a good and coherent agreement as presented in figure 
7 below [8].  
 

 
Fig. 7. Agreement between computation and experiment for TRIPOLI 4 

 
As a consequence, the uncertainty on ρ(t) basically depends 
on the gas concentration in the core that is to say PHe(t). This 
pressure comes from a measurement either made during 
previous experimental campaigns (actual test with a power 
burst) or in preparation of an upcoming test (system 
depressurization without core operation). These records fit the 
analytical formula presented in chapter V as can be seen on 
figure 8 below. However, a couple of small bumps still remain 
on the experimental plot and it could hardly be modeled into 
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the simple analytical law. 
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Fig. 8. 3He pressure as a function of time in a typical fast pulse 

 
The analytical approach illustrated in the fit plot of figure 8 
above accounts for a perpetual critical flow. It was validated 
on the measurements of past experiments. However, the 
neutron pulse causes a delayed flash heating in the gas (see 
magnifier in fig. 8 above) that remains unaddressed. An 
attempt to better describe the physics of this 3He 
depressurization has thus been initiated. 

 

VII.  BETTER UNDERSTANDING 
3HE PRESSURE PHYSICS 

 
The validation of tests safety uses either measurements or an 
analytical fit to characterize PHe(t). This approach gives 
satisfactory results to provide an assay of the fuel rods safety 
criteria, essentially because the driving parameter is the 
energy deposited in the rod rather than a particular power plot. 
However, a few specific phenomena have been observed in 
this PHe(t) plot that could be better characterized using a more 
accurate modeling. 
The characterization of PHe(t) has been revisited and now 
includes two connected features : 

• An explicit description of the circuit with 
Computational Fluid Dynamics and 

• The flash nuclear heating due to the burst of power 
The CFD computation is based on the actual 3D CAD model 
of the reactivity injection system inserted in the STAR-CD 
code [9] as it is well adapted to complex geometries. STAR-
CD is a CFD code based on a finite volume discretization, 
which is largely used by the industry. It is adapted for the 
following calculations in laminar and turbulent flows, 
compressible or non-compressible and possibly with radiation 
modelling. The code solves the 3 basic conservation equations 
(mass, energy and momentum) with a refined meshing in 
order to provide the thermal hydraulics field for the fluid 
using the k, e model for turbulence. The velocity on the 
boundary layer is described by the wall law. A zoom on the 
collector head, a key element of the reactivity injection 
system, is showed in figure 9 hereafter. 

 

 
Fig. 9. Mesh of the collector head (reactivity injection system) 

 
Figure 9 above shows the collector head, right above 3He 
tubes located in the core. This device gathers 3He flows from 
all 24 tubes of 1 among 4 3He absorber systems in the core. 
The mesh is most refined upstream, where phenomena are 
dense, whereas it is coarser downstream. 
The CFD computation is fed by an estimate of the power rate 
due to nuclear heating. 
The spatial distribution of n,p capture has been computed with 
TRIPOLI-4. The computation has been performed for each 
individual of all 96 3He rods in the azimutal, radial and axial 
directions and for several gas pressures. The nuclear heating 
of 3He in the tubes is essentially due to the 3He(n,p)3H capture 
reaction whilst the γ heating is negligible. The relative heat 
rate thermogram shown on figure 10 below corresponds to a 
tube located at the inner corner of 1 among 4 3He absorber 
systems. It shows a significant spatial self shielding at the 
periphery. This effect naturally depends on the gas pressure. 
The peaking factor increases by 20% between 1b and the 
maximum 3He pressure of 15b. 

 
Fig. 10. In-core 3He corner tube internal n,p reaction thermogram 

 
On figure 10 above, the reaction rate peaking seems to move 
downwards when the gas pressure increases. This is due to the 
general shift in the core flux map as exposed below figure 5 in 
chapter V. The 3He absorber naturally reacts as a sort of flux 
repellent. It allows a higher reaction rate on the inner face of 
the tube at low 3He pressure and it keeps most reactions on the 
outer face of the tube at high 3He pressure. 
The power yield in the gas would be more important if all the 
energy of the 3He(n,p)3H reaction (0.764 MeV) was released 
at the interaction site. However, this approach does not 
account for the transport of p and 3H resulting charged 
particles. 
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This transport has 2 consequences : 

• It spreads the heat into the gas and 
• It shares a part of the initial reaction energy with the 

3He tube clad. 
This phenomenon was modeled with a Monte Carlo routine 
computing and integrating the stopping power at several 3He 
pressures for each particle from the interaction site to the final 
point. The model is based on simple hypotheses but gives a 
fair order of magnitude of the fraction of energy effectively 
released in the gas. It shows the energy is essentially released 
in the clad at low pressure (83% at 1 b 3He) whereas it mostly 
goes to the gas at high pressure (81% at 15 b 3He). 
The gas nuclear heating was eventually integrated to the CFD 
computation. This last computation is now able to reproduce 
the specific characteristic observed on the pressure 
measurement. It also allows an assessment of the in-core 3He 
pressure PHe(t) as shown in figure 11 below. This new feature 
will be most useful to help determine the reactivity injected in 
the system in order to better predict the power generated 
during the corresponding transient. 
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Fig. 11. PHe(t) : Measurement and CFD computation with nuclear heating 

 
Figure 11 above shows the 2 following things. 
� It is possible to characterize the so-called TOP nuclear 

heating effect in 3He with a dedicated CFD computation. 
� The phenomenon is very tight. 

An option would be to improve the experimental 
characterization of the TOP effect. This could be possible with 
a dedicated test device. Such a device should be equipped 
with a sufficient instrumentation set up allowing the 
measurement of neutron flux (ion chambers and dosimeters) 
as well as PHe(t) and gas temperature into a dummy 3He tube 
undergoing the same depressurization as those of the core 
reactivity injection system. 
 
 
 
 
 
 
 

VIII.  CONCLUSION 

 
This paper presented the organization set up to assure the 

safety of experiments in the CABRI RIA test facility. 
It shows several computation steps are necessary to 

evaluate the margins. It presents the methodology developed 
to improve the characterization of power prediction in a 
limited amount of transients called fast pulses. This 
characterization allows the evaluation of an original 
phenomenon called the TOP effect. 

The delayed repressurisation of in-core 3He tubes is due to 
the nuclear heating caused by the 3He(n,p)3H reaction during 
the burst of power. 

This observation can very hardly be illustrated with current 
computation schemes but its understanding would probably be 
greatly improved with the measurements provided by a 
dedicated test device. 

 
 

�    
 
 
 
 

REFERENCES 
[1] Neutron Commissioning in the New CABRI Water Loop Facility. G. 

Ritter, O. Guéton, F. Mellier, and D. Beretz. IEEE TRANSACTIONS 
ON NUCLEAR SCIENCE, VOL. 57, NO. 5, OCTOBER 2010. 

[2] SCANAIR reference documentation. version V_6_1. A.Moal F.Lamare 
J.C.Latché E.Fédérici V.Bessiron. February 18th, 2008 

[3] Modelling of Clad-to-Coolant Heat Transfer for RIA Applications. V. 
Bessiron. Journal of NUCLEAR SCIENCE and TECHNOLOGY, Vol. 
44, No. 2, p. 211–221 (2007). 

[4] TRIPOLI-4 VERSION 4 USER GUIDE. Odile PETIT, François-Xavier 
HUGOT, Yi-Kang LEE, Cédric JOUANNE, Alain MAZZOLO. Rapport 
CEA-R-6169. 

[5] DULCINEE CODE. Dutraive, P. ; Fabrega, S. ; Millot, F. CEA Internal 
report CEA-N—1378. 1970 Jan. 01. 

[6] Forrest B. Brown, et al., "MCNP Version 5," Trans. Am. Nucl. Soc., 87, 
273 (November 2002). 

[7] Multimode Acquisition System Dedicated to Experimental Neutronic 
Physics. B. GESLOT, C. JAMMES, G. NOLIBE, P. FOUGERAS. 
IMTC 2005 - Instrumentation and Measurement. Technology 
Conference. Ottawa, Canada, 17-19 May 2005 

[8] CABRI Études de coeur. Cinétique rapide. French Nuclear Society. 
Reactor physics section technical meeting. 10/21/2009 Paris. O. Guéton, 
G. Ritter. 

[9] STAR-CD. Version 4.10. 
 



RRFM, European Research Reactor Conference 2011 
Rome, Italy, 20 - 24 March 2011 

 
 

COUPLED HYDRO-MECHANICAL ANALYSIS OF U-10MO FUEL 
PLATES FOR MANUFACTURING TOLERANCE RISK ASSESSMENT 

 
JOHN KENNEDY AND GARY L. SOLBREKKEN 

Mechanical and Aerospace Engineering 
University of Missouri, E2411 Lafferre Hall, Columbia, MO  65211 – USA 

 
 
 

ABSTRACT 
 

The proposed new U-10Mo LEU fuel plates that are currently being considered 
for use in the University of Missouri Research Reactor (MURR) are being 
evaluated for structural integrity.  Specifically, coolant flow-induced deformation 
of the fuel plates needs to be clearly understood.  Historic work has shown that 
plates indeed will buckle when large enough flow velocities are applied.  The 
analysis tools that were available to study such behavior were either 
experimental in nature, or else simplified fluid-mechanical analytic models.  The 
present work is intended to move towards a more fully integrated fluid-
mechanical model, without needing to make dimensional simplifications. 
 
A study of manufacturing tolerances is used as a platform to develop the new 
coupled modeling tools.  In any fuel plate assembly, manufacturing limitations 
dictate that flow channels will be of unequal size, leading to flow imbalance.  
The goal of the study is to determine the amount of deflection that can be 
expected due to the flow imbalance.  The numeric modeling is carried out using 
Star-CCM+, a commercial finite volume thermal/fluid code, and Abaqus, a 
commercial finite element structural code.  Since the codes use fundamentally 
different solution strategies, an explicit coupling approach is used.  A stable 
solution process has been obtained through a combination of conventional 
pressure relaxation, flow velocity ramping, and time step relaxation.  The 
numeric solution is benchmarked against a simple analytic model. 

 
1. Introduction 
The University of Missouri Research Reactor (MURR) is one of five high-performance 
research reactors in the U.S. for which fuel conversion will require the use of new LEU 
“monolithic” fuels.  The monolithic fuels utilize U-10Mo based foils to achieve very high 
uranium densities and are under active development by the Reduced Enrichment for 
Research and Test Reactors program.  The feasibility studies are currently being conducted 
to establish the performance and safety behavior of the monolithic structures necessary to 
gain regulatory approval. 
 
From a mechanical structure standpoint, there are two key ways in which the new monolithic 
fuel will be different from dispersion structures.  The first is that assembled monolithic fuel 
plates have a laminated composite structure, with clearly defined interfaces between the U-
10Mo foil and the aluminum cladding.  This is in contrast with the powder metallurgy 
approach characteristic of conventional dispersion fuel.  The second way in which the 
monolithic fuel is proposed to be different for MURR is that individual fuel plates will be 
thinner than their current fuel design. 
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The mechanical integrity of monolithic fuel plates for MURR needs to be evaluated in light of 
the proposed thinner, composite structure.  A major mechanical load during reactor 
operation is that caused by the high velocity water coolant flow.  In particular, a pressure 
imbalance can develop across a fuel plate due to flow velocity differences between 
neighboring flow channels due to a difference in their cross-sectional area.  A difference in 
the cross-sectional area between neighboring channels can be caused by natural 
manufacturing variations.  This paper describes integrated fluid-mechanical modeling 
needed to support a study that evaluates 
manufacturing tolerances of fuel plates during 
operation. 
 
2. Analytic Model Development 
A simple analytic model was developed to 
estimate flow-induced plate deflection of a single 
plate with flow channels on either side.  The 
model is intended to provide results that can be 
compared with the numeric model, as well as to 
provide parametric trend guidance.  A sketch of 
the reference system considered is shown in 
Figure 1. 
 
The modeling strategy is to solve for the pressure 
distribution on either side of the plate caused by 
the coolant flow, and then to use the difference in 
pressure distribution on either side of the plate to 
estimate the plate deflection using a wide beam 
model.  A design flow velocity is set at the inlet 
region.  The flow is allowed to distribute between 
the two channels.  When the flow rate in each channel is known, the local pressure 
distribution on either side of the deflecting plate can be found using standard pressure drop 
relations. 
 
As suggested by Figure 1, it is assumed that there is an inlet region before the deforming 
plate and an exit region after the deforming plate.  Rigid plates are assumed to exist on 
either side of the plate.  The rigid neighbor plates are assumed to have the same geometry 
as the deforming plate.  The purpose of the neighbor plates is to provide fixed flow 
boundaries for the coolant flow.  The distance between the rigid neighbor plates is fixed 
while the deformable plate is offset to simulate the manufacturing assembly variation.  This 
means that the values of h1 and h2, the channel gap values, will be different.  However the 
sum of h1 and h2 will remain constant. 
 
The first step in the solution process is to calculate the mass flow rate of water in each of the 
two flow channels created between the rigid neighbor plates and the deformable plate.  This 
is accomplished by defining the uniform flow velocity in the entrance region and assuming 
that the lateral pressure is uniform in the inlet region.  The lateral pressure is also assumed 
to be uniform sufficiently far downstream from the plates in the exit region. 
 
The pressure drop from the inlet region to the exit region is assumed to be fixed for a given 
inlet flow velocity.  This is consistent with assuming that the pressure drop across the entire 
fuel assembly is held constant by the reactor coolant loop pump, and insensitive to small 
perturbations of individual fuel plates.  For a given approach flow velocity, the overall 
pressure drop is calculated when the deforming plate is placed precisely between the two 
rigid plates.  The pressure drop calculation approach is similar to that outlined in Kays and 
London [1].  The overall pressure difference can be written as: 
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Plate that has Deformed
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For the sake of brevity, it is noted that the entrance and exit pressure drops account for flow 
acceleration/deceleration due to flow area changes, as well as irreversible 
contraction/expansion losses.  The frictional pressure drop through the length of the channel 
uses an expression for the Darcy friction factor that is based on the Colebrook equation for 
fully developed turbulent flow. 
 
After the overall pressure drop is found, the deforming plate is offset between the rigid plates 
by some tolerance (δh in Figure 2).  New expansion and contraction coefficients and friction 
factors are calculated for the new geometry and a guessed flow velocity.  This process is 
repeated for both channels.  The flow velocity is then solved for in each channel for the given 
pressure drop coefficients and the given pressure drop.  If the flow velocity that was 
originally assumed is different than the calculated flow velocity, then new coefficients are 
calculated until the flow velocity converges. 
 
The converged flow velocity in each channel is used 
to calculate the pressure distribution along each side 
of the deforming plate.  The lateral pressure 
difference across the plate is then calculated and 
assumed to be the mechanical load that causes the 
deforming plate to bend as suggested in Figure 2.  
The amount of plate deformation is calculated 
assuming the fuel plate behaves like a wide beam 
with built in boundary conditions [2].  By integrating the deformed profile, an average 
deflection, Δh, can be calculated from: 
 

  
( ) ( )

3

24
12

60
1

Ea
bpph υ−−

=Δ  (2) 

where E is Young’s modulus and ν is Poisson’s ratio.  It should be noted that the amount of 
deformation for a given pressure difference is proportional to 1/a3, clearly showing the risk of 
using thinner plates. 
 
With the amount of plate deflection calculated, it is possible to re-evaluate the mass flow 
rates through the cooling channels, the resulting pressure distribution, and finally the plate 
deflection.  This process is repeated until the plate deflection calculation converges.  The 
converged solution is then assumed to be the actual plate deflection for a given inlet flow 
velocity and plate offset. 
 
3. Numeric Model Development 
A structure similar to that shown in Figure 1 was simulated using Star-CCM+ [3], a 
commercial CFD code, and Abaqus [4], a commercial FEM code.  Aside from the fact that 
these two commercial codes take fundamentally different solution approaches, the primary 
difficulty in coupling these codes for this analysis arises from the high aspect ratio of the 
geometry being considered.  A high aspect ratio increases the difficulty of building a mesh 
dense enough to provide accurate results, without being so dense that the simulation takes 
an extravagant amount of time to complete.  Also, without careful consideration of meshing, 
time-stepping, and velocity ramping parameters, the solution diverges, failing to produce 
results. 
 
Geometry parameters for the models 
evaluated are shown in Table 1.  To 
improve the stability of the explicit 
coupling between the CFD and FEM 

Table 1.  Numeric Model Parameter Values
Parameter Value
Plate Thickness (a) 0.9652 mm = 0.038 in
Plate Length (L) 647.7 mm = 25.5 in
Plate Width (b) 110.3 mm = 4.342 in
Front Channel Gap (h1) 2.4 mm = 0.0955 in

Back Channel Gap (h2) 2.2 mm = 0.0875 in

CFD Model 1 Mesh Size 6,174,614 Cells
CFD Model 2 Mesh Size 22,385,474 Cells
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codes, the applied flow velocity was ramped at a prescribed rate.  The two ramping profiles 
evaluated are shown in Figure 3.  The upper flow velocity of 8 m/s is about the expected 
coolant flow velocity for the proposed new fuel stack. 
 
Finally, a refined time stepping 
procedure was used.  The 
CFD models utilized a time 
step of 0.05 seconds, while the 
FEM model utilized a 0.005 
second time step.  This 
allowed the FEM model to 
iterate 10 times for every one 
CFD iteration, thereby 
providing a more stable 
solution to the solid 
displacement model at each 
CFD time step. 
 
4. Results 
A plate deflection plot can be seen in Figure 
4 based on the coupled simulation results 
from Model 1.  Due to the coarser mesh and 
rapid change in fluid velocity, the Model 1 
simulation diverged, and clearly showed 
exaggerated oscillating plate behavior.  The 
cause was traced back to the CFD code 
being unable to stabilize at each step.  Thus, 
as the solution preceded by incrementing the 
flow velocity, the structure continued to 
deform, while the flow field was not able to 
equilibrate.  By analyzing when the solution 
went unstable, the flow velocity ramping rate 
and the number of CFD iterations-per-time 
step were modified to the conditions defined 
by Model 2 in Table 1 and Figure 3.  
 
The plate deflection and flow distribution for a 
flow velocity of 8 m/s are shown in Figure 5.  
It is of note that the solution process 
exhibited stable behavior for each velocity 
step shown in Figure 3 and took about 25 days on a mini-cluster to complete.  The plate 
deflection plot shows a classic pattern where the plate deforms the most at the leading edge 
where the lateral pressure difference is the greatest.  It should be noted that the plate 
deforms in the direction of the larger gap as suggested by Figure 2.  This means that there 
appears to be a tendency for the flow channels to equalize.  Along the length of the plate, 
the amount of 
deflection decreases 
along the length of 
the plate as shown in 
previous work [5-6].  
The peak deflection 
at the center of the 
plate for the 8 m/s 
simulation is about 
328.6 μm (0.0129 in). 
 

Figure 3.  Flow Velocity Ramping Profiles.

Figure 4.  Unrealistic Plate Deflection Results 
using Model 1 Due to Diverged Solution.

(m)

(m)

Figure 5.  Pressure and Velocity Field from CFD Analysis and 
Plate Deflection Field from FEM Analysis.  Flow Velocity is 8 m/s.
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The flow velocity and pressure fields at the plate leading edge illustrated in Figure 5 from the 
CFD solution also support the notion that the pressure is higher in the smaller channel than 
the larger channel. 
 
5. Conclusions 
It has been demonstrated that coupled fluid-mechanical analysis is possible using 
commercial CFD and FEM codes.  The means to achieve computational stability was by 
controlled ramping of the applied fluid velocity and by effectively employing time-relaxation.  
The results of the simulation agree with calculations made using the analytic model in terms 
of the direction of the deflection and the magnitude of the deformation within 30%.  
Continuing studies are being conducted to optimize the mesh for improved accuracy and 
shorter solution times.  Experimental validation studies are also warranted and in progress. 
 
It should be noted that while flat plates have been analyzed in this study to develop the 
analysis tools, the fuel plates employed by MURR have two additional stabilizing features to 
limit plate deflection.  The first is that the plates are curved in an arc spanning about 45°.  
The second feature is that there is a stabilizing comb at the leading edge of the MURR fuel 
bundles.  The combination of the curved plates and the stabilizing comb is expected to 
decrease the amount of deflection significantly.  Both features are being analyzed with 
models and experiments to quantify the extent of stabilization. 
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ABSTRACT 

 
This paper describes a three dimensional (3D) finite element model of the micro-
structure of dispersion type fuels, which can be used to determine the thermal 
conductivity of the fuel during irradiation.  The model simulates a representative 
region of the fuel as a cube shaped unit cell.  The elements within the unit cell are 
assigned material properties of either the fuel or the matrix depending on position, in 
such a way as to represent randomly distributed fuel particles with a size distribution 
similar to that of the as-manufactured fuel.  By applying an appropriate heat 
generation rate to the fuel particles and a heat flux across the unit cell, it is possible to 
determine the effective thermal conductivity of the unit cell as a function of: the 
volume fraction of the fuel particles, the bulk temperature, and the local heat 
generation rate.  The presence of a fuel/matrix interaction layer is simulated by the 
addition of a third set of material properties that are assigned to elements that 
surround each fuel particle.  In this way the thermal conductivity of the material may 
also be determined as a function of the volume fraction of the interaction layer. 

 
1. Introduction 
Thermal conductivity is one of the most important material properties in determining the 
performance of any nuclear fuel, as the majority of the physical phenomena governing the 
fuel behaviour are thermally driven.  UMo-Al dispersion fuels have shown great potential for 
replacement of the Highly Enriched Uranium (HEU) fuels in many research reactors, but 
have the drawback that the UMo fuel particles interact with Al matrix forming a low density 
and low thermal conductivity interaction layer, which results in fuel swelling and degradation 
of the fuel performance.  The formation of the interaction layer is thermally driven [1], and the 
accompanying degradation in thermal conductivity of the fuel results in a positive feedback 
between the growth of the interaction layer and the increase in fuel temperature. 
 
Traditional techniques for determining the thermal conductivity of two phase composites such 
as the Maxwell-Euken equation [2] can be successfully used to estimate the thermal 
conductivity of fresh fuel, but cannot accommodate the presence of the third phase 
interaction layer.  An additional complication is the formation of fission gas bubbles, which 
form within the fuel particles, and precipitate on the outer boundary of the interaction 
layer [3].  Previous finite element modelling of the fuel performance by Ding et al [4] has met 
with some success by treating the dispersed particles as regularly spaced equally sized 
spheres, but this technique is limited by regular structure assumed for the material micro-
structure.  This paper describes a finite element model for micro-structure that accounts for 
the random distribution of the fuel particles positions and sizes, the presence of the irregular 
interaction layer around the particles, and also the presence of fission gas bubbles.  The 
micro scale model is executed for a range of compositions of fuel loading, interaction layer 
thickness, and fission gas volume fraction, to yield values of the thermal conductivity that 
may later be used in macro-scale modeling of the fuel performance. 
 
2. Model Description 
Finite element techniques are used to represent of a small volume of fuel within a fuel 
element.  This representative volume is termed the unit cell.  The unit cell is constructed of 
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finite elements and the material properties of the elements are assigned in such a way as to 
be representative of the micro-structure of the dispersion fuel, including U-Mo fuel particles, 
the Al matrix, the fuel-matrix interaction layer, and even fission gas bubbles.  The effective 
thermal conductivity of the unit cell is determined by applying a heat flux to one end of the 
unit cell and solving for the temperature field within the cell.  By specifying additional 
boundary conditions to the unit-cell model, the influence on the thermal conductivity of the 
heat generation within the fuel particles and interaction layer can also be determined, The 
ANSYS finite element suite was used to obtain the thermal solution; however almost any of 
the commercially available finite element solvers could have been used. 
 
2.1 Model Geometry 
The unit cell is a simple rectangular prism 
representing a section of fuel of 0.45 × 0.45 × 
0.9 mm, with the long axis in the x direction and 
short axis in the y and z directions.  The 
elements used are cubic eight node bricks of 
5.625 µm on each side.  Hence the model 
consists of 80 × 80 × 160 or approximately one 
million elements. The basic unit cell is 
illustrated in Figure 1.  An aspect ratio of 2:1 
was chosen to allow for the accommodation of 
the edge effects associated with the packing of 
the fuel particles and the application of uniform 
boundary conditions to the ends of the unit cell.  
When calculating the effective thermal 
conductivity, only the central region of the unit 
cell corresponding to a cube of side 0.45 mm is 
considered as the representative volume. 
 
A Fortran computer code was written to 
generate a number of virtual spherical fuel 
particles, with random coordinates within the 
unit cell.  The diameters of the particles were 
also randomly generated with a normal 
distribution about a mean of 112.5 µm with a 
standard deviation of 33.75µm.  A lower and 
upper limit of 45µm and 360µm respectively, 
was also applied to ensure that extreme 
particle sizes were excluded from the model1.  
Fuel particles were added to the model until the 
required fuel loading had been obtained.  No 
restrictions were placed the particle locations to 
prevent interpenetration of particles (i.e. the 
particles were allowed to overlap), although the 
fuel volume in the unit cell was calculated in 
such a way as to prevent the double accounting of fuel volumes in the interpenetrating 
regions.  Restrictions were placed on the random x-coordinates of the particles to ensure that 
a particle free “buffer” region of 0.1125mm existed at the two ends of the unit cell.  This was 
required to enable the correct application of uniform boundary conditions of heat flux and 
temperature to the ends of the unit cell.  This resulted in two “edge effect” regions that were 
excluded from the representative volume used in the calculation of the effective thermal 
conductivity.  The geometry of the unit cell was assumed to be cyclic in the y and z 

                                                
1 This size distribution was chosen to produce a micro-scale morphology similar to that of the UMo elements 
irradiated in the NRU reactor at Chalk River [7].  The model may easily be modified to represent alterative 
particle sizes and shapes more typical of other fuel types. 

Figure 1  Unit cell showing representative volume 
(between the black lines), constant temperature 
face (green surface), and constant heat flux face 
(red boundary) 

Figure 2 Typical particle distribution for 30% 
fuel by volume 
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directions, and the portions of particles which 
penetrated the faces of the unit cell in these 
directions were represented at the opposite face 
of the unit cell.  An example distribution of fuel 
particles within the unit cell is shown in Figure 2, 
and a cross section though the unit cell is shown 
in Figure 3.  The cyclic nature of the geometry in 
the y and z directions is clearly visible in Figure 
3. 
 
The interaction layer between the matrix was 
simulated as a uniform layer around the 
periphery of the fuel particles.  Fission gas 
bubbles were also simulated located on the 
periphery of the interaction layer.  Figure 3 
shows a typical cross section through the unit 
cell with fuel particles, interaction layer and 
fission gas bubbles. 
 
The temperature dependant material properties of each finite element were assigned 
depending on whether the center of the element lay within the fuel particle, the interaction 
layer or a fission gas bubble. 
 
2.2 Material Properties 
For the simulations shown in this paper the fuel was assumed to be of 10 wt% Mo (U-10Mo) 
and was assigned a temperature dependant thermal conductivity determined by the 
correlations provided in Section 2.6 of the U-Mo Fuels hand book [5].  The thermal 
conductivity as a function of temperature is shown in Figure 4.  The thermal conductivity of 
the aluminum matrix was assumed to be temperature independent and set as 220 W.m-1.K-1.  
The thermal conductivity of the fission gas in the bubbles was approximated as a 
temperature independent value of 10-3 W.m-1.K-1.  
 
The composition of the fuel-matrix interaction layer is still the subject of study and the 
thermal conductivity of this layer remains the largest uncertainty in the model.  Lee et al [6] 
report laser flash measurements conducted on unirradiated samples of U-Mo dispersions 
following various heat treatments.  These heat treated samples exhibit interaction layers 

around the fuel particles, and thermal conductivity of fuel sample as a function of the volume 
fraction of the interaction layer is reported for several fuel compositions.  It was possible to 
estimate the thermal conductivity of the interaction layer by choosing a value for the model 

Figure 3 A cross section through a unit cell showing 
fuel (yellow), interaction layer (blue), fission gas 
(red), and Al matrix (grey) 

Figure 4 Thermal conductivity of U-10 fuel particles Figure 5 Thermal conductivity compared against data by 
Lee et al [6] 
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which best matched the observed degradation in thermal conductivity of the fuel sample as a 
function of the volume fraction of the interaction layer.  The thermal conductivity as a function 
of volume fraction of the interaction layer for both the experiments and the model simulations 
is shown in Figure 5.  The best match with the experimental data was obtained with an 
interaction layer thermal conductivity of 5.5 W.m-1.K-1. 
 
2.3 Boundary Conditions and Constraints 
Constraint equations were applied to the finite element solution to ensure that the 
temperature matched on opposite faces of the unit cell in the y and z directions.  This is 
consistent with the cyclic nature of the geometry, and has the effect of making the unit cell 
part of an infinitely repeating pattern in the y and z directions, thus eliminating edge effects at 
the unit cell faces normal to these directions. 
 
The unit cell face normal to the x direction is held at constant temperature of 400 K, while a 
constant heat flux of 5 × 106 W.m-2 is applied to the opposite face (see Figure 1).  These 
values are intended to be approximately representative of a sample of fuel in the outer 
portion of one of the U-Mo fuel elements irradiated in the NRU reactor at CRL [7], with a 
linear power of 100 kW.m-1. 
 
For several of the simulations shown in Section 3, a heat generation rate was also applied to 
the finite elements representing the fuel and the interaction layer.  In all cases the applied 
heat generation was equivalent to a volume averaged heat generation rate of 
3.2 × 109 W.m-3 applied to the entire unit cell.  It was also assume that the ratio of the 
volumetric heat generation rates in the fuel particles and the interaction layer was 10:1. 
 
3. Simulation Results 
The model was executed for a matrix of conditions intended to determine the impact of fuel 
loading, interaction layer volume fraction, fission gas volume fraction, and heat generation 
with the fuel particles.  The results of these simulations are presented and discussed below. 
 
3.1 Comparison to the Maxwell-Euken Equation 
Traditionally, the thermal conductivity of 
dispersion type fuels has been estimated 
using the Maxwell-Euken equation [2]: 

�� �
���1 � 2	 
 2��	 
 1�

�1 � 2	 � ��	 
 1�
 

where: 
λm = thermal conductivity of the mixture (in 

this case the fuel meat), 
λc = thermal conductivity of the continuous 

phase (in this case the Al matrix), 
λd = thermal conductivity of the dispersed 
phase (in this case the UMo fuel), 
χ = λc/ λd  i.e. the ratio of the thermal 

conductivity of the continuous phase to 
that of the dispersed phase. 

ϕ = the volume fraction of the dispersed phase (in this case the volume fraction of the UMo 
fuel particles within the fuel).  

 
This equation was derived for an idealised dispersion of spherical particles in a continuous  
medium and is not generally applicable to dispersion fuels with significant interaction layers 
and fission gas bubbles.  Figure 6 shows the current model compared against the Maxwell-
Euken equation for several fuel volume fractions.  There is no interaction layer, fission gas or 

Figure 6 Comparison of model against the Maxwell-Euken 
equation 
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heat generation for these simulations.  For fresh fuel there is good agreement with the 
Maxwell-Euken formula. 
 
3.2 Effect of Interaction Layer 
The impact of the growth of the interaction 
layer was studied by executing the model 
over a range of fuel volume fractions and 
interaction layer volume fractions.  The 
results of these simulations are shown in 
Figure 7.  This figure allows the thermal 
conductivity of the fuel to be determined 
from a known combination of fuel volume 
fraction and interaction layer volume 
fraction.  It should be noted that for a fuel 
undergoing irradiation, the volume fraction 
of the fuel particles will fall with burnup as 
the interaction layer grows.  In principle if 

the relationship between the reduction in 
the fuel volume fraction and the increase 
in interaction layer volume fraction is 
known as a function of burnup, it should be possible to determine the thermal conductivity as 
a function of burnup.  Note that these simulations do not include the impact of fission gas 
bubble formation. 
 
3.4 Effect of Fission Gas Bubbles 
Fission gas bubbles were added as a fourth 
phase to the model.  It was assumed that 
the fission gas bubbles are restricted to the 
inside of the fuel particles, and surface of 
the interaction layer.  Figure 8, shows the 
thermal conductivity of a fuel sample with a 
30% volume fraction of fuel and a 14.4% 
volume fraction of interaction layer, as a 
function of the volume fraction of fission gas 
bubbles.  A cross section through the unit 
cell with fission gas bubbles is shown in 
Figure 3. 
 
3.5 Effect of Heat Generation within the Fuel 
In-reactor heat is generated within the fuel 
particles and the interaction layer.  The 
volumetric heat generation rate in the 
interaction layer is difficult to determine as it 
depends on the density and loading of 
uranium and the various activation and 
fission products; however for the purposes 
of this model it was assumed that 
composition of the interaction layer is UAl3.5.  
Using density measurements by Lee et al [6] 
it was possible to estimate the ratio of 
volumetric heat generation between the 
UMo fuel particles and the interaction layer 
as 10:1.  Figure 9, shows the effective 
thermal conductivity of a fuel sample with 
30% volume fraction as a function of the 

Figure 7 Thermal conductivity as a functon of fuel and 
interaction layer volume fraction 

Figure 8 Thermal conductivity as a function of fission gas 
volume fraction 

Figure 9 The affect of including heat generation 
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volume fraction of the interaction layer for a case with no heat generation and a case with a 
volume average heat generation rate of 3.2 × 109 W.m-3. 
 
Figure 10 shows a cross 
section through the unit cell 
with heat generation within 
the fuel particles.  The 
temperature difference 
between the center of the fuel 
particles and the matrix is 
small (~ 3K). 
 
4. Discussion 
This micro scale model has 
been used to determine the 
thermal conductivity of 
dispersion type fuels over a 
range of fuel compositions, 
including various 
combinations of interaction 
layer, fission gas bubble 
volume fractions.  The 
advantage of this model over 
many of the previous micro 
scale models is that 
morphology of the fuel in the simulation is very similar to that of real fuel, and may be readily 
adjusted to match many differing fuel types and compositions. 
 
The model also has great potential for extension by directly coupling the model to a suitable 
thermally driven model of the interaction layer growth, such as that proposed by Soba and 
Denis [1].  This would allow for the simulation of the evolution of the interaction layer as a 
direction function of burnup under a range of physical conditions, fully representative of the 
conditions expected of the fuel within the reactor. 
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Figure 10 The effect of heat generation on the local temperatures within the 
fuel 
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ABSTRACT 
Numerical analytical works on a non adiabatic radiometric differential calorimeter 

dedicated to nuclear heating measurements in material testing reactor are developed to 
focus on the heat transfers taking place into this sensor in two cases. The first case 
corresponds to the calibration operating mode which is performed under non irradiation 
conditions before an irradiation campaign. In that case the nuclear heating is replaced by an 
electric power imposed in the sample. Moreover the experimental results used to validate the 
thermal model correspond to a natural convection exchange between the calorimeter and its 
external surroundings. The second case concerns the in pile experiments. This paper 
focuses on only the first case. The differential calorimeter and its operating mode are 
presented. The validated 2-D axi-symmetrical numerical model, based on finite element 
method and solved iteratively by CAST3M code, is described. A focus on stationary results is 
presented. The temperature profiles and the heat flux are shown. The heat flux repartition 
through the external jacket of the calorimeter is studied for several electric powers. Then the 
response curve of the calorimeter is given. Finally the study of its sensitivity according to 
specific geometrical dimensions of the twin cells is presented and discussed. 
1. Introduction  
The present work is carried out in the frame of a collaborative research program called IN-
CORE “Instrumentation for Nuclear radiations and Calorimetry Online in REactor” between 
the University of Provence (Marseille, France) and the CEA (French Atomic Energy 
Commission) - Jules Horowitz Reactor (JHR) program. IN-CORE collaborative program is 
inside the new CEA-Provence University join laboratory called LIMMEX1. The building of this 
new European MTR with higher performances [1] represents a real opportunity for 
researchers and end-users to build and then to carry out new experiments on structural 
material ageing and fuel behaviour under irradiation which will contribute for instance to the 
safety studies or to the optimization of existing or coming nuclear power reactors as well as 
the developments of the future ones. The JHR will allow typically ~ 20 simultaneous 
experiences in the core and in the reflector. In order to design experiments satisfying both 
safety requirements and scientific needs (to obtain consequently precise experimental 
results), new in pile instrumentation and measurement methods are required. At present a 
real challenge concerns advanced online measurements of several parameters such as 
specific power deposit (W.g-1) called nuclear heating which controls temperature and 
temperature gradients of the experimental devices and the irradiated samples. 
The IN-CORE research program deals with this important challenge. This program, started in 
2009, is aimed to design a new mobile system adapted to the JRH core conditions. This 

                                                      
1 Laboratoire d’Instrumentation et de Mesures en Milieux Extrêmes which roughly means « Instrumentation and 
Measurements in extreme medias »  



device will be dedicated to the combined measurements of the irradiation condition relevant 
parameters in JHR experimental channels as the starting of the reactor (in core and in 
reflector). For simultaneous (or combined) online measurements, this device will use mixed 
sensors divided into three categories. The first category of sensors will concern the neutron 
flux quantification by using fission chambers and Self Powered Neutron Detector, the second 
one will correspond to the photon flux measurement with ionisation chamber and Self 
Powered Photon Detector and the last one category will lead to measurement of the nuclear 
heating with a gamma thermometer and a radiometric calorimeter.  
In this program a complementary approach is developed. It is based on experimental 
campaigns in MTRs (for the first prototype in OSIRIS/CEA Saclay – France at the end of 
2011 and then in JHR) coupled with analytical works dedicated to one sensor: a radiometric 
differential calorimeter. This calorimeter has been developed previously by the CEA2 and 
tested inside the OSIRIS reflector [2]. The aim of these analytical studies is to develop 
numerical and experimental tools to improve and/or to adapt the signal delivered by the 
calorimeter by focusing on heat transfer inside the calorimeter and with its surroundings and 
to interpret in pile measurement results. This paper presents the numerical works performed 
under non irradiation conditions and corresponding to the sensor calibration.  
 
2. Model of the heat transfer in the differential calorimeter  
The numerical works concerns a calorimeter belonging to the fourth category called “in-
reactor calorimeter” of the radiometric calorimetry in nuclear sciences and technologies [3]. 
This kind of calorimeter is devoted to the study of the energy deposition in specific samples 
for engineering purposes of structural materials or to the local measurements of nuclear 
heating in reactor.  
2.1 Synthetic presentation of the differential calorimeter  
The studied calorimeter corresponds to a simple robust design of a differential calorimeter 
composed by two superposed twin cells contained in a cylindrical stainless steel tube filled 
with nitrogen gas, instrumented by four thermocouples (K type) and two heating elements 
embedded in alumina.  
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Fig 1. Differential calorimeter diagram  

 
The upper cell contains the sample which acts like a “radiation absorber”. The sample is 
made of graphite. The lower one contains an empty cavity filled with nitrogen gas and is used 
as reference cell. The operating mode used is a permanent mode with a heat flow (or heat 
exchange) between the calorimeter and its surroundings (water bath during calibration in the 
ISIS pool at CEA2 or water flow during irradiation in OSIRIS). The heat is transferred from the 
sample to the lower part of the cell thanks to two consecutive cylindrical rods. The first 
conduction rod has a small diameter in order to turn the heat towards the base rod which is 
in contact with the stainless steel tube in order to evacuate preferentially the heat in this 



area. During the calibration of the calorimeter under non irradiation conditions, the nuclear 
heating is simulated by heating the graphite sample by Joule effect with the heater. The 
calorimeter is inserted in liquid bath maintained at a constant temperature. The heat 
exchange mode corresponds to buoyancy convection.  
2.2 Thermal model  
The thermal model applied is the following:  

- computational domain is considered bi-dimensional due to the axi-symmetrical 
geometry of the twin cells 

- conduction heat transfer mode is considered in the structural elements of the 
calorimeter as well as in the nitrogen gas surrounding the twin cells treated as a static 
gas cavity.  

- thermal expansion effects and the radiative exchanges are neglected. The thermal 
conductivity of materials is calculated based on the variable temperature.  

- heat dissipated in the calorimeter is evacuated through a natural convection laminar 
single phase fluid flow mechanism 

- heat source term corresponds to the heat produced by Joule effect in the alumina by 
the resistance  

The heat flow across the graphite sample, the pedestal/rod, the base is determined by the 
following equation considering the isotropic and homogenous properties of materials: 

1
i i i i i

T T TCp Q
t r r r z

                   
 

Where ρi is the mass density of a given material i [kg/m3], Cpi is the heat capacity of a given 
material i [J/Kg. K]. i is the thermal conductivity of material i [W/m. K], Qi is the heat 
generation per unit of volume of a given material i [W/m3].  
 
The boundary and initial conditions are:  

- bulk liquid temperature surrounding the calorimeter tube is equal to 23 °C, thermal 
properties of water are estimated at this temperature 

- heat flux is neglected through the lower and upper sections of the stainless steel tube 
- at the boundary of the stainless steel cylinder the heat flux exchanged at the interface 

solid-liquid is: ( )( )bh T T T dS    
where T is the unknown surface temperature, h is the convective heat transfer coefficient and 
dS is the elementary heat exchange surface of the stainless steel tube. 
In the case of the calibration, the convective heat transfer corresponds to natural convective 
flows around a heated vertical cylinder at a constant heat flux. The average Nüsselt number 
on the surface of vertical cylinder is given by the following correlation [4]: 

 0.20
*0.55av D

DNu Ra L (for RaD D/L>104) 

 where 
*
DRa corresponds to the modified Rayleigh number calculated from the heat flux, L the 

tube length and D the tube diameter. 
The calorimeter computational domain is discretized using the finite element method. It is 
implemented by using the 2009 CAST3M code, developed by CEA2. The computational 
domain is meshed by two kinds of element: (i) three node triangular elements are used to 
mesh nitrogen gas cavities and the cone of the graphite sample holder and (ii) four nodes 
quadrilateral meshes for the remaining calorimeter structural elements. The non-linear heat 
conduction equation is solved iteratively by using PASASAPS procedure of CAST3M code, 
from an initial temperature field To(R, z), and the Crank-Nicolson second-order scheme 
(implicit in time). The iterative procedure is repeated until satisfying the following 
convergence criterion: 

 Re ( )
ii p i i

Ts T C div gradT Q
t

  
   




 

where  is a predefined tolerance (=10-6) and Res(T) is the residual vector. 



 
Fig 2. Computational domain meshed. 

3. Numerical results on heat transfer 
During the calibration under non irradiation conditions, various electric powers are imposed 
to the heater inserted into the sample and into the reference cell. For each power level the of 
rod and base temperatures are measured for the two cells. These temperatures have been 
used to validate the thermal model. Experimental and numerical results have a good 
agreement: discrepancies (simulation-experiment) are less than 6%. Afterwards the 
numerical results are analysed in order to obtain the temperature profiles for various 
simulated electric powers. Two profiles of temperature are given in Fig. 3a for two values of 
electric powers. Even if during calibration under non irradiation conditions the absolute value 
of the temperatures does not correspond to those of in pile experiments (without the nuclear 
energy deposition on the whole test cell), the temperature profiles are interesting in order to 
determine the calorimeter thermal behaviour, and in order to choose the thermocouple 
locations to improve the sensor sensitivity and in order to deduce the heat flux distribution. 
Two curves giving the local heat flux through the external tube versus the vertical ordinate 
are presented on Fig. 3b for the same electric powers. The location of the maximum heat flux 
corresponds to the base areas. 

 
(a)                                       (b) 

Fig. 3: (a)Temperature along the median vertical axis for two electric powers (on the left ), (b) 
Local flux along the external surface of the tube  for two electric powers (on the right). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 : Distribution of the electric power dissipated by the 
sample cell along the external tube 

The Fig. 4, which gives the distribution of the electric power dissipated by the sample cell for 
different electric powers imposed, shows that 82 % of the heat generated by the electric 
power is evacuated through the calorimeter base. This curve confirms that the calorimeter 
design ensures a good heat flow in the vertical direction. Nevertheless, an optimisation will 
be studied in order to increase the heat flux through this heat exchange area. 
Moreover, the parametric study is completed by varying other characteristics. The aim is to 
define the sensor sensitivity. The main parameter presented in this paper concerns the 



length of the calorimeter for several electric powers. In order to increase the available space 
for the other sensors, the length of the rod or the length of the base is decreased. For each 
simulated length value, the sensor response is determined. The Fig. 5a shows the influence 
of the rod length. For each value, the sample cell response or the calibration curve versus 
the electric power is linear for the tested range (< 5W). The slope is calculated to determine 
the sensor sensitivity. An increasing of the rod length (corresponding to a thermal resistance 
increasing) leads to the increasing of the measured temperature difference. The Fig. 5b 
presents the sensitivity versus the rod and base lengths. It is independent of the base length. 
Nevertheless, the base length has an impact on the absolute temperature value which has to 
be inferior to an imposed safety value. The non linearity of the sensitivity regression curve 
versus the rod length is induced by the thermocouple locations positioned in the rod and in 
the base. 

 
(a)                                                                                   (b) 

Fig. 5: (a) Temperature difference of the sample cell versus the electrical power for three 
length values of the rod (on the left), (b) Sensor response versus the rod and base lengths 

(on the right) 
4. Conclusions and outlooks  
These preliminary analytical works under non irradiation conditions confirm the thermal 
directional behaviour of the calorimeter (82 % of the electric power pass through the base). 
The influence of the rod length on the sensor sensitivity is shown. These works will be 
completed by other parametric studies. The influence of the material thermal properties, the 
radius size of rod in particular, the nitrogen static cavity, the thermocouple location on the 
sensitivity, higher electric powers will be determined. Then these works will be performed 
under irradiation conditions. In that case on one hand the heat source term will be replaced 
by the nuclear energy deposition which depends in particular on the location of the 
calorimeter in the experimental reflector/core channels, on the other hand the heat exchange 
mode will be changed. Forced convection correlations will be used for evaluating the 
boundary conditions.  
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ABSTRACT 
The China Advanced Research Reactor (CARR) has been erected in China 
Institute of Atomic Energy (CIAE). It is a multipurpose research reactor and the 
complete digital technology adopted, which covers supervision and control 
system, protection system, ATWS mitigation system, radiation protection system 
and others. The technique performance is briefly described. Special measures 
and design, such as the fast data collecting and modification coefficient adjusting 
for detectors due to their position changing in reactor core, are taken into 
account during the commissioning stage. Some problems come into being 
troublesome or unaccustomed due to the digital technology are discussed. 
 

1. Introduction 
The China Advanced Research Reactor (CARR) is a multi-purpose and high performance 
research reactor, its main technical features and properties have got the up-to-date performance 
of the world research reactors built. In fields of nuclear engineering, for the sake of nuclear safety, 
couples of years ago it was a hot subject in debate about the use of digital technology based on 
computer. Following the rapid development in microelectronics, computer and network 
communication techniques and progress of instrumentation and control (I&C) ability, to adopt the 
advanced computerized I&C technology and installations in nuclear energy fields has become a 
significant and non-reversible trend nowadays. Based on this technical background and matched 
with the position of synthetic disciplinary CIAE, the newly constructed research reactor CARR 
which is sited in CIAE has adopted the complete digital technology in I&C system especially the 
protection system. This paper will briefly address some experience in use of CARR’s complete 
digital control and protection (C&P) system during its commissioning stage. 
 

2. Composition of CARR C&P System 
The C&P system of CARR covers all functions of monitoring, control, protection and data 
recording needed while the reactor is in normal operation, accident or post-accident conditions. It 
mainly includes several subsystems: the monitoring and control system, reactor protection system, 
mitigation system for ATWS (Anticipated Transient Without Scramming) and radiation protection 
system, etc. 
Among these subsystems, the monitoring and control system is the basis of the C&P system of 
CARR, it undertakes the monitoring and control functions for main processing system, reactor 
power regulating system, electrical system, ventilation and air-conditioning system and others. Its 
hard-ware is based on the PLC structure and interlinked with 10/100Mbps self-adaptive redundant 
optic fiber Ethernet ring network. (Fig.1) 
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Fig.1 Monitoring and control System Network Diagram of CARR 

 
The reactor protection system adopts high quality commercial grade computers, related modules 
and components, It functions as the safeguard of CARR, whenever the initial postulated events 
should happen and reached the setting value, the system would trigger the breakers and make the 
reactor shutdown safely and prevent it from deteriorating. 
In case the reactor cannot shutdown by dropping the control rods due to some common cause 
failure or control rods blocking, the mitigating system for ATWS will send an additional signal to 
executive device of protection system for shutdown the reactor, it will further trigger the heavy 
water discharging valves and make the reactor trip in this case. 
 

3. Advantages using digital technology 
CARR’s C&P design relies upon a technical line with complete computerization, standardization 
and commercial grade for devices chosen and general techniques applied. Practice has indicated 
that the digital technology applied in research reactor shows superiority whatever in human factor 
engineering, logical algorithm, facility amount used and man power required for commissioning, 
easy mastering for running, etc. 

3.1  Convenient operating and data visual  
The application of digital technology considerably decreases the amounts in system facilities so 
reducing the burden for operating and maintenance. Take the protection system as example, there 
are 7 display and monitoring stations set in protection system, three independent channel stations 
isolated physically and electrically in three rooms, two independent display and monitoring stations 
in main control room, two display stations in auxiliary control spot, all trip parameters and status 
information can be displayed on real-time and compared with each other. Any changes in 
protection variables or status information will instantly catch the sight of operators and 
maintenance workers, which is much favorable to making quick judgment and response for these 
changes. All these data and parameters in protection system are transmitted through redundant 
optic fibers, which considerably reduce the usage of normal cables resulting in lowering the work 
load for installation and commissioning. 
Due to the usage of digital technology, the requirement for human factor engineering is easily 
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realized in design of main control room lay out, circumstance conditions and functions applied, 
which greatly improve the situation of shortages in analog technique. Real time and precise 
display, handy buttons and switches, control action and on-time feedback information combined 
with friendly communicated man-machine interface make the reactor operating and control 
convenient with least load so assuring the reactor operating safely and effectively under all 
conditions of normal operation and accident.  
As comparison, Fig.2 and Fig. 3 shows the appearance of main control rooms, HWRR (heavy 
water research reactor also sited in CIAE) and CARR respectively.  

      
Fig.2: The main control room of HWRR         Fig. 3: The main control room of CARR 
 

3.2  The realization of complicated algorithm 
The application of digital technique has changed the restriction that only simple algorithm can be 
conducted in analog mode. In CARR’s digital C&P system, many complicated algorithms are 
realized through the application of computer. 
Among protection variables, some are based on complicated algorithm and some are resulted 
from intricate protection logic. Through digital technology all these situations are possible to be 
realized. Some setting values for alarming and protection variables, such as inlet pressure and 
flow-rate of reactor coolant, inlet pressure of the main pipe in secondary loop, flow-rate of heavy 
water, temperature difference of reactor coolant between inlet and outlet of the reactor core and 
temperature difference of heavy water between inlet and outlet of heavy water tank, can be 
automatically changed according to reactor operating conditions without manual interference.  
Here is an example to show how the complicated logic to dealt with when the heat sink loss 
accident would happen. When the secondary loop pressure drops down and flow-rate loss, the 
temperature of main coolant would rise up, two protection parameters “low pressure” and 
“temperature high”, would result in trip of the reactor. The residual heat removing is still needed 
within a certain period by running the main coolant pumps. However, the running of main pumps 
will further heat up the coolant because of the loss of heat sink. So, an additional logic condition 
has to be applied to the C&P system, i.e., when the power of reactor lowers to less than 1 MW, 
switch off the main pumps automatically. 
Because CARR possesses the small and compact core with quite large worth of 4 control rods, in 
order to avoid power distribution distortion resulted from too large of insertion level difference 
between control rods, the algorithm for power regulating adopts the logic of pulling the control rods 
in same bank level as much as possible. During manually withdrawing or inserting, the level 
difference among 4 compensating rods is not over 6mm, while in automatic regulating mode, the 
difference among 3 compensating rods is still kept not over 6mm and for the regulating rod the 
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level difference from other three is not over 24mm. Practice shows that the digital system of CARR 
has successfully accomplished the requirements mentioned.  

3.3  Be adjusted easily 
During the commissioning phase, the related devices, interfaces among systems, conditions and 
requirements raised by commissioning tests of the reactor are not consistent with those required in 
normal operation status, correspondent adjustments are always needed at different 
commissioning stages. Such demands are easily conducted in digital technique. On the contrary, if 
analog technology was used, the difficulties whatever in technique approach and work load are 
unimaginable.  
The quick data sampling is quite important for testing the characteristics of various loops during 
their commissioning tests. Different tests want definite parameters, sampling frequencies and total 
sampling durations. Because for normal operation, the highest communicating speed rate 
between configure software and PLC is once per second which can not meet the requirements 
raised by the related commissioning tests. Therefore, special designed quick sampling codes are 
made with neither any impacts on normal data sampling and display nor adding any investment for 
hardware, and successfully accomplish the tests. 
When conducting the first physical start up experiment, in order to avoid the blind monitoring of 
neutron population, some ionization chambers used in protection system for normal operation 
have been moved into near core channels. For getting approximate the same neutron signals 
among three ionization chambers, the method used in analog technology was frequently and 
manually adjusting the position of related ionization chamber, it was quite difficult to obtain the 
ideal conditions and some times it would bring about safety problems. However, because of the 
use of digital technology, this problem can be easily solved by changing the related coefficients in 
the formulae of nuclear power signal calculations to approach the reasonable adjusting.  
 

4. Problems brought about by digital tech 
4.1  Unaccustomed to the display by operators 

Certain embarrassments and awkward feelings will be given rise to at the beginning stage on 
digital system for the operators who have been trained, worked along with and accustomed with 
the operation or observation with analog systems.  
To take the display of measuring parameters as an example, in analog system mechanical 
indicator was adopted to show the measuring data, the indicator hand swings a little or even no 
moving when measuring value fluctuating suddenly due to the mechanical inertia. However, in 
digital mode all measuring data are displayed in numeric style, the precision of system facility is 
much higher than that in analog one, the numeric display is always changing in every second 
which makes operators not accustomed to the frequent changing and sometime nervous in visual 
sense especially in the situation of reactor period display. 
The reactor period meter face in analog system is adopted the dichotomizing scale, if the value of 
reactor period reaches a certain value, say, above 100 seconds, the scale of indicator is not so 
sensitive even with quite large fluctuation in real period value. In this case, operator will consider 
the rector being under safe condition because its power shown in quite steady state. But in digital 
system, the display of real-time period value changes from time to time. Especially during low 
power stage, the period value changes a lot due to statistical fluctuation of neutron population 
which always brings about some impacts to operators mentally. 
Moreover, in CARR’s situation, the symbols “+” and “-” are used to show the reactor power 
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measured being increasing or decreasing, as a result, ever changing display accompanied with 
symbols “+” and “-” even the reactor power being steady lets operators unaccustomed. Especially 
the period with a minus symbol always makes operators inadaptable because in analog mode the 
period never appears negative one. 

4.2  Disadvantages resulted from too much functions easily set 
The use of digital technology supported by smart computers makes many functions realized very 
easy. For creating alarming function, it is only required to set alarming threshold values of certain 
parameters in related files，then the alarming of each parameter works. Due to less communication 
in DCS designing stage, the software designer prefers to set parameters as many as possible. As 
a result, too much undue alarms disturb operators annoyingly during the commissioning stage.  
Moreover, the same situation exists in parameters display on computer screen. Different colors are 
used to show parameters consistent with the results of logic judgment. However complicated logic 
results in quite many colors which make operators confusing in their response.  

4.3  Be liable to make fault 
In analog technology, once finishing the commissioning of various reactor systems, their 
configurations or features are not changed at will. But just inverse in digital technique, engineers 
may easily adjust the conditions of various systems on computers according to different 
requirements. Nevertheless, it would bring forth troubles beyond expectation if these adjusting did 
not pass through appropriate QA procedures or without communicating with each other. 
Here is an example. During a physical experiment the power of reactor was under auto-regulated 
by the regulating rod and the operator was adjusting the level of other control rods, suddenly the 
reactor was shut down due to power over. After the efforts to find out where the positive reactivity 
came from that making the reactor power rising up were failed,  the real reason was found at last 
that the auto-regulating function failed because one control rod has got to the top end position 
according to demand of experiment. In normal operation procedure later, there is a restriction 
condition for auto-regulating function, which is “all control rods are neither at the top end position 
nor at the bottom end position”. The careless on this limit condition and no strict QA measures 
brought about this unexpected reactor shutdown event.  
 

5. Conclusion 
The use of digital technology with its significant features on intelligence, flexibility, powerful 
functioning and easy modifying makes variety requirements realized easily, which in analog 
technique not realized or realized under great costs paid. Just as industrializations in other fields, 
the application of digital technique in research reactor field will be an irreversible trend. The 
practice in CARR’s C&P system with digital technology has shown its incomparable advantages 
no mater in technical points or in project costs. However，every thing has its two sides, some 
problems like unnecessary functions added at will due to its powerful performance, operator’s 
knowledge talent not matched with the application of digital technology, especially the feature of 
easy modification of digital technique would bring about troublesome casually. Anyway, these 
problems can be solved or avoided by compiling software codes, or through strict managing and 
QA measures.  
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1. Introduction 

Over the years the IAEA requirements to establish and implement a quality assurance 
programme for research reactors and its associated experiments to ensure safe operation 
have been developed from Quality Assurance in 1988 through Quality Management in 1996 
to Integrated Management Systems in 2006.   
 
Based on the IAEA safety standards on Quality Management of 1996 the majority of the 
operating organizations developed different quality assurance programmes for operation, 
utilization, maintenance, radiation protection and emergency preparedness, resulting in a 
patch work of programmes and procedures by which the responsibilities to ensure safe 
operation and safety of the workers and public were spread out over the different 
programmes.  
 
With the introduction of GS-R3 “The Management System for Facilities and Activities” [1], it 
was required that “a management system shall be established, implemented, assessed and 
continually improved.” To ensure safe operation; all safety, environmental and occupational 
health aspects should be integrated in one management system which should be an integral 
part of all operational activities. 
 
The IAEA requirements and guidance use the term ‘management system’, rather than 
‘quality assurance’. The term ‘management system’ reflects and includes the initial concept 
of ‘quality control’ (controlling the quality of products) and its evolution through ‘quality 
assurance’ (the system to ensure the quality of products) and ‘quality management’ (the 
system to manage quality).  
 
Although the IAEA publications “Application of management systems for facilities and 
activities” (Safety Guide GS-G-3.1) [2], provides generic guidance to aid establishing, 
implementing, assessing and continually improving a management system and Safety Guide 
GS-G-3.5 [3], “Application of management systems for nuclear installations”, provides 
specific guidance for research reactor operating organisations, the need for practical 
examples on the implementation of an integrated management system for operating 
organizations of research reactors was requested by member states. 
 
Upon this request the IAEA developed a case study on the implementation of management 
systems. The draft case study [4] presents an example of processes of an integrated 
management system to ensure safe operation of nuclear facilities.  
 
2. Implementation of an Integrated Management System 

The senior management (Head of Operating Organization) is responsible for ensuring that 
the management system is implemented and consequently the senior management should 
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appoint a project leader and assign the resources for the project team to develop a project 
plan for the establishment and implementation of the Integrated Management System.  
This project plan should present clear milestones, the required resources and the 
implementation and communication strategy. This project plan should be approved by the 
senior management to ensure the required commitment for the implementation of an 
Integrated Management System. To ensure the required commitment it is recommended that 
each division manager appoints a member of the project team, who has the authority to 
make decisions on his behalf and to assign staff members within the division for drafting and 
review of the documentation which has to be developed.  
 
The senior management should also discuss and identify the relevant processes in the 
organization. The preparatory work for the identification of the work processes might be 
carried out by the project team, but the work processes for an organization should be 
established by the senior management team. 
 
The project team should identify the applicable (inter)-national regulations and standards 
which have to be obeyed, including the applicable IAEA safety standards to ensure safe 
operation of the activities being carried out by the operating organization as well as the IAEA 
Safety Standards for management systems (GS-R-3; GS-G-3.1 and GS-G-3.5).  
 
As a next step the tasks and responsibilities for the different activities of the work processes, 
the interfaces with other processes and the relevant documentation which are part of the 
processes should be identified, described. The procedures describing the processes should 
be approved by the senior management.  
 
The processes and the corresponding documentation are the basis for a gap analyses to 
prepare an overview of the documents which need to be drafted or which need to be 
reviewed. The project team is responsible that these documents are drafted, reviewed and 
approved as a part of the implementation plan. 
 
To ensure proper implementation all staff should be trained to achieve proficiency and to 
ensure they understand the management processes that apply to the performance of their 
work. A detailed audit programme should be developed and implemented to assess the 
effective implementation of all stages and to identify areas for additional implementation 
activities and areas for improvement of the processes and related documentation. 
 
The project and implementation plan must be communicated to all involved staff and must be 
implemented at a time that is commensurate with the activities it covers.  
 
With the applicable regulations as a reference basis a gap analyses should be performed in 
order to identify whether all prescribed safety, environmental and occupational health 
provisions are in place. Beside the nuclear safety and radiation protection provisions also 
sufficient attention should be given to the environmental and occupational health provisions 
which are prescribed. The gap analyses normally results in areas of improvement, which 
should be prioritised based on the gain in safety level, the required resources for the 
implementation and the investment costs. The implementation of these, normally hardware, 
investments might be carried out as a different project.  
 
3. Process development 

A management system conform to the requirements of GS-R-3 is process based, but a 
single ‘process catalogue’, listing the processes which will apply to every organization, 
cannot be given. Each organization should determine the applicable processes based on the 
nature of the organization’s activities, its overall strategy and the applicable regulatory and 
statutory safety requirements.  
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Normally the processes are being developed 
using a top-down approach and are 
hierarchically linked. The corporate processes 
should describe who is responsible for which 
activity, what are the requirements or boundary 
conditions for the specified action and what the 
outcome of the action is or what is being 
produced. Although the corporate processes 
can be described in a document, it is 
commonly used to present them as flow 
charts. The descriptions of the activities are 
more detailed the closer they are to the 
technical or task level. At the technical level a 
procedure or instruction might be more 
appropriate. A hierarchal structure is presented 
in figure 1. 
 
The operational framework within an 
organization is typically made up of a number 
of processes, most of which have interfaces 
across the organization. The processes might 
be divided in core processes, management 
processes and supporting processes. 
 
The core processes describe activities of which the output is critical to the success of the 
organization, e.g. isotope production, neutron activation analyses, irradiation services.  
The support processes describe the infrastructure necessary which is necessary for the core 
processes and the management processes should ensure smooth and efficient operation of 
the entire management system. At the development of the processes special attention 
should be paid to the safety related processes. An overview of common support and 
management processes is given in table 1. 
 
Table 1: Overview of possible processes 
 

Management Processes 

Planning and reporting Organization Structure 

Management system administration Safety related organizational changes 

Resource management 
Recruitment, Selection and Appointment Employing Temporary Workers or 

Outsourcing 

Performance, Assessment and Training  

Process implementation 
Generic Management System Processes 

Control of document Control of records 

Control of products Measuring and test equipment 

Purchasing Managing organizational change 

Communication  

Processes Common To All Research Reactors 

Detailed procedures and 
working instructions 

Corporate 
processes 

  Mission  
Policy 

Objectives 

Figure 1: Hierarchical structure of a 
management system 
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Project Management Waste Management 

Quotation management Health, Safety and Environment of 
Operations 

Incoming and Outgoing Correspondence Near misses 

Archiving Accident and/or Emergency  

Numerical Calculations Operation of Installations and Laboratories 

Software Administration Administration and Maintenance of 
Equipment and Installations 

License, Occupational Health and Safety 
Assessment 

Requests to Reactor Safety Committee 

Monitoring and Measurement 
Management system review Self-assessment 

Internal audits Complaints and product non-conformances 

Improvement proposals Feedback of operational Experience 
 
4. Graded approach 

Although the establishment and implementation of a management system is a requirement 
for an operating organization of a research reactor, the application of the requirements of 
GS-R-3 and the controls of a management system can be performed using a graded 
approach in order to deploy the appropriate resources.  
 
The graded approach should be based on the hazards and potential impact (risks) 
associated with safety, health, environmental, security, quality and economic related 
elements. Special attention should be given to the grading process with regards to the 
consequences of a design error, technical failure, wrongly implemented modification or 
utilization, human error or technical failure. But also the utilization of a research reactor, e.g. 
irradiation of experiments, isotope production and scientific research could be taken into 
account for the grading aspects of the management system. 
 
For the grading process the following aspects should be considered: 

• Safety analyses and engineering judgement 
• License, Operational, Limits and Conditions 
• Regulatory requirements 
• Significance and complexity of each product or activity  
• Safety classification of the structures, systems and components 
• Safety classifications of the utilization 
• Complexity of the organization 
• Maturity level of the technology 
• Operating experience associated with the activities 
• Lifecycle stage of the facility  

 
Typical examples of grading are more or less stringent inspection and audit 
requirements, more or less stringent review and approval routes; more or less 
detailed procedures and instructions, training and retraining programme, self-
assessment programme, etc. 
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5. Examples 
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6. Conclusions 

 
An integrated management system based on 
GS-R-3 integrates all relevant aspects to ensure 
safe operation with sound working conditions, 
within the environmental and security 
requirements by which the economic aspects to 
ensure sufficient resources for long term safe 
operation are taken into account. 
 
The work processes should be based on the 
nature of the organization’s activities, its overall 
strategy and the applicable regulatory and 
statutory safety requirements.  
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ABSTRACT 
 

In the United States, the Department of Energy (DOE) has been shipping university 
reactor fuels and other fissile materials in the 110-gallon U.S. Department of 
Transportation (DOT) Specification 6M container for over 20 years.  The 6M container 
has been the workhorse for many DOE programs involving research reactor fuels.  
However, packages designed and used according to the specification 6M (U.S. Code 
of Federal Regulations, 49 CFR 178.354; 2003) do not conform to the latest package 
safety requirements in the U.S. Code of Federal Regulations and IAEA TS-R-1, 
especially performance under hypothetical accident conditions.   For that reason, the 
6M specification was eliminated by the U.S. DOT effective October 1, 2008. 
 
A new container under development, the ES-4100 shipping container, will replace the 
functionality of the 110 gallon 6M.  It will be a larger version of the existing the 
ES-3100 container (USA/9315/B(U)F-96).  It will be a Type B container with proposed 
contents that include all types of research reactor fresh fuels.  The containment 
vessel is 5 inches (12.7 cm) in diameter and 58 inches (147 cm) long.  A unique 
feature of this container is that it has 4 separate containment vessels, allowing a large 
cargo content in a space that has a footprint only two times that of its predecessor, 
the U.S. DOT 6M 110 gallon container.  The ES-4100 will be an all stainless steel 
container and use a patented light-weight concrete for impact and thermal resistance, 
in a fully encapsulated configuration.  The container also features a boron carbide 
region for neutron absorption, allowing greater cargos of fissile material, as 
necessary.  The gross weight of this container will be 2000 pounds (909 kg).  It has a 
built-in capability for handling by fork lift. 
 
The ES-4100 project began in September 2006 and prototypes of the new container 
passed all regulatory testing in the fall of 2010.  The license application was 
submitted to the U.S. DOE regulatory authority in September 2011, and a license is 
expected around September 2012.  Fabrication of production container will begin 
around 6 months into the licensing process.  After a license is obtained, a U.S. DOT 
Competent Authority Certificate will be obtained so that this container can be used by 
the international community.  After the initial license is received, an application for air 
transport will be submitted.  Similar to the smaller version (ES-3100), this Type B 
package should receive regulatory authority for air transport. 

 
1. Introduction 
 
The replacement container for the U. S. DOT Specification 6M 110-gallon container has 
been designated the Model ES-4100 container.  This Type B container will have two major 
systems, a confinement assembly and a containment vessel.  The confinement assembly 



 
 

(shown as a cutaway on Figure 1), consists of an outer drum, insulation, an inner liner, and a 
drum lid.  The CV consists of a pressure vessel with associated lid and O-ring seals.  This 
container carries four CVs as opposed to the one CV the 6M carried.  The multi-pack design 
concept will increase efficiency of the transport systems used to ship Type B quantities of 
highly enriched uranium and other fissile materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The ES-4100 is shown in relation to an ES-3100 in Figure 2.  The smaller container is a fully 
certified packaging that has been in use for over 3 years.  The ES-3100 is 43-inches (109 
cm) tall by 19 inches (48 cm) in diameter, and weighs 420 pounds (191 kg) fully loaded.  In 
contrast, the ES-4100 will have a maximum gross weight of 2000 pounds (909 kg). 
 
Figure 3 is a prototype of the ES-4100 showing the inner liner and four containment vessels.  
Also shown is the central region that contains the neutron poison material.  The location of 
the drum-lid fasteners are shown on the inbound edge of the flat plate used to form the top 
portion of the drum liner.  Along with the fasteners are two attachment points for tamper-
indicating devices (TID).  A key design feature of the ES-4100 is the use of fully 
encapsulated insulation material.  The insulation material is Kaolite 1600™ which is identical 
to the ES-3100 shipping container (Ref 1).  Another significant feature of the confinement 
assembly is a neutron absorbing system.  Like the ES-3100, the neutron absorbing system 
uses a cast material of high-alumina concrete with impregnated boron carbide (Ref 2).   
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Fig 1.  Section View of ES-4100 
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2. Regulatory Testing 
 
Full scale regulatory testing of this container was done by the National Transportation 
Research Center of Oak Ridge National Laboratory.  Testing was accomplished during 
November and December of 2010.  Seven prototypes were fabricated and six were selected 
for testing, as shown in Figure 4.  There is one prototype available for demonstration 
purposes and training.  
 

Fig 2.   ES-4100 Container (on left) and ES-3100 Container 

Fig 3.  ES-4100 Open Drum (with one containment vessel shown open) 
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Figure 5 shows a prototype container being subjected to a regulatory puncture test, which is 
a hypothetical accident condition.  Test basis is U. S. Code of Federal Regulations, Title 10, 
Part 71, Subpart 73 (Ref 3).  Leak testing of the test units is ongoing at the time this paper 
was compiled, however results will be available by the RRFM2011 conference sessions.  No 
problems are predicted as this time by visual inspection of the tested units. 
 
 

 
 
 

 
 
 
3. Proposed Contents 
 
The ES-4100 will initially be licensed to carry research reactor fuel containing HEU.  Typical 
candidate contents of the ES-4100 are currently fuel from: 

 
• Massachusetts Institute of Technology reactor 
• University of Missouri reactor 
• Training, Research, Isotope and General Atomics (TRIGA) reactors 

Fig 4.   ES-4100 Container Prototypes 

Fig 5.   ES-4100 Container Testing – Puncture Test 



 
 

• General Electric Test reactor 
• Engineering Test reactor 
• Advanced Test reactor 

 
Fuel elements will be shipped with one or two elements per ES-4100 CV, or in some cases, 
loose fuel rods in a CV wrapped in polyethylene bags.  Maximum fissile uranium per element 
will be less than 1 kg, with the maximum loading of the ES-4100 in the range of 4 kg 235U.  
The ES-4100 has been designed and analyzed for at least twice this loading, and because 
of the neutron poison, will most likely be able to ship greater quantities of fissile materials.  
The total mass of contents allowed will be 350 pounds (160 kg) per container.  The container 
license will be amended for many more contents as the need arises around the world.  Air 
transport will also be requested in future amendments. 
 
4. Schedule 
 
The current schedule for ES-4100 development specifies a license application submittal date 
of August 2011 (recently adjusted date).  Based on a standard review period, certification is 
expected approximately August 2012.  Since the ES-4100 is replacing the DOT 6M, which 
were decertified on October 1, 2008, there is currently a gap in available service for this type 
of container.  Some 6M 110-gallon containers are still being used under U. S. DOT special 
permits, which are issued with an understanding that a new permanent container is being 
developed.  Fabrication of this package is expected to commence before the final certificate 
is issued, so that the capability for shipping these contents in a certified container is put in 
place as soon as possible.  Based on funding availability, the fabrication will be targeted to 
begin around January 2012, with containers available for use by end of calendar year 2012.  
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ANNOTATI ON 
 

The WWR-SM reactor at the Institute of Nuclear Physics of the Academy of Sciences (INP AS) 
in Uzbekistan was converted to 6-tube IRT-4M LEU (19.7%) fuel in 2009. Presently, INP intends to 
also use IRT-4M 8-tube FA, and a safety analysis for these “mixed” (8-tube and 6-tube FA) cores is 
required by the regulatory authorities. This paper presents results of control rod ejection transient 
analysis for these mixed cores.  

 

1 .  INTRODUCTION 
 In connection with program realization of restriction distribution of the nuclear weapon 
materials conversion of the research reactors using HEU fuel to LEU fuel was carried out. FA IRT-
3M with 36% enrichment on uranium-235 isotope was used in the reactor WWR-SM, INP, 
Uzbekistan. As new FA with the lowered enrichment in this reactor similar FA IRT-4M, but differing 
from it by enrichment (19.7% instead of 36%) was loaded after performed calculations and analyses. 
 The purpose of the present report is the definition of possible parameters of the WWR-SM 
research reactor of INP AS of Uzbekistan with simultaneous use of 6 and 8 tube IRT-4M fuel 
assemblies with 19.7 % enrichment on uranium-235 isotope in core. 

The WWR-SM research reactor currently uses 6 tube IRT-4M LEU (19.7% enrichment) fuel 
assemblies (6-tubes, UO2-Al, 2.8 g U/cm3, 264 g 235U/FA) fabricated by the Novosibirsk Chemical 
Concentrates Plant in Russia. INP has bought eight 8 tube IRT-4M fuel assemblies which are very 
similar to 6 tube FAs. In order to use the 8-tube FAs without essential loss in number of experimental 
channels it was decided to increase the number of FAs from 20 to 24 and also to decrease the loss in 
neutron flux by increasing reactor power to 11 MW. This conversion process will occur over a period 
of time with partial replacement of 6-tube IRT-4M fuel with 8-tube IRT-4M fuel until all 8-tube fuel 
assemblies (8 pieces) will be loaded into core 

2 .  THE WWR- SM  RE SEARCH REACTOR 
2.1. REACTOR DESCRIPTION 

The WWR-SM reactor is located at the Institute of Nuclear Physics in Ulugbek, 30 km North-
East of Tashkent, Uzbekistan. The reactor first reached criticality in September 1959 and since then 
has been up-graded from 2 to 10 MW. Since July 1999 the reactor uses a beryllium-reflected compact 
core of 16 (sometimes 18) Russian-supplied 6-tube IRT-3M (HEU - 36% enrichment) fuel 
assemblies. In 2009 reactor was fully converted to operate on 6 tube IRT-4M LEU (19.7% 
enrichment) and core contained 20 FAs. Presently, the reactor operates with a configuration of 24 six 
tube IRT-4M fuel assemblies. The control system consists of six control rods (CR), three safety rods 
(SR) and one automatic regulating rod (AR). All the control rods are 21 mm in diameter and are 
made of B4C absorbers (1.7 g/cm3) clad in 1 mm thick stainless steel. An aluminum alloy follower 
rod is located below each rod. The active core height is 600 mm and the core is located within a 640 
mm diameter cylindrical tank  

The reactor is used for radioactive isotope production, neutron activation analyses, and 
experiments in nuclear physics, solid-state physics, and nuclear engineering. To carry out these 
experiments the reactor has 9 horizontal beam tubes, a graphite thermal column, and numerous 
vertical irradiation channels in both core and reflector regions. Figure 1 shows a horizontal cross 
section of the WWR-SM research reactor with present core containing 24 FAs. 
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Figure 1. WWR-SM horizontal core cross section: 24 fuel assemblies. 

 

2.2. FUEL ASSEMBLIES 
Figure 2 shows a horizontal cross section of both the 6- and 8-tube IRT-4M fuel assemblies 

used in this study, and Table 1 presents parameters of those FAs [1]. 

 

6-tube IRT-4M FA 8-tube IRT-4M FA 
Figure 2. Cross sections of 6- and 8-tube IRT-4M fuel assemblies 

 
Table 1. Fuel assembly parameters 

Parameter Dispersant Wt. % 
235U 

(gU/cm3)meat VFD, 
% 

235M/FA, g Hmeat, 
cm 

Tmeat, 
mm 

Tclad, 
mm 

Tcoolant, 
mm 

Volmeat, 
cm3 

Max. Clad 
temperature, °C

6-tube UO2-Al 19.7 2.8 31.7 300 60 0.7 0.45 1.85 483 98  

8-tube UO2-Al 19.7 2.8 31.7 264 60 0.7 0.45 1.85 483 98 
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3 .  METHODS AND CODES  
Using WIMS ANL code [2] cross sections from neutron energy 69 groups, to 7 groups for use 

in the REBUS code. The REBUS [3] code was used for all neutronics analysis, i.e. burnup, power 
distribution, control rod worth, and reactivity coefficients. 

Steady-state thermal-hydraulics analyses were performed using the PLTEMP code [4] with 
power distributions obtained with REBUS. Transient analyses were performed using PARET code [5]. 

3.1/5. NEUTRONIC CHARACTERISTICS FOR TRANSIENT CALCULATIONS. 
Table 2 presents results of REBUS calculations for all 6-tube, 1st, 4th, 7th and 10th mixed IRT-

4M cores for the control rod ejection transient: presently reactor starts a cycle with CR-1 and 2 
almost out of the core, and with CR-3 and 4 inserted as required to obtain criticality; the AR is 
inserted to the core centerline. Therefore, the initiator for this transient is the ejection of the highest 
worth of the two CR inserted into the core (CR-4). 

 
Table 2. Results of REBUS calculations for all 6-tube IRT-4M, 1st, 4th, 7th and 10th mixed cores for 

the control rod CR-4 ejection transient. 
Core Reactivity worth, % 

All 6-tube (24 6-tube) 2.84 
1st mixed (22 6-tube and 2 8-tube FA) 2.86 
4th mixed (20 6-tube and 4 8-tube FA) 2.85 
7th mixed (18 6-tube and 6 8-tube FA) 2.90 
10th mixed (16 6-tube and 8 8-tube FA) 2.88 

 
Delay time between crossing any trip set point and start of control rod motion into the core is 

0.1 s. 
Scram during reactor operation consists of the drop of 3 safety rods (SR) rods from fully 

withdrawn position and downwards movement of four control rods (CR) from critical position. 
Downwards movement of the four CR rods is conservatively ignored in the calculations to be shown. 

The SR insert its full length of 0.6 m in 0.5 s. The CR fully insert with constant velocity of 35 
mm/s.  

Three primary pumps (1250 m3/h) continue to run after scram for reactivity-induced 
transients. The pumps coast down to essentially zero flow over 4 s following loss of power. A small 
auxiliary pump operates continuously on battery power at 100 m3/h. 
 

3.2. KINETICS PARAMETERS AND REACTIVITY COEFFICIENTS 
The kinetics parameters and reactivity coefficients are important for the determination of the 

core response after an incident/transient. Table 3 presents the results of calculations for the last 6-
tube, 1st, 4th, 7th and 10th IRT-4M mixed cores. 

 
Table 3. Kinetics parameters and reactivity coefficients  

 24 6-tube 1st mixed 4th mixed 7th mixed 10th mixed 

Coolant Temperature Reactivity Coefficient (%/ºK) 
293 to 400 K -1.03E-02 -1.04E-02 -1.05E-02 -1.03E-02 -1.03E-02 

Coolant Void Reactivity Coefficient (%/% void) 
0 to 10% -3.01E-01 -3.13E-01 -3.21E-01 -3.27E-01 -3.29E-01 

Doppler Reactivity Coefficient (%/ºK) 
293 to 600 K -2.32E-03 -2.36E-03 -2.36E-03 -2.39E-03 -2.38E-03 

Effective Delayed Neutron Fraction, βeff 
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 7.60E-03 7.60E-03 7.60E-03 7.60E-03 7.52E-03 
Prompt Neutron Generation Time, μs 

 54.5 52.5 53.1 53.0 53.1 

4 .  TRANSIENT S/ACCIDE NT S CAL CUL ATION 
METHODOLOGY 

A two-channel model for the all 6-tube core and three-channel model for the mixed 6-tube 
and 8-tube core were utilized in PARET. One channel represents the average fuel plate and its 
associated coolant flow; the other channel represents the hottest fuel plate and its associated coolant 
flow for the all 6-tube core and 2 hot channels for mixed cores. The original development of PARET 
was in the context of MTR-type fuel, characterized by flat plates of uniform width and spacing. This 
history imposes two restrictions on using the code for the WWR-SM core conversion.  

First, PARET/v7.5 allows only a single value of coolant mass flux [kg/m2·s] to be specified 
for use in all channels, whereas the concentric tube FAs like IRT-4M would usually have different 
coolant mass fluxes for each gap between adjacent fuel tubes. Due to this restriction, the PARET 
analysis for WWR-SM have been conservatively performed using a coolant mass flux which is 
representative of the hot channel in order to characterize the temperatures in this channel as closely as 
possible; therefore, temperatures in the average channel will be an estimation, however the reactivity 
feedbacks that come mostly from the average channel are correctly accounted for. 

Axial power distribution, as calculated with REBUS, has been represented by 15 equal 
distance mesh nodes. The fuel segments with the peak power densities in the fuel tubes are as 
follows: 
a) 6-tube core: Peak in the outer tube of FA 3-5, with an axial peak power equal to 2.044E+03 

W/cm3. The axial power profile is provided in Table 10 below. 
b) 1st mixed core: 

b.1) 6-tube IRT-4M FA: Peak in outer tube of FA 3-5, with an axial peak power equal to 
2.175E+03 W/cm3. The axial power profile is provided in Table 11 below.  

b.2) 8-tube IRT-4M FA: Peak in inner tube of FA 4-4, with an axial peak power equal to 
1.751E+03 W/cm3. The axial power profile is provided in Table 12 below. 

 
Table 10. Axial power distributions for outer tube of FA 3-5 in all 6-tube IRT-4M core. 

 Axial, m Power, W/cm3 
top 0.60000  

 0.58000 823.61 
 0.54000 992.38 
 0.50000 1,226.72 
 0.46000 1,392.31 
 0.42000 1,574.35 
 0.38000 1,752.67 
 0.34000 1,845.54 
 0.30000 1,932.22 
 0.26000 1,984.81 

peak 0.22000 2,044.28 
 0.18000 1,993.57 
 0.14000 1,881.54 
 0.10000 1,776.67 
 0.06000 1,543.54 
 0.02000 1,356.33 

bottom 0.00000  
 
Table 11. Axial power distribution for the hottest 6-tube IRT-4M (cell 3-5, bottom flat (Be reflector 

side) in the active core) in 1st mixed core. 
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 Axial, m Power, W/cm3 
top 0.60000  
 0.58000 907.05 
 0.54000 1,091.58 
 0.50000 1,347.32 
 0.46000 1,510.42 
 0.42000 1,704.72 
 0.38000 1,892.90 
 0.34000 1,977.70 
 0.30000 2,064.47 
 0.26000 2,113.16 
peak 0.22000 2,175.42 
 0.18000 2,118.30 
 0.14000 1,998.76 
 0.10000 1,901.18 
 0.06000 1,652.75 
 0.02000 1,453.38 
bottom 0.00000  

 
Table 12. Axial power distribution for the hottest 8-tube IRT-4M (cell 4-4, bottom flat in the active 

core) in 1st mixed core. 
 Axial, m Power, W/cm3 
top 0.60000  
 0.58000 640.40 
 0.54000 740.11 
 0.50000 940.91
 0.46000 1167.25 
 0.42000 1327.64 
 0.38000 1479.54 
 0.34000 1601.85 
 0.30000 1675.84 
 0.26000 1727.25 
peak 0.22000 1750.98 
 0.18000 1741.00 
 0.14000 1680.24 
 0.10000 1520.30 
 0.06000 1314.97 
 0.02000 1259.14 
bottom 0.00000  

 
Transient calculations for the all 6-tube FA core, 1st, 4th and 7th mixed cores were performed 

starting at a power of 11 MW, a coolant inlet temperature of 45 °C, and inlet pressure of 137.22 kPa, 
which corresponds to the static pressure of water column from the top of the core to a point of 4.0 m 
higher at the free surface. The steady-state coolant flow rate in the primary system has been 
determined to be 1250 m3/hr total. 

5. CR-4 EJECTION ACCIDENT ANALYSIS 
24 6-tube IRT-4M core analysis: 
Maximum reactivity worth from control rods is for the CR-4 rod, i.e. – 3.741 $ for the all 6-

tube IRT-4M core. This transient assumes, conservatively, the ejection of the CR-4 rod in 0.5 s and 
its full worth is used for the reactivity worth of the ejected rod; note that, in reality, CR-4 is not fully 
inserted into the core, but its full worth is assumed here. Results from PARET are shown in figures 3 
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and 4. Initial power is 11 MW. Scram is due to power exceeding 12 MW which corresponds to 0.02 s 
after beginning of transient. Maximum power in this transient is 37.32 MW in and maximum 
reactivity 0.814 $ after 0.12 s. Maximum clad surface temperature is 120.0 °C in 0.2 s. This clad 
temperature is much lower than clad damage temperature and little higher than temperature at which 
bubble formation in the coolant occurs (112.5 °C, see reference [1]) but only for the period of 0.05 
seconds. 
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Figure 3. Power and reactivity vs. time. 

 
Clad temperatures. 24x6-tubes. CR eject

0

10

20

30

40

50

60

70

80

90

100

110

120

130

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Time, sec

Te
m

er
at

ur
e,

 C

Tclad C average Tclad C 6-tube hot

 
Figure 4. Clad surface temperatures. 

 
1st mixed core (22 6-tube and 2 8-tube IRT-4M FA) analysis: 
Maximum reactivity worth from control rods is for CR-4 is – 3.764 $ for the 1st mixed core. 

This transient assumes, conservatively, the ejection of the CR-4 rod in 0.5 s and its full worth is used 
for the reactivity worth of the ejected rod; note that, in reality, CR-4 is not fully inserted into the core, 
but its full worth is assumed here. Results from PARET are shown in figures 5 and 6. Initial power is 
11 MW. Scram occurs due to power exceeding 12 MW which corresponds to 0.03 s after beginning 
of transient. Maximum power in this transient is 40.36 MW and maximum reactivity 0.768 $ after 
0.13 s. Maximum clad surface temperature for 6-tube FA is 124.6 °C and 114.7 °C for 8-tube FA in 
0.18 s. These clad temperatures are much lower than clad damage temperatures and little higher than 
temperature at which bubble formation in the coolant occurs (112.5 °C, see reference [1]) but only for 
the period of 0.10 seconds. 
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Figure 5. Power and reactivity vs. time. 
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Figure 6. Clad surface temperatures. 

 
4th mixed core (20 6-tube and 4 8-tube IRT-4M FA) analysis: 
Maximum reactivity worth from control rods is for CR-4 is – 3.754 $ for the 4th mixed core. 

This transient assumes, conservatively, the ejection of the CR-4 rod in 0.5 s and its full worth is used 
for the reactivity worth of the ejected rod; note that, in reality, CR-4 is not fully inserted into the core, 
but its full worth is assumed here. Results from PARET are shown in figures 7 and 8. Initial power is 
11 MW. Scram occurs due to power exceeding 12 MW which corresponds to 0.02 s after beginning 
of transient. Maximum power in this transient is 38.75 MW and maximum reactivity 0.798 $ after 
0.13 s. Maximum clad surface temperature for 8-tube FA in cell 3-4 which is close to beryllium 
blocks is 126.4 °C in 0.17 s and 112.3 °C in 0.20 s for 8-tube FA in cell 4-4 which is located in the 
center of the core. These clad temperatures are much lower than clad damage temperatures and little 
higher than temperature at which bubble formation in the coolant occurs (112.5 °C, see reference [1]) 
but only for the period of 0.18 seconds. 
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Figure 7. Power and reactivity vs. time. 
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Figure 8. Clad surface temperatures. 

 
 

7th mixed core (18 6-tube and 6 8-tube IRT-4M FA) analysis: 
Maximum reactivity worth from control rods is for CR-4 is – 3.821 $ for the 7th mixed core. 

This transient assumes, conservatively, the ejection of the CR-4 rod in 0.5 s and its full worth is used 
for the reactivity worth of the ejected rod; note that, in reality, CR-4 is not fully inserted into the core, 
but its full worth is assumed here. Results from PARET are shown in figures 9 and 10. Initial power 
is 11 MW. Scram occurs due to power exceeding 12 MW which corresponds to 0.03 s after beginning 
of transient. Maximum power in this transient is 41.9 MW and maximum reactivity 0.759 $ after 0.13 
s. Maximum clad surface temperature for 6-tube FA is 123.7 °C and 116.8 °C in 0.18 s for 8-tube FA. 
These clad temperatures are much lower than clad damage temperatures and little higher than 
temperature at which bubble formation in the coolant occurs (112.5 °C, see reference [1]) but only for 
the period of 0.10 seconds. 
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Power and reactivity. 18x6+6x8-tubes. CR eject
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Figure 9. Power and reactivity vs. time. 
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Figure 10. Clad surface temperatures. 

 
 

10th mixed core (16 6-tube and 8 8-tube IRT-4M FA) analysis: 
Maximum reactivity worth from control rods is for CR-4 is – 3.83 $ for the 10th mixed core. 

This transient assumes, conservatively, the ejection of the CR-4 rod in 0.5 s and its full worth is used 
for the reactivity worth of the ejected rod; note that, in reality, CR-4 is not fully inserted into the core, 
but its full worth is assumed here. Results from PARET are shown in figures 11 and 12. Initial power 
is 11 MW. Scram occurs due to power exceeding 12 MW which corresponds to 0.05 s after beginning 
of transient. Maximum power in this transient is 34.5 MW and maximum reactivity 0.739 $ after 0.15 
s. Maximum clad surface temperature for 8-tube FA in cell 3-4 which is close to beryllium blocks is 
126.5 °C and 112.8 °C for 8-tube FA in cell 4-4 which is located in the center of the core. These clad 
temperatures are much lower than clad damage temperatures and little higher than temperature at 
which bubble formation in the coolant occurs (112.5 °C, see reference [1]) but only for the period of 
0.1 seconds. 
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Figure 11. Power and reactivity vs. time. 
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Figure 12. Clad surface temperatures. 

 

6 .  C O NC L U S I O N  
The results of CR-4 ejection accident presented in this paper for the 24 6-tubes, the first 

mixed (22 6-tubes and 2 8-tubes IRT-4M FA), fourth (20 6-tubes and 4 8-tubes IRT-4M FA), seventh 
(18 6-tubes and 6 8-tubes IRT-4M FA) and tenth (16 6-tubes and 8 8-tubes IRT-4M FA) mixed LEU 
cores show, that the fuel clad tightness is not breached and operation of the reactor with 24 FAs, inlet 
water temperature 45 °C and 11 MW power is possible without any stress in routine operation 
conditions. 
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ABSTRACT 
 
IPEN/CNEN-SP produces the fuel to supply its nuclear research reactor IEA-R1. The 
fuel is assembled with fuel plates containing a U3Si2-Al composite meat. A good 
homogeneity in the uranium distribution inside the fuel plate meat is important from 
the standpoint of irradiation performance. Considering the lower power of reactor IEA-
R1, the uranium distribution in the fuel plate has been evaluated only by visual 
inspection of radiographs. However, with the possibility of IPEN to manufacture the 
fuel for the new Brazilian Multipurpose Reactor (RMB), with higher power, it urges to 
develop a methodology to determine quantitatively the uranium distribution into the 
fuel. This paper presents a methodology based on X-ray attenuation, in order to 
qualify the uranium concentration distribution in the meat of the fuel plate by using 
optical densities in radiographs and comparison with standards. 

 
 

1. Introduction 
 

The restrictions on the HEU uranium (highly enriched uranium - over 90% in 235U) 
international marketing (1) led to the need of increasing the quantity of LEU uranium (low 
enriched uranium – up to 20% in 235U) in each fuel element. As the maximum enrichment 
level required 20% in 235U, this led to the development of new fuels using different types of 
dispersions, allowing the incorporation of large quantities of uranium fuel in each plate (2). 
From this new generation of dispersion fuels, the U3Si2 allowed IPEN to fabricate fuel plates 
with a uranium density in fuel meat of 3.0 gU/cm3. This is the kind of fuel fabricated 
nowadays by IPEN-CNEN/SP to supply the IEA-R1 research reactor. 
 
The IEA-R1 research reactor uses MTR type fuel elements with fuel plates fabricated 
according to the picture-frame technique (3). The distribution of uranium in the fuel meat is 
evaluated through a simple visual inspection of radiographies, which is compared to a 
standard pattern to accept/reject the plate, as shown in Figure 1. The standard is the worst 
radiography in terms of homogeneity to accept the plate. It was chosen among 180 fuel 
plates irradiated with good performance in the IEA-R1. 
 
 

 

 

 

 
Fig 1. X-ray image illustrating the standard of acceptability. 



As this qualification procedure is subjective, it always allows discussions about the 
acceptability of fuel plates tested for the homogeneity of the uranium distribution. Figure 2 
shows examples of radiographies where the uranium distribution homogeneity is visually 
superior to the standard (Figure 2A) and below the standard (Figure 2B), leading to the 
rejection of the fuel plate. 

 
 

                               (A) 

 

 

 

                               (B) 

 

Fig 2. Radiographies illustrating the uranium distribution homogeneity in the fuel meat. 
(A) superior to the standard, (B) inferior than the standard 

 
The technical specification for the fuel (4) defines values for the surface concentration of 
235U, as shown in table 1, and the range of acceptability of ± 12% for Zone 1 (central zone) 
and ± 25% for Zone 2 (zone of defects at the ends of the fuel plate meat) of the nominal 
value specified in the table for the fuel meat, whose geometry is specified in the design of the 
fuel plate (5).  

 

Tab 1: Values specified for the 235U density per unit area in the fuel meat. 

Dispersion 

Material 
Uranium Density 

235
U Surface Density                   

( mg 
235
U/cm

2
 ) 

ZONE 1 (± 12%) 

( mg 
235
U / cm

2
 ) 

ZONE 2 (± 25%) 

( mg 
235
U / cm

2
 ) 

         U3Si2 3,0 gU/cm3  41,2 34,1 – 48,2 29,1 – 53,3 

 

Due to the importance of  distribution homogeneity of the uranium inside the meat of fuel 
plates, mainly for higher power research reactors, as the new Brazilian Multipurpose Reactor 
(RMB), the objective of present work was to develop a methodology that enables the 
quantitative determination of 235U surface density along the fuel plates meat. 

 
2. Experimental Procedures 

 
Nuclear Fuel Center of IPEN / CNEN-SP is equipped with an industrial radiography system 
and an automatic processing for radiographic films. Thus, the attenuation of X-rays was the 
method chosen to characterize the homogeneity of the fuel meat. The different gray levels of 
the image provide information on the X-ray attenuation along the thickness direction of the 
fuel plate. The attenuation is associated with the density of the material traversed and, 
therefore, in this case, the distribution of uranium in the fuel plate meat. A fuel plate is 
considered not homogeneous if a uranium concentration is higher or lower as specified limits 
are detected, as shown in table 1. 
 
The nominal value specified for the 235U surface density is calculated according to the total 
mass of uranium that is incorporated in a fuel plate, divided by the nominal area of the meat. 
The table 1 shows valid density levels for the fuel manufactured by IPEN, which allow 
quantifying the homogeneity of uranium distribution in the fuel plates meat , as a method of 
control. 



The proposed methodology uses the densitometry evaluation of radiography for fuel meat, 
made with the aid of an optical transmission densitometer Macbeth TD-904, with window 
opening 2 mm. The value of optical density is expressed according to Equation (A): 

 

�� � ���
��

�
                 (A) 

 
where: 

OD = optical density; 
I0    = Intensity of incident light; 
I     = Intensity of transmitted light. 

 
The standards were machined from a uranium-aluminum alloy ingot (15.1 mm diameter), 
manufactured with 30 wt% of uranium. The alloy composition was verified by determination 
of the uranium concentration by chemical analysis. Nine standards were fabricated with 
thicknesses between 1.0 and 4.0 mm. All patterns were positioned together with the fuel 
plate on the table matching with the central area of the radiographic film. An aluminum foil 
made with the same material (currently Al 6061) and with the same nominal thickness of the 
fuel plate cladding (0.38 mm) was placed over and under each U-Al alloy standard. The 
range of thickness of the standards covered the maximum and minimum density of 235U/cm2 
specified for the fuel meat, allowing the construction of a well characterized calibration curve. 
 
The radiographs were obtained under the conditions of 70 kV, 14.0 mA and 257 seconds 
(4'17"minutes) for the exposure time. Under these conditions we got the maximum contrast. 
The radiographs were developed by automatic processing. 
 
The fuel plate meat region in the radiograph was divided into 360 areas of 1 cm2, with 60 
rows and 6 columns, as illustrated in Figure 3. A measurement of the optical density was 
done in the center of each marked square inside the radiograph, as illustrated by the image 
presented in Figure 3. From each standard, five values of optical densities were determined 
at four positions around the central point. The arithmetic mean of the readings in each of the 
standards was used to determine a calibration curve. No optical density of the fuel core was 
discarded. 

 

 

 

 

 

Fig 3. Radiograph with the set of standards, properly drawn to collect measures 

 
Once knowing the uranium concentration in the alloy used to manufacture the standards, the 
fuel enrichment, mass, thickness and surface area of the standards, it was possible to 
calculate their 235U surface density, according to Equation (B). A calibration curve was 
constructed correlating the optical density measured on a standard with the corresponding 
235U surface concentration. Finally, by using the calibration curve, the optical density values 
measured on radiographs of the fuel meat can be transformed into values of 235U surface 
density (DUS), as specified. 
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where: 

�	
           = 235U surface density (mg 235U/cm2), 
���������  = mass of standard (mg), 
�	�����        = uranium concentration in the alloy used for standards fabrication (wt%), 

����	         = enrichment, or 
235U concentration (wt%), 

���������   = area of standard (cm2). 
 

3. Results and Discussion 

 
The surface density of uranium in each of the standards was calculated according to 
Equation (B). The optical densities obtained from each of the standards (five measurements) 
were plotted against their respective 235U surface densities. The calibration curve was 
constructed by fitting a curve to the experimental data. A fourth degree polynomial regression 
expressed the correlation, according the relationship shown in Equation (C). Figure 4 shows 
the calibration curve. 

 

�	
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where: 

�	
 = 
235U surface density, 

�� = optcal density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Calibration curve for DO x DUS 

 
The range of acceptable variation considering the specifications for the 235U surface density 
(5) was incorporated into a chart developed for the final presentation of the data results from 
this methodology. This graph is shown in Figure 5. This chart shows the maximum (red), 
medium (green) and minimum (blue) values obtained from six measurements in each of the 
60 columns of the radiography of fuel plate meat, as illustrated in Figure 3. These 



measurements were performed in a typical fuel plate manufactured by IPEN-CNEN/SP, 
which was identified as Si-448. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. Experimental results for the SI-448 fuel plate. 

 

Note that the nominal 235U surface density for the fuel plate Si-448 (41.81 mgU235/cm2, from 
fabrication, black line in Figure 5) is very close to the value of the mean for all measured 
points according to the proposed methodology (39.94 mgU235/cm2, magenta line in Figure 5). 
The nominal value of 235U surface density of the fuel plate meat is accurate and precise since 
it is obtained by weighing the uranium incorporated mass in the meat, which is strictly 
controlled (77.6 ± 0.01 g). So, the proximity between these values indicates good accuracy of 
the method, with an estimated variation of 4.5%. It was concluded that the fuel plate Si-448 
met the specification for the current fuel fabricated by IPEN-CNEN/SP to the IEA-R1 
research reactor. 

 
4. Conclusion 

 

The technique adopted to develop the meat uranium density methodology showed sufficient 
sensitivity to generate data that demonstrated the applicability of the proposed method. The 
method adopted for producing standards also proved to be applicable. The deviation 
between the real 235U surface density incorporated into the fuel and the value obtained from 
the method developed in this work demonstrates variability around 4.5%. 
 
In the future, it is planned to determine the method accuracy and evaluate the possibility of 
characterizing a larger number of plates simultaneously with the manufacture of other 
standards sets. 
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ABSTRACT 
 

To verify the irradiation performances of HANARO fuel at a nominal power of 
30 MW, a lead bundle was first loaded into the HANARO core after 
increasing the reactor power to the full power. The lead bundle is an actual 
fuel assembly with 18 fuel rods that was fabricated using an atomized 
manufacturing procedure. The lead bundle was irradiated during 188 
operation days at full power in the HANARO core, and discharged after 
about 60 at% average and 75 at% peak burn-ups. The maximum linear 
power of the lead bundle was 98kW/m.  Detailed non-destructive and 
destructive post-irradiation tests were performed. The measured results were 
analyzed and compared with the existing experimental data and the design 
criteria for the HANARO fuel. It was confirmed that the HANARO fuel has 
maintained proper in-pile performances and integrity during the nominal 
power operation and satisfies all the design requirements related to the 
irradiation performances. 

 
 
 
1. Introduction 
HANARO is a light-water-cooled and heavy-water-reflected research reactor designed and 
operated as summarized in Table 1.The hybrid-type core is composed of an inner and outer 
core as shown in Fig.1. The compact core results in a high power density and high neutron 
flux. An irradiation test using the lead bundle of the HANARO fuel was performed to verify 
the irradiation performance at a nominal power of 30MW. A full-sized circular fuel assembly 
was used as a lead bundle. After being irradiated in the core, detailed non-destructive and 
destructive PIEs, such as the measurement of the burn-up distribution, fuel swelling, clad 
corrosion, dimensional changes, fuel rod bending strength, micro-structure, and so on, were 
conducted in the IMEF(Irradiated Material Examination Facility) located inside the HANARO 
boundary. The measured results of the lead bundle were analyzed and compared with the 
previous irradiation data for the HANARO fuel. 
 
2. HANARO fuel 
2.1 Fuel rod 
A HANARO fuel rod is made up of cylindrical fuel meat, top and bottom aluminum end plugs, 
and an aluminum cladding with eight longitudinal fins, as shown in Fig.2. The fuel meat of 
each fuel rod consists of a dispersion of small particles of a high density uranium silicide 
(U3Si) compound, in a continuous aluminum matrix. An aluminum alloy, AA-1060 (99.60% 
min. Al) is used as the cladding material. 
 
2.2 Fuel design requirements  
The fundamental fuel design requirements of adequate fissile content, heat transfer 
capability, strength, and dimensional stability should be met through the design and safety 
analyses. The fuel design limits for normal operation are a maximum fuel temperature of 350℃ 



  

to prevent break-away swelling of the fuel meat, and a maximum temperature drop of 114℃ 
across the aluminum oxide layer to prevent a spallation of the oxide layer on the cladding 
surface. Also, the amount of swelling of the fuel meat shall not be greater than 20 vol%.   
 
3. Performance tests of the HANARO fuel 
3.1 Lead bundle test 
To verify the irradiation performances of HANARO fuel at a nominal power of 30 MW, a lead 
bundle was first loaded into the HANARO core after increasing the reactor power to the full 
power. The lead bundle is an actual fuel assembly with 18 fuel rods and was fabricated using 
an atomized manufacturing procedure in KAERI. The lead bundle was irradiated during 188 
full-power operation days in the HANARO core, as shown in Fig. 3, and discharged after 
about 60 at% average and 75 at% peak burn-ups. The maximum linear power of the lead 
bundle was 98 kW/m. 
 
3.2 Previous irradiation tests 
3.2.1 Type-A tests [1] 
To investigate the irradiation performance of the HANARO fuel at high power and burn-up, 
in-pile irradiation tests were performed. Two un-instrumented test fuels called Type-A 
bundles (KFH-051 and KFH-067) were irradiated for 206 reactor operation days (KFH-051) 
and 293 reactor operation days (KFH-067), respectively, in the HANARO core. The 
irradiation test conditions are summarized in Table 2.  
 
3.2.2 High power irradiation test [2] 
Another hexagonal test fuel bundle (KH99H-001) for a high power irradiation test was 
developed along with a localization plan for the self-manufacturing of HANARO fuel in KAERI. 
The test assembly was irradiated for 173.7 reactor operation days in the central thimble (CT) 
hole with the highest neutron flux in the HANARO core. 
 
3.2.3 KOMO-2 irradiation test [3] 
As the 2nd irradiation test for the U-Mo fuel, a circular test fuel assembly consisting of 10 test 
fuel rods was loaded into the HANARO core for one year, and irradiated up to an average 
burn-up of 60.8 at% U-235. Only the surface corrosion data of the KOMO-2 results were 
used in this paper due to the different fuel composition.  
 
4. Post-irradiation examination 
4.1 Visual inspection and elongation 
An under-water visual inspection system was deployed in the service pool of HANARO. 
Periodical examinations showed a good condition in the mechanical integrity of the lead 
bundle. One of the special findings was that the top ends of a few of the fuel rods were 
slightly protruded over the top endplate. In the PIE, the fuel lengths of all of the fuel rods 
were measured and the axial elongation caused by irradiation was checked. The maximum 
elongation rate was 0.45% larger than the previous test result of 0.2%. 
 
4.2Gamma scanning 
Fig. 4 shows the gamma scanning results for 3 selected test rods, which represents an axial 
burn-up distribution. To obtain the irradiation performance data at high power and burn-up, 
the cutting locations for the test specimens were determined, as shown in Fig. 4. 
 
4.3 Swelling 
Uranium silicide dispersion fuels in aluminum swell due to irradiation. In the case of 
HANARO, a limit of 20% volumetric swelling has been set. In previous performance tests, the 
swelling has been conservatively estimated to be less than the design limit [1]. Fig. 5 shows 
the irradiation swelling based on immersion density measurements with an increase in the 
burn-up of the fuel meat specimens, in which the cladding was removed. The swelling data of 



  

the lead bundle showed a good swelling performance between 7 ~ 10 vol%.  
 
4.4 Reaction layer 
Micrographs of the fuel meats revealed that a chemical reaction forming a lower density 
uranium-aluminide compound (UAl3 or UAl3Si1/3) had occurred between the fuel particles and 
aluminum matrix, as shown in Fig. 6. These reaction layers surrounding the uranium particles 
have become one of the main causes of the fuel swelling. The thicknesses of the measured 
reaction layers along the fuel burn-up were from 7.0 to 13.2 μm, and appeared a similar trend 
as compared to the previous test results.  
 
4.4 Corrosion behavior 
The growth of the corrosion layer (Al2O3·H2O) on the aluminum cladding surface is influenced 
by such variables as the temperatures of the cladding and coolant, the coolant chemistry, 
and the surface heat flux. As the corrosion layer of the aluminum cladding increases above a 
certain limit, a spallation of the corrosion layer can occur. As a design limit of the cladding 
oxidation, an oxide spallation was conservatively selected, even though it does not directly 
result in a fuel failure. An oxide thickness survey was done using each metallographic 
sample as illustrated in Fig. 7. The range of the lead bundle of the oxide layer was typically 
from 27 to 53 μm along with the burn-up, and the measured values showed good agreement 
between the previous test data. We could not find any evidence of spallation in the oxide 
layer from the micrographs.  
 
5. Conclusions  
An irradiation test using the lead bundle of the HANARO fuel was performed to verify the 
irradiation performance at a nominal power of 30 MW. The full sized circular fuel assembly 
as the lead bundle was used. The maximum discharged burn-up and linear power were 59.1 
at% U-235 average and 74.9 at% U-235 peak with a 98 kW/m peak, respectively. Through 
detailed non-destructive and destructive PIE, we could find that axial elongations of the 
protruded rods were slightly larger than those of the previous irradiation test. Swelling data 
obtained through the immersion density method were lower than 10 vol% at a terminal burn-
up. The reaction layer thicknesses of the fuel particles and the oxide layer thicknesses of the 
fuel surface appeared to exist in the previous irradiation test ranges of the HANARO fuel with 
good irradiation performance. In conclusion, it was verified through this lead bundle 
irradiation test that the HANARO fuel maintains a proper in-pile performance and integrity 
during nominal power and fuel burn-up.  
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ABSTRACT 

The Nuclear Fuel Center of IPEN-CNEN/SP has recently concluded a 
program for developing the fabrication technology of the nuclear fuel based 
on the LEU U3Si2-Al dispersion, which is being used in the IEA-R1 research 
reactor. The uranium silicide (U3Si2) fuel production starts with the uranium 
hexafluoride (UF6) processing and uranium tetrafluoride (UF4) precipitation. 
The UF4 is then converted to metallic uranium by magnesiothermic 
reduction. The UF4 reduction by magnesium generates MgF2 slag 
containing considerable concentrations of uranium, that could reach 20 
wt% of uranium. The uranium contained in that slag should be recovered 
and this article presents the results obtained in uranium recovering from 
that slag. The uranium recovery is made by acidic leaching of the 
calcinated slag. The calcination transforms the metallic uranium in U3O8, 
promoting the pulverization of the metallic uranium pieces to facilitate the 
leaching operation. The process variables considered were: nitric molar 
concentration; acid excess concerning the stoichiometric content and 
leaching temperature. As a global result of this experimental work, uranium 
recovery reached the level of 96% of process yield. 

Key-words: uranium recovery; metallic uranium, U3Si2, nuclear fuel. 

 

1. INTRODUCTION 

 

Energy and Nuclear Research Institute (IPEN-CNEN/SP) produces radioisotopes, 
radiopharmaceuticals and radioactively marked substances, which are also processed 
and distributed. Materials used in nuclear medicine, supplied by IPEN, serve 
approximately one million patients a year. Considering the social strategic importance 
of radiopharmaceuticals production in Brazil and for the continued expenditure growth 
to import radioisotopes needed to reach production target, the Brazilian Commission of 
Nuclear Energy (CNEN) decided to invest in this critical area, especially in the IPEN’s 
Laboratories. As a result, from 1995 onwards, a major financial input allowed important 
revamps to start the radiopharmaceuticals production facilities, promoting an increasing 



 
 

of radioisotopes production based on the IPEN’s research reactor - IEA-R1. It was also 
decided to increase the power of the IEA-R1 from 2 to 5 MW and change the 
continuous operation pace to 100 hours per week, creating conditions for more 
radioisotopes production. 

For many years, IPEN-CNEN/SP worked on the development on manufacturing 
process for dispersion type fuel elements to be used in IEA-R1, since the market in 
nuclear materials is in a sense unpredictable and the IEA-R1 depends entirely on 
necessary fuel elements for its reactor operation. To implement this fuel fabrication in 
this context, IPEN’s Nuclear Fuel Center started to produce the fuel elements based 
initially on LEU U3O8-Al dispersion. After increasing the power of IEA-R1, it became 
necessary to increase the uranium concentration of fuel plate meat, which was 
obtained by replacing U3O8 by U3Si2 in Al-dispersion. The uranium meat density in the 
fuel plate has risen from 2 to 3 gU/cm3 (1) (2) (3). The manufacturing technology of the 
new fuel-based Al-U3Si2 based on precipitation of UF4 from UF6 hydrolyzed solution, 
using stannous chloride as reducing agent. The UF4 obtained is then reduced to 
metallic uranium with magnesium as reducing agent using metalothermic route (4). As 
a byproduct of this reduction, we obtain MgF2 slag containing substantial amounts of 
uranium. Historically, there was around 20wt% of uranium in the slag, since the typical 
yield of magnesiothermic reduction is 80% uranium (5) (6).  

This paper presents the results obtained in the recovery process of uranium from the 
generated slag in the magnesiothermic reduction process of UF4 to get metallic 
uranium. The recovered uranium is then reconverted to UF4 and returns to the fuel 
fabrication cycle. 

2. EXPERIMENTAL 

The manufacturing process of the fuel dispersion-based silicide (LEU U3Si2) adopted in 
the Nuclear Fuel Center IPEN-CNEN/SP is represented by the following processing 
chain: 

UF6(g)UO2F2(aq)UF4(s)Uo
(s)U3Si2(s)      (1) 

 
The UF6 is hydrolyzed. From the hydrolyzed solution is precipitated the UF4, using 
stannous chloride as reducing agent and adding hydrofluoric acid. The reduction of 
uranium tetrafluoride (UF4) to metallic uranium is performed by magnesium as a 
reducing agent. The produced metallic uranium is melted with metallic silicon in an 
induction furnace to obtain the silicide (U3Si2) as a nuclear material. (3) (2) 

During the process of reduction of UF4 to uranium metal, It is generated a slag 
containing fundamentally magnesium fluoride (MgF2) with uranium as metal and minor 
quantities of magnesium oxide (MgO) and uranium oxides in the form of UO2 and U3O8. 
According to the reaction below, the MgF2 (the raw material used in this work) is the 
slag generated in the magnesiothermic process (7): 

UF4 + 2 Mgo  Uo + 2 MgF2                        (2) 

 
Table 1 shows the main chemical characteristics of slag used in this work. This slag 
was obtained early in the development of the production process of uranium metal, 
containing high content of uranium. Nowadays, the average content level is up to 20% 
in weight. In this work, it was used previously produced slag containing high amount of 
uranium to allow better analysis of uranium recovery process yield. 



The slag directly obtained from the uranium production was first calcinated to promote 
the formation of metallic uranium powder. During this process, metallic uranium is 
oxidized to U3O8 in order to facilitate maximum leaching. For the calcination, it was 
used a 10 kW resistive furnace power for applying different temperatures and time 
periods for calcination. Uranium metal is unstable, pyrophoric and extremely reactive.
Slag containing levels exceeding 70wt% in uranium, without calcination, could suffer 
spontaneous combustion as quoted in the literature (8) (9). On the other hand, the 
stable oxide U3O8 has low chemical reactivity, easily handled, justifying so the 
implementation of calcination step for the slag. 

After calcination, the process followed to crushing in order to decrease the particles 
amount containing oxidized compounds of uranium, increasing so the specific open
surface of the material, providing a better reaction speed in the later leaching process.
To reduce particle size, it was used a ball mill with alumina balls, having jar dimensions 

of 30 x 20 cm with a capacity of 10 liters. 

Table 1 – Chemical characteristics of slag produced during metallic uranium fabrication

Composition Content (%)

U 31,1

F 24,9

S 0,01

Metallic impurities Content ( g.g
-1

)

Ca 8800,0

Si 5000,0

Mg 4000,0

Al 1200,0

Sn 1200,0

Fe 476,5

Ba 164,7

Mn 74,9

Pb 60,1

Cu 27,4

Zn 15,6

Ni 5,6

Cr 4,6

Mo < 3,0

Co < 0,4

Li 0,6

V 0,4

Cd < 0,1



After grinding the slag, an operation of nitric leaching began. Initially, it was added to 
the reactor part of HNO3 leaching solution with a ratio of 0.025 moles of HNO3 per gram 
of uranium. Then, it was slowly fed the slag and the remaining solution of HNO3. This 
process was conducted during 12 hours, with reaction temperature control and with a 
constant stirring of 300 rpm. An impure uranyl nitrate solution (UO2 (NO3)2) was got.
This solution was then vacuum filtered and treated for purification with organic solvent, 
the tributilphosphate diluted in 30%vol with isoparaffins. 

After UO2 (NO3)2 purification, the solution was reacted with gaseous ammonia to 
precipitate ammonium diuranate uranyl (ADU), which is calcinated at 600°C for a 
period of 3 hours, thereby obtaining pure U3O8. 

The U3O8 produced was transformed into uranium tetrafluoride (UF4) under reaction 
with stannous chloride (SnCl2) and hydrofluoric acid (HF) inside a precipitation reactor. 
The obtained UF4 was then treated under argon atmosphere in an heating furnace at 
400°C in order to remove crystallization water. Once UF4 is duly qualified then it returns 
to production route of uranium metal as raw material for the magnesiothermic reaction.

3. RESULTS AND DISCUSSION 

In the experiments of calcination, it was observed a homogeneous calcinated slag 
made at 600°C for a period of 3 hours. The calcinated slag was characterized by x-ray 
diffraction and the results are shown in Figure 1. As could be seen, the heat treatment 
under air atmosphere converted all the uranium present in the slag into U3O8. The 
diffraction peaks that do not agree with pure U3O8 correspond to crystalline compounds 
that remained in the slag after uranium removal during leaching. They are mainly 
fluorides. 

Table 2 – Slag granulometry from uranium magnesiothermic process (after calcination)

Size ( m) Mass (g) (%)

564,5 16,1

420 - 250 26,7 0,7

250 - 150 80,2 2,3

150 -75 1321,4 37,7

1515,8 43,2

Total 3508,6 100,0



Figure 1 – Diffractograms showing the presence of U3O8 after calcination. 

The slag was ground in a ball mill for 8 hours with rotation speed of 200 rpm. The slag 
was then classified by granulometry through sieving. It resulted in a wide size 
distribution range, as illustrated in Table 2. The material obtained after grinding showed 

90wt% of particles within the range of 75 and 150  m (100 - 200 mesh). This material 
was used in the leaching tests. 

It is desirable that the process of uranium recovery from scrap generated, during 
metallic uranium fabrication, could produce a uranium compound that allows the reuse 
of recovered material that could be easily incorporated it in fuel cycle production. The 
dissolution of uranium slag calcinated (basically U3O8) with HNO3 results in a solution 
of uranyl nitrate, UO2(NO3)2, which is a compound widely used as feedstock in the 
nuclear fuel cycle and the processes, and well known solution in IPEN -CNEN/SP 
laboratories in order to produce uranium materials. For this reason, nitrate leaching 
was found to be adequate for this recovery production line. 

The main chemical reaction for calcinated slag nitric leaching is represented by the 
reaction: 

U3O8+8HNO3  3UO2(NO3)2+2NO2+4H2O (3) 

According to this stoichiometric balanced equation, the nitric acid consumption is 
0,011 mol by 1 gram of uranium. It was found that the consumption of required nitric 
acid was greater than the stoichiometric due to the presence of fluorides in the slag, as 
MgF2 and CaF2, which are quasi-insoluble or poorly soluble. To guarantee the full 
leaching of calcinated slag, leading the U3O8 to a solution of UO2(NO3)2, in order to 
make it suitable for recovery process, it was set a nitric acid consumption to 0.025 
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mol.g-1 of uranium, which is an excess of 120% of stoichiometric nitric acid. The 
leaching process variables were time, 2 levels of temperature, 25°C and 45°C, and the 
concentration of nitric acid at 1 and 3 molar. The leaching process was carried out in 
batches of 300g of calcinated slag, previously classified in the mesh range from 150 to 

75 m (100 - 200 mesh). 

During leaching, samples were collected in intervals of 1 hour and analyzed in order to 
determine the free acidity of leached solution and uranium and fluoride concentration. 
After 12 hours of leaching, the results of the uranium concentration in solution allowed 
figure out how was the performance of process yield in terms of uranium removal from 
the slag. The results are shown in Figure 2 and Table 3.

The results shown in Figure 2 and Table 3 suggest that the best conditions for leaching 
would be using process temperature at 45°C and HNO3 concentration with 1 or 3 Molar 
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Figure 2 – Recovered uranium (%) by leaching time in the conditions shown in table 3.

Tabela 3 – Performance of nitric leaching of reduction slag

Experiment Temperature

(
o
C)

HNO3

(Molar)

U-yield

(%)

Fluoride

(g/l)

Free acidity

(Molar)

A 25 1,0 53 0,002 0,01

B 25 3,0 77 0,002 1,00

C 45 1,0 96 0,002 1,00

D 45 3,0 95 0,006 1,00

Leaching time= 12 horas



 
 

(experiments C and D). After 12 hours, the nitric leaching, it was got a yield of 96% in 
the uranium extraction from slag with a minor residual fluoride content of only 0.002 
g/L. It was chosen to HNO3 concentration at 1 Molar, since it provided the lowest 
solubility of fluoride present in the slag. It also provides better economy in terms of acid 
consumption and less acidic nuclear residues. 

 
 

 

 

Figure 3 - Block diagram of the recovery process of uranium present  
in slag generated in the production of uranium metal. 



 
 

In addition, the leaching being carried out at low temperature (45°C) with low nitric 
concentrations (1 to 3 Molar) are favorable since it helps keeping the Mg and Ca 
fluorides with poor solubility, avoiding also the corrosion effect caused by fluoride ions, 
ensuring stable and more secure leaching from operational routine standpoint [2,3,4]. 

The residues dissolution with nitric excess of 120%, i.e., molar ratio of 0.025 HNO3 per 
gram of uranium, result in an impure solution of UO2(NO3)2 with  free acidity in the 
range of 1 Molar, which is very suitable for direct addition in purifying system using 
solvent extraction in the last phase of the recovery.  

Figure 3 illustrates the whole process flow diagram developed in this work for the 
recovery of uranium contained in the slag which is generated in the production of 
uranium metal. 

4. CONCLUSIONS 

 

It was developed a process to recover LEU uranium from generated scrap in the 
production of metallic uranium, which can contain significant amounts of uranium, in 
the range of 20 wt%. The experimental process yield reached a maximum value of 
96% in uranium recovery. Pre-treatment steps are necessarily to be made with the 
slag, such as calcination and grading. These steps made metallic uranium present in 
the slag to be oxidized to U3O8. This substance was easily dissolved in nitric acid 
medium. The uranium recovery process developed in this work, whose flowchart is 
shown in Figure 3, is being implemented as a routine recovery production of fuel IPEN-
CNEN/SP. 
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ABSTRACT 
 

СhS-68 (c.w.) austenitic steel (06Cr16Ni15Мo2Mn2ТiV) used in Russian fast 
reactors as material for the fuel element claddings in the temperature interval of 400-
550ºC undergoes increased vacancy swelling at damage dose exceeding 90 dpa. By this 
reason, the applicability of СhS-68 (c.w.) steel is confined to damage dose of 82 dpa. In 
such situation, it would seem, that ferritic-martensitic steels of EP-823 (12Cr-
MoWSiVNbB) can be considered as the substitutes of austenitic steels because their 
vacancy swelling is by an order of magnitude less. But because of their insufficient by 
comparison with austenitic steels long-time strength these steels can not be used at 
temperatures higher than 650ºC. 

It is proposed to achieve a superhigh level of fast neutron flux ~(5÷6)×1015 
1/(cm2s) in Multi-functional Fast Research Reactor (MFRR) developed in Russia. 
Irradiation damage dose for the fuel element claddings can exceed 90 dpa, maximum 
temperature of the fuel element claddings can achieve 720ºC, and maximum burn up of 
the fuel composition - ~14% h.a. 

RF State Scientific Centre – IPPE suggests to consider the following construction 
of fuel element for the MFRR reactor. 

It is suggested combined utilization in fuel element of СhS-68 (c.w.) austenitic 
steel and EP-823 ferritic-martensitic steel already developed in industry. In this case 
every material is located in the most favourable for it from the point of view of high 
temperature strength, long-time plasticity and vacancy swelling temperature region and 
irradiation conditions (along the length of the active fuel element part). This will permit to 
achieve the required level of fuel burn up in the MFRR reactor. This direction is realized 
by means of the special composite fuel element construction: 

• EP-823 steel cladding in the temperature region up to ~600ºC; 
• СhS-68 steel cladding in the upper high-temperature part of the fuel element. 

In this report analysis of the opportunity of using the composite fuel element 
construction in the MFRR reactor that works up to deep fuel burn up in conditions of high 
irradiation damage doses and coolant temperatures is presented. 

 
1. Introduction 

For increasing fuel burn up in fast power reactors with Na coolant it is necessary to 
have structural materials that are capable to ensure the increased parameters. At present 
investigations having a special purpose to increase fuel burn up are carried out in two 
directions. The first materials science direction consists in the development of new materials 
with low vacancy swelling and high temperature strength in irradiation conditions [2, 4]. So, 
the following possibilities are studied in Open Corporation «VNIINM»: 
- using for fuel element claddings new EK-164 (c.w.) austenitic steel [2]; 
- using for fuel element claddings ferritic-martensitic (FM) 12% Cr steels of EP-450 type in 
modificated state [2, 3]; 
- development of fuel element claddings from Ti and Y oxide dispersion strengthened 12% Cr 
ferritic steel [5].  

The second direction considered in RF SSCentre – IPPE is constructional. 
It is suggested combined utilization in fuel element of austenitic (СHS-68 c.w.) and 

ferritic-martensitic (EP-823) steels already developed. In this case every material is located 
in the most favourable for it temperature region and irradiation conditions (along the length of 
the active part) - from the point of view of high temperature strength, long-time plasticity and 
vacancy swelling. This will permit to achieve the increased level of fuel burn up. Above-



mentioned direction implements by means of the special composite fuel element construction 
[7], (Fig. 1). 

Optimization of composite fuel element module length is carried out using as basic 
criterion the long-time strength of module claddings. Re-distributing the pressure of gas 
fission fragments between upper and lower modules of composite fuel element and 
observing the principle of module equal strength efficiency of composite fuel element as 
compared with fuel element from the same material may be essentially increased conserving 
the total dimensions of fuel element. 
 
2. Utilization of composite fuel element construction in research reactor 
MFRR 
 

It is proposed to achieve a superhigh level of fast neutron flux ~(5÷7)×1015 1/(cm2s) in 
multi-functional fast research reactor (MFRR) 
developed in Russia. Irradiation damage dose for 
the fuel element claddings can exceed 90 dpa, 
maximum starting temperature of the fuel element 
claddings can achieve 720ºC, and maximum burn 
up of the fuel composition - ~14% h.a. (MOX). 

For suggested MFRR fuel element 
construction the conjunction of fuel element 
modules must be at such level along the active 
zone height in order that maximum starting 
temperature of lower module from FM steel was 
640ºC (Fig. 2). In this case the cladding of low-
temperature module fabricated from FM steel will 
change its form weakly because of low vacancy 
swelling and creep of this class of steels in working 
temperature interval 370-640ºC and at damage 
dose more than 90 dpa. Moreover, the high-
temperature fuel element module having the 
cladding from austenite steel with larger high 
temperature strength will change its form weakly 
too because of low vacancy swelling of this class of 
steels at temperatures more than 600ºC. 

For attaining equal strength efficiency of 
upper and lower modules of composite fuel 
element it is possible to re-distribute gas fission 
fragments in such a way that can decrease their 
pressure in the high-temperature upper module 
increasing reserve of long-time strength. At the 
same time it is possible to increase pressure in the 
low-temperature lower module. It is attained by 

means of selection of corresponding gas cavities in the high-temperature and low-
temperature modules of composite fuel element. 

Distribution by height of active zone of composite fuel element for MFRR is shown in 
Figure 2. 

For the high-temperature upper module of composite fuel element neutron-physical 
and temperature conditions are determined by region I. 

For the low-temperature lower module – by region II.  

Maximum burn up of fuel in the upper and in the lower modules max
UB ≈13% h.a. and 

max
LB ≈14% h.a., and mean - UB  ≈6% h.a. and LB  ≈6.5% h.a. 

Output of gas fission fragments (GFF) from fuel in both upper and lower modules is 
determined in accordance with Figure 3 [6].  



Calculation of GFF pressure change under cladding of the upper and lower modules 
of composite fuel element during the work is carried out using the following dependence: 

273
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where: 

GFFT , K – integral mean gas temperature under the cladding of the module of composite 
fuel element; 

)(t
GV , ncm3 – volume of GFF under the cladding of the module of composite fuel element [6]; 
max
LB ≈14% h.a., ncm3 – initial volume of gas under the cladding of the module of composite 

fuel element during the fabrication; 

..VCV , cm3 – compensative volume in the module of composite fuel element; 

ClVΔ , cm3 – change of  volume of cladding of composite fuel element module owing to 
creep under the influence of GFF pressure; 

COOLP , MPa – pressure of coolant. 
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Necessary magnitude of compensative volumes of every module is estimated using 

results of testing the long-time strength of structural materials of composite fuel element 
modules, as follows: 

max

0
ClRT
Q

fE eDt ⋅=⋅νσ , 

where ft , hours – time till failure of material of composite fuel element module at 
max

ClT  

and Eσ , MPa – equivalent strength responsible for failure: 

1 – neutron flux density (E>0,1 
MeV); 
2 – starting temperature of the 
cladding; 
3 - temperature of the cladding in 
the end of work. 
Fig.2. Distribution by height of 
composite fuel element for MFRR 
of neutron characteristics and 
temperatures 
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max
ClT , K – maximum temperature of cladding of composite fuel element module; 

ν - index, determined using testing the long-time strength. 
 Magnitude of compensative volumes of composite fuel element modules is calculated 

using expressions (1) and (2) under following condition: σK =1,5, where σK  - reserve 
coefficient determined as follows: 
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3. Experimental confirmation of efficiency of composite fuel elements 
under irradiation in reactor BOR-60 
 

Irradiation conditions of experimental fuel assembly with composite fuel elements in 
reactor BOR-60 are close to planning ones (heat load and cladding temperature) in reactor 

MFRR: max
lq ≈470 w/cm, 

max
ClT ≈690ºC – starting temperature. Such irradiation conditions 

were attained in case of putting the fuel assembly to cell of the fifth line of active zone and 
selection of corresponding choking. Curves of distribution of cladding and coolant 
temperatures and neutron flux density by fuel element length are shown in Figure 4. 

Boundary between upper and lower fuel element modules is at TCl≈620ºC. GFF 
pressure under claddings of upper and lower fuel element modules was calculated taking 
into account output of 90% of all forming GSS from fuel. Kinetics of changing the pressure in 

Fig.3. Output GFF 
from MOX fuel in 
dependence on burn 
up 



upper and lower fuel element modules during work of composite fuel element in reactor 

BOR-60 up to maximum burn up maxB =10% h.a. in the course of 1,25×104 hours is 
equivalent to kinetics of changing the pressure in upper and lower fuel element modules of 
composite fuel element in reactor MFRR working in the course of 1,25×104 hours up to 

maxB =15% h.a. 
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In reactor tests of fuel assemblies in BOR-60 dispressurization was observed at 
maximum burn up ~ 9,3% h.a. Taking into account GFF pressures obtained in fuel element 
modules this value corresponds to maximum burn up in composite fuel elements in reactor 
MFRR ~ 14% h.a. Using in calculations of fuel element efficiency characteristics of long-time 
strength it is necessary take into account the influence of irradiation. 
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ABSTRACT 
 

A general method (RRMCQ) has been developed by introducing a microscopic burn up scheme which 
uses the Monte Carlo calculated spatial power distribution of a research reactor core and a depletion 
code for burn up calculations, as a basis for solving nuclide material balance equations for each 
spatial region in which the system is divided. Continuous energy dependent cross-section libraries and 
full 3D geometry of the system is input for the calculations. The resulting predictions for the system at 
successive burn up time steps are thus based on a calculation route where both geometry and cross-
sections are accurately represented, without geometry simplifications and with continuous energy 
data. The main advantage of this method over the classical deterministic methods currently used is 
that RRMCQ System is a direct 3D method without the limitations and errors introduced on the 
homogenization of geometry and condensation of energy of deterministic methods. The Monte Carlo 
and burn up codes adopted until now are the widely used MCNP5 and ORIGEN2 codes, but other 
codes can be used also. For using this method, there is a need of a well-known set of nuclear data for 
isotopes involved in burn up chains, including burnable poisons, fission products and actinides. For 
fixing the data to be included on this set, a study of the present status of nuclear data is performed, as 
part of the development of RRMCQ method. This study begins with a review of the available cross-
section data of isotopes involved in burn up chains for research nuclear reactors. The main data 
needs for burn up calculations are neutron cross-sections, decay constants, branching ratios, fission 
energy and yields. The present work includes results of selected experimental benchmarks and 
conclusions about the sensitivity of different sets of cross-section data for burn up calculations, using 
some of the main available evaluated nuclear data files. Basically, the RRMCQ detailed burn up 
method includes four tasks for each burn up step:  
1) Monte Carlo criticality calculation of the full system tallying spatial power distribution for each 

spatial region of interest. 
2) Preparation of depletion code input and cross- section libraries from Monte Carlo calculation 

output and other auxiliary code, including normalized power density of each spatial zone with an 
auxiliary program. The 1 group cross section library needed for depletion calculations can be 
obtained with a cell code such as DRAGON4 vs. burn up. 

3) Depletion calculations of isotope concentrations on the input burn up time-step. 
4) Preparation of Monte Carlo calculation input with the new isotope concentrations output of 

depletion calculation with other auxiliary program. 
This sequence is implemented in an automatic way.  
On the first stages of RRMCQ development, a simplified version has been tested with a set of 
dependent numerical and experimental benchmarks using standard nuclear data libraries at lattice cell 
level. Then a full core model has been developed and it is to day used on RA6 reactor of Bariloche 
Atomic Centre.  
 
 
1. Introduction 
 
The main objective of detailed fuel depletion calculations of research reactors is to have 
information of compositions of its fuel materials in function of irradiation and decay times. 
The main applications of this information are fuel management, design of in- and ex-core 
facilities, radiation activity estimations and calculations of safety parameters.  
 
Nowadays, it is possible to achieve this objective with Monte Carlo tri-dimensional core 
calculations coupled with a depletion code by means of auxiliary programs. The main 
advantage of this method over the classical deterministic methods currently used is that 
Monte Carlo is a direct three-dimensional method without the limitations and errors 
introduced on the homogenization of geometry and condensation of energy of deterministic 



methods and that it is possible to know detailed fuel isotopic composition needed for other 
calculations. 
 
There are many Monte Carlo depletion systems but large computer time and complexity on 
users input preparation are important problems found until now. The method described in this 
work includes tools for implementing options for reducing computer time without loss of 
accuracy and simple user interface. 
 
The basic idea of Monte Carlo depletion calculations is:  
1. Monte Carlo calculation at a fixed time t0 determine thermal power spatial distribution and, 
in the most detailed option, neutron fluxes and isotopic reaction rates.  
2. Depletion calculation for Δt = t1-t0 using for each spatial zone the power density calculated 
in 1. and 1-group cross sections (calculated in 1. or by other method) determine new number 
densities at time t1. 
Repeat 1. and 2. for each time step. 
 
This -at first glance- simple procedure involves many details and problems:  
 
• Geometry regions must be fine enough to represent spatial detail needed for accurate 
depletion (e.g. 10 or more axial regions for each 60 cm high of MTR type fuel element). 
 
• Material compositions must include appropriate fission products & actinides. 
 
• Neutron cross-sections must be complete and accurate. For Monte Carlo calculations 
punctual temperature dependent data are needed for all significant isotopes for neutron 
transport. For depletion calculation just need overall (1-group) absorption and fission cross 
sections for each significant nuclide on fission product and actinide chains. 
 
• Depletion should be performed with a flux distribution corresponding to a critical system 
(each Monte Carlo calculation with critical configuration of control rods). 
 
• First time steps must be short to allow Xe135 and Sm149 to build up to equilibrium. 
Adequate time step sizes should be investigated using auxiliary codes. 
 
• Research and development topics for improving the method: accuracy of Monte Carlo 
calculations related to geometry, materials and other data, error propagations between codes 
and time steps, need to couple with thermal-hydraulics code for temperature feedback, 
explicit representation of fission products, update of nuclear data and sensitivity studies to 
different parameters. 
 
A general method named RRMCQ: Research Reactor Monte Carlo “Quemado” (spanish 
word meaning burn up) has been developed after several years of research and 
development on these topics. The methodology and options of this method are explained in 
Section 2. 
 
On the first stages of RRMCQ development, simplified versions have been tested with a set 
of numerical and experimental benchmarks using standard nuclear data libraries at lattice 
cell level. Then a full core model has been developed and adopted for RA6 reactor of 
Bariloche Atomic Centre. It is programmed to be used on other research reactors such as 
RP10 of IPEN, Perú. Preliminary validations of the method are briefly outlined in Section 3. 
 
The method is not restricted to research reactors but it is used until now for these types of 
reactors only because it is very time consuming for power reactors mainly because the need 
of many more spatial details than for research reactors. 
 
 



2. Methodology 
 
Basically, the RRMCQ detailed burn up method includes four tasks for each time step:  

1) Monte Carlo criticality calculation of the full system tallying spatial power distribution 
for each spatial region of interest and, optionally, 1-group neutron flux and reaction 
rates of the main fission products and actinides. 

2) Preparation of input data for the depletion code: normalized power density of each 
spatial zone to be used on each time step, 1 group cross-sections, from Monte Carlo 
calculation output or optionally from other auxiliary code (main auxiliary program 1).  

3) Depletion calculations of isotope concentrations for the input time-step. This 
calculation can be made with a depletion code o by interpolation on tables of atomic 
densities vs. burn up obtained at previous calculations made with a cell code.  

4) Preparation of Monte Carlo calculation input with the new isotope concentrations 
output of depletion calculation (auxiliary program 2). 

This sequence is implemented in an automatic way.  
 
For using this method, there is a need of a well-known set of nuclear data for isotopes 
involved in burn up chains, including burnable poisons, fission products and actinides. For 
fixing the data to be included on this set, a study of the present status of nuclear data is 
performed, as part of the development of RRMCQ method. This study begins with a review 
of the available cross-section data of isotopes involved in burn up chains for research 
nuclear reactors. The main data needs for burn up calculations are neutron cross-sections, 
decay constants, branching ratios, fission energy and yields.  
 
The basic evaluated data file adopted until now is ENDF/B-VII [1] processed with NJOY code 
[2]. The Monte Carlo and depletion codes adopted until now are the widely used MCNP5 [3] 
and ORIGEN2 [4] codes respectively. The multigroup cell code DRAGON4 [5] has been 
adopted for speed up calculations as an option to the original method. 
 
Three options has been implemented: option1 using 1-group cross sections calculated on the 
Monte Carlo run, option 2 with atomic densities vs. burn up calculated directly with 
DRAGON4 code for several power levels on a previous step and then interpolated for each 
spatial region without the need of other depletion code, and option 3 with 1 group cross 
section library needed for ORIGEN2 calculations obtained with DRAGON4 vs. burn up on a 
previous step.  
 
Figure 1 shows the calculation steps with the three options outlined on the previous 
paragraph. At the left, ENDF is the starting point (Basic Evaluated Data File) processed with 
NJOY for all the isotopes included in the system as f(T) (function of temperature). The output 
of NJOY is a library XS-ACE (it is the format used by MCNP code) for each isotope and 
temperature. This library plus geometry, material and time evolution data (geom. mats. 
evol.t) of the reactor core are all the needed information to run MCQ (abbreviation of 
RRMCQ). The main final output of the RRMCQ calculation are burn up specifications of fuel 
elements and atomic densities of all fuel materials “j” after burn up (b, Nj).  
 
At the right of Figure 1, the three available options are displayed. In option 1 (OPT1) there 
are four calculation steps: MCNP calculation at time ti giving spatial distribution of thermal 
power, 1-group neutron flux and reaction rates by isotope (P,F,RR) that are processed with 
auxiliary program MO to obtain 1 group cross section libraries (XS1G) used then with 
ORIGEN calculations that give updated atomic densities of all j isotopes in all fuel regions at 
a time step ti+1 (Nj). These values are input of auxiliary program OM that output the new 
MCNP input file at t i+1 and so on. 
 



 
 

Figure 1. Three Options for Coupling MCNP5, ORIGEN2 and DRAGON4 Codes for 
Depletion Calculations 

 
In option 2 (OPT2) there are two main steps: 1) generation of tables with atomic densities Nj 
for time steps included in the full calculation (function of burn up f(b)) with DRAGON4 
multigroup cell code with neutron cross section library XSMG and 2) MCNP calculation at 
time ti giving spatial distribution of thermal power (P) that are processed with auxiliary 
program PMC to obtain updated atomic densities of all j isotopes in all fuel regions at a time 
step ti+1 (Nj) using the tables generated on step 1). These values are used in the same 
program for output the new MCNP input file at t i+1 and so on. 
 
In option 3 (OPT2) there are two main steps: 1) generation of tables with 1 group cross 
section libraries in function of burn up (XS1G VS.b) with DRAGON4 multigroup cell code 
with neutron cross section library XSMG and 2) MCNP calculation at time ti giving spatial 
distribution of thermal power (P) that are processed with auxiliary program MCOR that 
produces input for ORIGEN using the tables generated in step 1). Then, ORIGEN 
calculations give updated atomic densities of all j isotopes in all fuel regions at a time step ti+1 
(Nj). These values are input of auxiliary program POSTORI that updates tables for each fuel 
element (FE) and other auxiliary program INPMC reads these updated files and output the 
new MCNP input file at the time t i+1 and so on. 
 
The method RRMCQ has been implemented until now with a personalized version for each 
reactor to facilitate its management to the non-expert users.  
 
3. Validation 
 
A complete validation of RRMCQ System should include comparisons of measured values of 
isotopic composition of uranium depleted fuel material with results obtained with calculation 
and neutron flux distribution on some cores during irradiation. Mean time, partial validations 
of RRMCQ System are: 
 
1. Comparisons of isotopic ratios of uranium and plutonium measurements of an irradiated 
37 element fuel bundle on the Canadian Bruce-A nuclear reactor and calculated values with 
RRMCQ system – option 1 and with other codes such as DRAGON4 [6]. The results 
obtained show that the overall agreement is good, particularly for bundle averaged values. In 
general, the differences between results obtained with RRMCQ and DRAGON4 and 
experimental values are smaller than differences between results obtained with other codes 
and experimental values particularly for the plutonium isotopes. ENDF/B-VII.0 libraries the 



best results for all the cases. En other work  [7] there are comparisons of experimental 
measures and calculated results with RRMCQ and DRAGON4 codes of isotopic 
concentrations of uranium and plutonium and activities of six fission products and three 
transuranides of a fuel element irradiated on the Canadian reactor Pickering-A. Differences 
are within experimental errors. 
  
2. Values of multiplication factor Keff obtained in each critical core calculation with MCNP5. 
This is a continuous validation of MCQ System because, if input atomic densities after 
irradiation and decay of each temporal step are well calculated, Keff of the core with 
experimental critical configuration of control rods will be near 1.0. For RA6 reactor (RRMCQ-
option 2) for operating cycles 2009 and 2010 core reactivity calculated values are within 400 
pcm over all the steps, with a mean value of 200 pcm, that is an acceptable approach to 
criticality calculation. Previous calculations of RP10 core with MCQ-option 3 show the same 
tendency. 
 
4. Conclusions 
 
A new method for burn up calculations to be applied on design and safety studies of 
research reactors has been developed with three options. 
 
Option 1 is the standard method. It has been used for cell calculations and tested with 
experimental benchmarks. It is the most accurate and time-consuming method. 
 
Option 2 is a very accurate and faster than Option 1 method using DRAGON4 code to follow 
the depletion history at cell level in place of ORIGEN code. It is used to follow the evolution 
of RA6 core and fuel elements. 
 
Option 3 is the fastest method using ORIGEN code for depletion with 1 group cross section 
libraries previously calculated with DRAGON4 code. It is being implemented to follow the 
evolution of RP10 core and fuel elements. On this method there is a new facility consisting 
on fixing individual data bases with all the information of the history of each fuel element 
used in the core of the reactor as the main input/output of the RRMCQ System.  
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Abstract— The CABRI experimental reactor is located at the 

Cadarache nuclear research center, southern France. It is 
operated by the Atomic Energy Commission (CEA) and devoted 
to IRSN (Institut de Radioprotection et de Sûreté Nucléaire) 
safety programmes. It has been successfully operated during the 
last 30 years, enlightening the knowledge of FBR and LWR fuel 
behaviour during Reactivity Insertion Accident (RIA) and Loss 
Of Coolant Accident (LOCA) transients in the frame of IPSN 
(Institut de Protection et de Sûreté Nucléaire) and now IRSN 
programmes devoted to reactor safety. This operation was 
interrupted in 2003 to allow for a whole facility renewal 
programme for the need of the CABRI International Programme 
(CIP) carried out by IRSN under the OECD umbrella. 

When the facility soon comes back to experiments, the 
prediction of control rods level will be needed on a day to day 
basis. A full core computation being unrealistic, a toolbox was 
built to allow a fast and accurate prediction of this parameter. 
The purpose of this poster is to illustrate the contents of the 
toolbox, its inputs and outputs and conditions of use and 
validation. 

Index Terms— Criticality level, control rods, operations. 

I. INTRODUCTION 

A comprehensive description including the principle of 
operation and current status of the facility are given in another 
paper brought to this conference [1]. It will thus not be 
repeated here. 

The upcoming facility commissioning includes a set of 
reactor physics tests. At this point, most reactivity 
measurements will be based on the criticality level reached by 
hafnium control rods. After this period, the core operations 
performed to realize the targeted test programme will also 
require a good prediction of criticality level. 

There was already a raw spreadsheet to care for this issue in 
the past. However, it did not ideally match all new preliminary 
computations. That is why a toolbox was implemented around 
this former system. This software aims at providing a more 
operational response to the experimentalist. The conditions of 
use for this tool, the input and output parameters, the routines 
used and the validation set up will be described hereafter. 
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II. CONDITIONS OF USE 

An experimental campaign means reaching criticality in 
various conditions: checking the instrument connections with 
a dedicated test device, realising start-up power transients to 
fine tune experimental parameters, then loading the 
experimental rod device and measuring the heat released in 
the test channel and eventually proceeding to the experiment 
with adjusted 3He absorber initial pressure. 

At core commissioning, reaching criticality will also be 
necessary to validate all preliminary computations and make 
sure the facility still meets the necessary standards. 

Each condition corresponds to a set of core physics 
parameters that have to be accounted for prior to divergence. 
The test preparation includes a reference reactor physics 
computation of the upcoming RIA. However, all conditions 
are not predictable, e.g. cooling temperatures due to 
atmospheric circumstances etc. Thus a tool was developed in 
order to allow an operational prediction of each new criticality 
level within a test campaign on a day to day basis. This 
prediction has to comply with the accuracy requested for 
safety. 
The divergence procedure contains a prediction of the 
criticality level. This phase will consist in gathering the main 
reactor parameters necessary to compute the rods level (3He 
pressure, Core average temperature, etc.). During the 
subcritical approach, the actual level is checked against 
prediction and if the agreement is unacceptable as compared 
with safety regulation, a physics investigation is conducted. 

 
To make it short, this tools provides the number that must 

be documented (i.e. in a test check-list sheet) to predict the 
divergence level. 

 

III.  INPUT/OUTPUT PARAMETERS AND INTERNAL ROUTINES 

There are 6 input parameters: 3He concentration (from 
Pressure and temperature conditions), a description of recent 
reactor operations (to account for a potential 135Xe build up in 
the core), Core moderator temperature, Core power and 
Coolant flow rate. 
The main output of the tool is the criticality level for Hf 
control rods at zero power, with or without 3He, and at the 
desired power level. It also presents the reactivity increment 
corresponding to each specific effect. 

An ideal tool for criticality level prediction 
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The value for each input parameter is compared to a reference 
situation. This variation is converted into a reactivity offset 
which is eventually converted into a variation of the control 
rods level. The divergence level is then obtained by this 
correction applied to the reference criticality level. 
The inserted reactivity as a function of rods level is called the 
S-curve. It is the key feature of this procedure. The conversion 
of the reactivity into the rods level is obtained with a cubic 
spline fit of the function. The reciprocal conversion comes 
from a solution of this cubic function using the method of 
Cardan. The exact bijectivity of the function allows multiple 
conversions from reactivity to rods level and vice versa. 
The moderator temperature effect is essentially due to the shift 
in density of the core coolant. The reactivity was computed at 
2 extreme temperatures. It includes the density correction for 
all materials of the model as well as adapted neutron cross 
sections, evaluated at the right temperature. 
The relation between 3He pressure and reactivity is based on 
validated past measurements. The actual 3He pressure is 
corrected by gas temperature and occasional contamination 
with air so that the final 3He concentration can correctly be 
related to a reactivity. 
The description of recent reactor operations is given in terms 
of power history, including ramps, pulses and steady state 
conditions. This is inserted into a separate computation that 
provides 135I and 135Xe concentrations as a function of time. 
These concentrations allow in turn an evaluation of the 
corresponding antireactivity. 
The core power translates into a fuel equivalent temperature as 
well as all correlated parameters like fuel, clad and coolant 
expansion. It condenses several neutron feedback phenomena 
among which the Doppler effect is the most effective. A 
relationship has thus also been computed between a power 
increase and the corresponding inserted antireactivity. It 
comes from experimental observations realized during past 
programs. 
The last parameter to be used into this toolbox is called the 
coolant flow rate factor. This feature does not have a 
straightforward impact onto the core reactivity. The reactivity 
offset experimentally observed when the primary cooling 
circuit is started is due to a mechanical impact of the flow rate 
on core sub assemblies. It has also been called the daisy effect 
as it could be caused by a sort of sub assemblies blossoming. 
 
The graphics user interface is included into an excel® 
spreadsheet. All functions and subroutines are integrated to 
the spreadsheet in VBA. A part of numerical laws like cubic 
spline fits etc. were extracted with dedicated software shells 
using the R language resources [3]. 
A reference user documentation has been realized. 
 
This tool box is called OPCB like “Outil de Prediction de Cote 
de Barre“ meaning “tool for rods level prediction“ in French. 
It was updated and rewritten in the perspective of the 
upcoming commissioning of the facility. During this start up 
phase, a special attention will be dedicated to the validation of 

the tool, as described hereafter. 

IV.  VALIDATION SET UP 

The validation process has been initiated by a comparison of 
the tool predictions and a set of measurements performed in 
the past. It will be updated after the first neutron 
commissioning tests are performed [2]. 
The start up campaign includes reactivity and absolute power 
measurements. 
The weight in reactivity for 3He, control rods differential 
efficiency, daisy effect, power feedbacks and other 
temperature related effects will be measured essentially with 
the control rods criticality level. 
The power level will be confirmed by heat balance and cross-
checked by dosimetry. 
The tool validation will be completed when the full analysis of 
these results is over 
 

V. CONCLUSION 

 
This paper presented the toolbox developed in order to 

provide an operational prediction of the criticality level for 
control rods. 

It contains a description of input and output parameters and 
a little overview of the software content of the toolbox. 

Eventually, the validation process will use the results of 
neutron commissioning. 

It will allow an up to date tool to predict the control rods 
criticality level with accuracy for a limited cost. 

 
 

�    
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ABSTRACT 
 

The IEA-R1 reactor of IPEN/CNEN-SP in Brazil is a pool type research reactor 
cooled and moderated by demineralised water and having Beryllium and Graphite 
as reflectors. Since 1990, IPEN/CNEN-SP has been fabricating and qualifying its 
own U3O8-Al and U3Si2-Al dispersion fuels. The U3O8-Al dispersion fuel is qualified  
to a uranium density of 2.3 gU/cm3 and the U3Si2-Al dispersion fuel up to 3.0 
gU/cm3. The IEA-R1 reactor core is constituted of the fuels above, with low 
enrichment in U-235 (19.9% of U-235). Nowadays, IPEN/CNEN-SP is interested in 
qualifying the above dispersion fuels at higher densities. Fuel miniplates of U3O8-Al 
and U3Si2-Al fuels, with densities of 3.0 gU/cm3 and 4.8 gU/cm3, respectively, 
which are the maximal uranium densities qualified worldwide for these dispersion 
fuels, were fabricated at IPEN/CNEN-SP. The miniplates were put in an irradiation 
device, with similar external dimensions of IEA-R1 fuel assemblies, which was 
placed in a peripheral position of the IEA-R1 reactor core. IPEN/CNEN-SP has no 
hot cells to provide destructive analysis of the irradiated fuel. As a consequence, 
non destructive methods are being used to evaluate irradiation performance of the 
fuel miniplates: i) monitoring the fuel miniplate performance during the IEA-R1 
operation for the following parameters: reactor power, time of operation, neutron 
flux at the position of each fuel assembly, burnup, inlet and outlet water, and 
radiochemistry analysis of reactor water; ii) periodic underwater visual inspection of 
fuel miniplates and eventual sipping test for the fuel miniplate suspected of 
leakage. The miniplates are being periodically visually inspected by an underwater 
radiation-resistant camera inside the IEA-R1 reactor pool, to verify its integrity and 
its general plate surface conditions. A new special system was designed for the 
fuel miniplate swelling evaluation. The fuel swelling evaluation is being performed 
by means of the fuel miniplate thickness measurement during the shutdown 
periods between successive irradiation cycles at the IEA-R1 reactor. During the 
measuring period, the fuel miniplates are transferred from the reactor core to the 
measurement system positioned at the pool border.  
 
 

 
1. Introduction 
 
Since early 1990's, IPEN has been fabricating and qualifying its own LEU (19.9% of 235U) 
MTR fuels for use in the IEA-R1 research reactor core. MTR fuel elements were fabricated 
with U3O8-Al dispersion fuel plates with densities of 1.9 gU/cm3 (from 1990 to 1996) and 2.3 
gU/cm3 (from 1996 to 1999). Since 1999, IPEN are fabricating U3Si2-Al dispersion fuel with 
uranium density of 3.0 gU/cm3 [1]. Nowadays, IPEN/CNEN-SP is interested in qualifying the 
above dispersion fuels at higher densities, 3.0 gU/cm3 for U3O8-Al and 4.8 gU/cm3, for U3Si2-
Al, that are the maximal uranium densities qualified by the RERTR program and used 
worldwide since 1980’s decade. In addition, U3Si2-Al fuel is being considered to be used at 
the core of the new Brazilian Multipurpose Reactor (RMB), now in the conception phase. 
Fuel performance evaluation and nuclear fuel qualification require a post-irradiation analysis 
of the fuel [2]. IPEN/CNEN-SP has no hot cells to provide destructive analysis of the 



irradiated nuclear fuel. As a consequence, non-destructive methods have been used to 
evaluate irradiation behavior of the fuel miniplates. 
 
2. Experimental planning for fuel qualification 
 
Given the lack of laboratorial infrastructure of hot cells to perform post-irradiation 
examination (PIE) of irradiated fuel in the country, IPEN/CNEN-SP decided to adopt an 
alternative route to achieve the qualification of its own fuels, based on (i) irradiation of fuel 
miniplates and, (ii) demonstration of good performance under irradiation of the tested fuels 
through the application of non-destructive techniques in the IEA-R1 reactor pool. The 
planned qualification process [3] for the high densities dispersion fuels U3O8-Al (with 3.2 
gU/cm3) and U3Si2-Al (with 4.8 gU/cm3) is based on the experience acquired at IPEN during 
the qualification programs of the U3O8-Al (1.9 and 2.3 gU/cm3) and U3Si2-Al (3.0 gU/cm3) 
dispersion fuels. The route consists of miniplate fabrication according tight specifications [4] 
and irradiation of fuel miniplates in the IEA-R1 reactor core inside an irradiation device. The 
miniplate irradiation will continue until the average miniplate burnup reaches 80% (at. U-235). 
The miniplate evaluation consists of two items: i) monitoring the fuel miniplate performance 
during the IEA-R1 operation for the following parameters: reactor power, time of operation, 
neutron flux at the position of each fuel assembly, burnup, inlet and outlet water, and 
radiochemistry analysis of reactor water; ii) periodic underwater visual inspection of fuel 
miniplates and eventual sipping test for the fuel miniplate suspected of leakage. The 
miniplates is periodically visually inspected by an underwater radiation-resistant camera 
inside the IEA-R1 reactor pool, to verify its integrity and its general plate surface conditions. 
A new special system was designed for the fuel miniplate swelling determination. The fuel 
swelling determination is being performed by means of the fuel miniplate thickness 
measurement during the shutdown periods between successive irradiation cycles at the IEA-
R1 reactor. During the measuring period, the fuel miniplates are transferred from the reactor 
core to the measurement system.  
 
2.1 Criteria for  fuel miniplate irradiation tests, inspections and measurements 

• Visual inspections and thickness measurements of the irradiated fuel miniplates at 
the end of each successive burnup period of 5% of U-235;  

• The miniplates irradiation should be conducted until they reach high average burnup; 
about 80%, to demonstrate significant safety margins on the average burnup normally 
required for discharging the fuel (50% burnup of the initial amount of U-235); 

• No leakage of fission products during irradiation; 
• Blisters should not be formed during irradiation.  

 
2.2 Limitations and applicability  
This methodology is applied to the qualification of the dispersion fuel U3O8-Al and U3Si2-Al, 
with densities of 3.2 gU/cm3 and 4.8 gU/cm3, respectively, fabricated at IPEN/CNEN-SP. For 
these fuels, LEU uranium densities were qualified by the RERTR program [5, 6] up to 3.2 g 
U/cm3 for U3O8-Al fuel and 4.8 g U/cm3 for U3Si2-Al. These densities correspond to the 
practical limits of dispersion fuel fabrication (45% by volume of U3O8-Al and 42.5% by volume 
of U3Si2 fuel in the dispersion).  
 
2.3 Irradiation time  
Miniplate irradiation should occur under the current operational regime of the IEA-R1 reactor 
at 3.5 MW, 60 hours per week and 45 weeks per year. However, the reactor can operate up 
to 5 MW power, with the operational regime of 120 hours per week 45 weeks per year. The 
time needed to reach a U-235 burnup of 50% and 80% in U3Si2-Al miniplates for the two 
operational regimes of the IEA-R1 has been already performed in [7]. At the actual reactor 
power of 3.5 MW, the calculated time required to reach the U-235 burnup of 50% and 80% 
are 1.75 and 2.7 years, respectively. If the reactor power is increased to 5.0 MW, the 
irradiation times will be smaller. 



2.4 Frequency implementation of visual inspection, thickness measurements 
and sipping 
The visual inspections and thickness measurements of the fuel miniplates in the reactor pool 
were done at the beginning of irradiation and after each period of 5%. burnup of U-235.The 
irradiation time estimated to reach successive U-235 burnup of 5% in the U3Si2-Al miniplates, 
with 4.8 gU/cm3, in the irradiation position 36 of IEA-R1 core matrix plate, for 3.5 MW and 5 
MW, are 8 and 4 weeks, respectively. Sipping tests would be conducted for fuel elements 
suspect of leakage.  
 
3 Methods for fuel miniplate irradiation 
 
For the miniplates irradiation it was designed and built a new Miniplate Irradiation Device 
(MID), which has the external dimensions of a standard IEA-R1 fuel element. Inside the MID 
can be housed up to ten U3O8-Al and/or U3Si2-Al fuel miniplates. Neutronic and thermal-
hydraulics calculations as well safety assessment of MID has been already developed [8]. 
Methodologies were established for miniplate thickness measuring and for swelling 
calculation, as well as for visual inspection. The fuel miniplates are being irradiated at a 
peripheral position (position 36) of the IEA-R1 reactor core, inside the MID, showed in the 
figures 1 and 2.  
 

 

                    
  Fig 1. MID components.                 Fig 2. Fuel Miniplate assembled inside 
          the holster. 
 
 
4 Nondestructive methods for irradiated fuel miniplates evaluations at the 
IEA-R1 reactor pool 
 
4.1 Visual inspection 
The Irradiated fuel miniplates are being visually inspected by an underwater and radiation-
resistant video camera system inside the IEA-R1 reactor pool to verify its integrity and its 
general surface conditions. The video images obtained from the camera system can be 
recorded by a DVD recorder. The underwater radiation resistant video camera of the visual 
inspection system is positioned 2 m from the Fuel Miniplate Thickness Measuring System 
(FMTMS) in an appropriated position to allow visualization of individual miniplate unloading 
operations. After the visual inspection, each miniplate is conducted to the FMTMS and 
positioned for thickness measurements. Figures 3 and 4 present the control module of the 
visual inspection system and the camera Cyberia, mod. LEO, available at IPEN/CNEN-SP. 
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Fig 3. Camera control module.

 
Fig 4. Camera Cyberia, model LEO

 
 
4.2. Sipping tests of irradiated fuel miniplates 
 
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 miniplate suspect of leakage inside a 
recipient, called here as sipping tube, which contains demineralized water. After an initial 
homogenization it is collected the first water sample, characterized as background (BG) 
sample. After a given time in rest, the second water sample is collected from the sipping tube 
and characterized as the “sipping sample for that in test fuel miniplate”. 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 miniplate cladding. A detailed 
description of the sipping tests performed at IPEN is presented in [9]. 
 
4.3 Method for irradiated miniplate thickness measurement 
 
A system for fuel swelling evaluation, by means of the fuel miniplate thickness measurement 
performed at the reactor shutdown periods after irradiation cycles, was designed and 
constructed within the framework of IAEA Project BRA/4/047 and is available at IEA-R1. This 
device, showed at figure 5, is used inside the reactor pool, inside the spent fuel storage area. 
It should be operated from the reactor pool border, and allows the measurement of the fuel 
miniplate thickness along its surface. The swelling can be periodically evaluated in 
increments of 5% burnup of the initial amount of U-235 until it is achieved an average burnup 
of 80% of U-235 atoms. It was required the fabrication of a device for additional support that 
will keep both the MID as well as the case containing the fuel miniplates at a depth of about 
2m, next to the bench of the Fuel Miniplate Thickness System (FMTMS). The thickness 
measurement is performed by electronic probes (LVTD). The results are obtained by the 
measurement instrumentation connected to the probes. 
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(A) (B) (C) 
 
Fig 5. FMTMS inside the IEA-R1 pool: (A) Structure of metal assembled on the edge of the 
pool and; (B) e (C) Miniplate at the measuring position 
 
5 Conclusions 
 
The presented nondestructive methods, with emphasis to the visual inspections, sipping tests 
and fuel miniplate thickness measurement for swelling evaluation are important tools to the 
characterization of the general conditions, verification of the cladding integrity and swelling 
evaluation of the irradiated fuel miniplates in the IEA-R1 reactor. These nondestructive 
techniques are providing important results to the ongoing U3Si2-Al (4.8 gU/cm3) and U3O8-Al 
(3.2 gU/cm3) dispersion fuel qualification plan. 
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ABSTRACT 
 

Two computer programs, LOSS and TEMPLOCA, were developed to analyze postulated Loss of 
Coolant Accidents (LOCA) in the IEA-R1 reactor, at IPEN/CNEN-SP. The LOSS program 
determines the time to drain the reactor pool down to the level of the bottom of the core. The 
TEMPLOCA program calculates the maximum temperature reached in the fuel, due to the decay 
heat of fission products and when there is complete loss of coolant in the core. These programs 
were used to assess the safety of a Miniplate Irradiation Device (MID), placed in the IEA-R1 
reactor core, during the occurrence of a postulated loss of coolant accident. The MID are being 
used to receive miniplates of U3O8-Al and U3Si2-Al dispersion fuels, LEU type (19,9% of 235U) 
with uranium densities of, respectively, 3.0 gU/cm3 and 4.8 gU/cm3. The fuel miniplates will be 
irradiated to nominal 235U burnup levels of 50% and 80%, in order to qualify the above high-
density dispersion fuels to be used in the Brazilian Multipurpose Reactor (RMB), now in the 
conception phase 

 
 

1. Introduction  
 
In 2007, there was the replacement of the IEA-R1 reactor heat exchanger, what allowed the 
reactor to run safely to a power of 5 MW. In this power, it is possible to reach high fuel 
burnups, in relatively shorter timeframes.  Therefore, it was proposed to place in a peripheral 
position of the IEA-R1 reactor core, ten fuel miniplates, fabricated at IPEN/CNEN-SP, 
dispersion type, of U3O8-Al and U3Si2-Al, in the maximum densities qualified worldwide and to 
follow their performance under irradiation.  To accommodate the fuel miniplates, a special 
Miniplate Irradiation Device (MID) [1] was designed and fabricated. The MID has the external 
dimensions of the IEA-R1 fuel element. The miniplates was allocated in a box with indented 
bars placed inside the external part of the MID.  
 
 
2. LOCA analysis in the IEA-R1 reactor 
 
In order to carry out any experiment in the IEA-R1 reactor, it is necessary to analyze its 
behavior in case of postulated accidents. The safety analysis demonstrated the necessity to 
evaluate how safe MID is, in case of postulated Loss of Coolant Accidents (LOCA). In case 
of  LOCA, the IEA-R1 reactor has safety systems which interrupt the chain reaction, inserting 
the control bars. Nevertheless, even with the reactor shut down, heat continues to be 
produced by decay of fission products. To assure the physical integrity of fuel elements 
during a postulated LOCA, a Emergency Core Coolant System (ECCS) was developed, 
which is started in the case of partial or total core draining. The EECS covers only the reactor 
core, not cooling the reactor irradiation positions [1]. DIM is placed in one of these positions 
and the fuel miniplates would go without refrigeration. Studies were performed to evaluate 
possible postulated loss of coolant events, which could lead to the reactor pool emptying [2], 
[3]. Five of them were considered to be mostly critical:  a) Tube rupture of the Irradiation 
Pneumatic System (IPS); b) Pool drainage failure – rupture of the access tubes for the Water 



Retreatment System (WRS); c) Primary system boundary rupture; d) Undue opening of the 
WRS drains; e) Failure in the collimator tubes of Beam Hole-3 (BH-3).  
 
 
3. Methodology for LOCA analysis 
 
For the analyses of LOCA, the programs LOSS [2], which calculates the time for the reactor 
pool emptying and TEMPLOCA, which calculates the maximum temperatures reached in the 
fuel, during the reactor pool emptying, were developed.  LOSS solves the energy equation 
for a control volume comprised between the pool and the rupture in the tubes, providing the 
results as to water level in the reactor pool, the volumetric flow for pool emptying and water 
velocity in the rupture, for each interval in the specified time. For the pressure loss 
calculation in the singularities, experimental values of the IEA-R1 were used, as well as 
those available in the literature [3]. For the calculation of the fuel element temperatures (or 
the minplate temperatures), it was used, in the TEMPLOCA, the same model applied to the 
safety analysis of the Omega West Reactor  [4], which is based on the experimental results 
from the Oak Ridge Reactor (ORR) [5] and the Low Intensity Testing Reactor (LITR) [6]. The 
reactor core (or a fuel element) was considered without water and a energy balance in the 
fuel plates, where the terms of energy storage, decay power, fuel plates heat transfer by 
natural convection to the air, heat conduction in the structures and radiant heat transfer from 
the core to the environment, was taken into account.  This energy balance is given by the 
following equations: 
 

θθ .)(. HtQ
dt
dCM p −=                       (1) 

 
  

where, Q(t) is the decay heat in MW, M is the fuel mass in Kg, Cp is the fuel specific heat in 
MJ/Kg°F, H is the heat transfer coefficient in MW/°F, θ is the difference between the fuel 
maximum temperature and the mean air temperature in °F.  The heat transfer coefficient H 
was calculated through experimental data of the ORR reactor [5], given by the following 
expression: 
 

H = 1,3 × 10-6
 × (6,4 × 10-3

 × θ0,72
 + 0,5)  (2) 

 
 
TEMPLOCA validation was carried out using experimental data for loss of coolant tests in the 
LITR [6] and ASTR [7] reactors, as described in the reference [3]. 
 

 
4.     Description of LOCA events in the IEA-R1 reactor 
 
4.1    Tube rupture of the Irradiation Pneumatic System (IPS) 
 
The IPS comprises eight stainless steel tubes which enter the pool by its bottom and extend 
to half height of the reactor core lateral part.  Four tubes remain deployed in one side of the 
core and the other four ones stay at the opposite side.  Outside the pool, the IPS has leaky 
plastic tubes. The system is used for samples (“rabbits”) irradiation and the postulated LOCA 
would be due to the rupture of the stainless steel tubes inside the reactor pool. The rupture 
would occur by guillotine type rupture in the IPS tubes, as a consequence of a strong 
external impact.  Failures in the tubes or welded material may be identified through routine 
reactor maintenance or wetting the irradiated samples, thus diminishing the probability of this 
type of accident occurrence [1]. The analysis with LOSS program for the accident, due to the 
stainless steel tubes rupture inside the pool, resulted in a time of 1hr16 min, for the complete 
emptying of the pool. 



 
 4.2    Pool drainage failure – rupture of the access tubes for the Water 
Retreatment System (WRS) 
 
The two drain exits of the pool, located, respectively, in the reactor compartment and in the 
spent fuel storage compartment, are connected to the WRS by stainless steel pipes. The 
drain exit of the reactor compartment remains isolated by a gate valve localized in the reactor 
basement. The drain exit of the spent fuel storage remains open and coupled to a hose with 
water collector and a buoy, having their course limited by a 8.7 meter steel cable [2], [3].Two 
cases of accidents may be considered: 
 

1.  Drain pipes rupture downstream of the two drain pipes junction that would cause the 
pool water leakage, up to the aspiration buoy blockage and later closure of the isolating 
valve of the fuel storage compartment drain; 
2.  The most critical case would occur with the release of the pump flywheel and 
consequent shock with the pipes leading to the pipe rupture upstream of the isolating 
valve from the reactor compartment and an uncontrollable emptying of the pool water 
would occur. 
 

The accident analysis with the LOSS program, with the release of the pump flywheel and 
consequent rupture of the access pipes to the WRS, resulted in the time of 3h54min, for the 
complete emptying of the reactor pool. 
 
 
4.3    Primary system boundary rupture 
 
The primary system comprises the return pipes of the primary coolant that is near the pool. It 
operates at low pressures and temperatures so that a guillotine type rupture of its pipe would 
occur only by a strong external impact. As the probability of earthquakes or falling airplanes 
occurrences are very low, the most probable cause of rupture of the primary system would 
be the release of the primary pumps flywheel. The primary circuit has two manual isolation 
valves, located in the basement of the building, at the pool entrance and at the exit, 
respectively. Fig 1 shows the variation of water level in the pool as a function of time, 
calculated with the LOSS program, for an accident with the release of the pump flywheel and 
consequent primary system rupture. From Fig 1 it is noted that the time for the complete pool 
emptying is 7.5 minutes. The valves are observed to be ineffective in this case, due to the 
rapid pool emptying and their location near the rupture region. 
 
 
4.4    Undue opening of the WRS drains 
 
The WRS consists of two circuits of treatment, each of them with six drain valves. The undue 
opening of the WRS drains could take place by sabotage, which would  be not very probable, 
since the safety facility devices and procedures restrict access of external personnel and 
even of operators to the basement, where the drains are located. The Division of Safety 
Analysis has requested two safety measures to prevent accidental leakage of the pool 
through the drains, which were adopted by IPEN-CNEN/SP: 1) the WRS isolating valve 
blockage with a padlock; 2) blockage of the hose buoy for the pool water collection, through 
an 8.7meter steel cable. The analysis with the LOSS program for the accident of undue 
opening of the WRS drains resulted in the time of 13 hours for the pool complete emptying. 
 
 



 
 
Fig 1. Time of the reactor pool emptying, due to primary system boundary rupture of the IEA-

R1 reactor. 
 

 
4.5    Failure in the collimator tubes of Beam Hole-3 (BH-3) 
 
The IEA-R1 has eleven aluminum tubes (“beam holes'') to conduct experiments. The tubes 
cross the concrete walls of the pool horizontally, in twelve points. The tubes are positioned at 
different heights in relation to the reactor core so that only the BH-3 rupture would uncover 
the fuel miniplates active part. In the case of other beam holes rupture, the water level in the 
pool would remain above the active part of the fuel miniplates, what would ensure the forced 
cooling by the main pump. 
 
The analysis with the LOSS program for the BH-3 tube rupture resulted in the time of 23 
minutes, for the pool emptying up to the BH-3 level (height minus the tube inner diameter). 
 
 
5.   Miniplate temperatures calculations after a primary system boundary 
rupture 
 
Out of the five accidents analyzed with the LOSS program, the primary system boundary 
rupture was found to be the most critical. The calculations showed that about 7.5 min are 
necessary to drain the reactor pool during a postulated primary system boundary rupture. 
After the pool draining, the maximal fuel miniplate temperatures calculated with the 
TEMPLOCA was 125 ºC, below the blistering temperature, which is the fuel temperature 
design limit. At the blistering temperature the fuel miniplate will swell due to the fission gases 
released in the fuel and can close the fuel miniplate cooling channels with the fuel 
temperature increasing up to miniplate melting. The value of blistering temperature for 
dispersion fuels can vary between 350°C e 600 °C, depending on dispersion fuel type, fuel 
enrichment and burnup achieved. 
 
 



 
 

Fig 2. Miniplate Temperatures  after IEA-R1 reactor core uncovering. 
 
 

4. Conclusion 
 
The safety analysis performed with the LOSS program shows that in case of a primary 
system boundary rupture, approximately, 7.5 min will be necessary for the reactor pool 
emptying. After this emptying time, the maximum temperature calculated with TEMPLOCA in 
the fuel miniplates located in the DIM, due to decay heat, was 126°C, which is below the fuel 
design limits. 
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ABSTRACT 
 

The IEA-R1 reactor of IPEN-CNEN/SP in Brazil is a pool type research reactor cooled and 
moderated by demineralized water and having Beryllium and Graphite as reflectors. In 1997 
the reactor received the operating licensing for 5 MW. A new research reactor is being 
planning in Brazil to replace the IEA-R1 reactor. This new reactor, the Brazilian 
Multipurpose Reactor (RMB), planned for 30 MW, is now in the conception design phase. 
Low enriched uranium (<20% 235U) targets (UAlx dispersed in Al and metallic U foils) are 
being considered for the fission Molybdenum-99 (99Mo) production. Neutronic calculations 
were performed to compare the production of 99Mo for the two types of targets under similar 
conditions of irradiation (irradiation position, neutron flux and power density) both in the IEA-
R1 reactor and RMB. 

 
 
1. Introduction  
 
99mTC, product son of 99Mo, is one of the most utilized radioisotopes in nuclear medicine in 
the world. Annually it is used in approximately 20 to 25 million procedures of medical 
diagnosis, representing about 80% of all the nuclear medicine procedures. Since 2004, given 
the worldwide interest in 99Mo production, the International Atomic Energy Agency (IAEA) has 
developed and implemented a Coordinated Research Project (CRP) [1] to help interested 
countries start a small-scale domestic 99Mo production in order to meet the requirements of 
the local nuclear medicine. The purpose of CRP is to provide interested countries with 
access to non-proprietary technologies and methods for production of 99Mo targets using thin 
foils of low enriched metallic uranium (LEU), UAlx-Al miniplates of LEU type, or by neutron 
activation reaction (n, gamma), for example, using gel generators. Brazil, through IPEN-
CNEN/SP, began its CRP participation in late 2009. IPEN-CNEN/SP provides 
radiopharmaceuticals to more than 300 hospitals and clinics in the country, reaching more 
than 3.5 million medical procedures per year. The use of radiopharmaceuticals in the country 
over the last decade has grown at a rate of 10% per year and IPEN-CNEN/SP is primarily 
responsible for this distribution. 99mTc generators are the most used ones and are responsible 
for more than 80% of the radiopharmaceuticals applications in Brazil. IPEN-CNEN/SP 
imports all the 99Mo used in the country (450 Ci of 99Mo per week or 24,000 Ci per year 
approximately). In the past, IPEN-CNEN/SP developed the 99Mo production route from 
neutron activation of 98Mo targets in the IEA-R1. However, the quantity produced does not 
meet the Brazilian needs of this isotope. Due to the growing need for nuclear medicine in the 
country and because of the short 99Mo supply observed since 2008 on the world stage, 
IPEN/CNEN-SP has decided to develop its own project to produce 99Mo through 235U fission. 
This project has three main goals: 1) the research and development of 99Mo production from 
fission of LEU targets, 2) the discussion and decision on the best production route technique, 
and 3) the feasibility study of IPEN/CNEN-SP in reaching a routine production of 99Mo. The 
main goal of IPEN-CNEN-SP is to accommodate the Brazilian demand for 
radiopharmaceuticals. Nowadays, this demand is about 450 Ci of 99Mo per week and the 
future need, after seven years, is estimated at around 1,000 Ci per week. One of the 
analyses planned in this project is to study the characteristics and specifications of UAlx-Al 
targets and of metallic uranium thin foils. The aim of the present work was to perform 
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4. Target analysis 
 
The IEA-R1 and RMB reactors cores, as well as the UAlx-Al and the U-Ni targets used for the 
99Mo production, were modeled with the HAMMER-TECHNION [3] and CITATION [4] 
numerical codes. The 1D cross sections for each component of the two reactors and the 
power distribution for any position r of the reactor core matrix plates were obtained. The 
SCALE 6.0 [5] code system was used to perform burnup calculations for each target and 
also to determine the 99Mo activity at the end of irradiation. The target irradiation times for 
each reactor were defined according to their current and planned operating cycle. The IEA-
R1 reactor has a 5x5 configuration, containing 24 MTR-type fuel elements with a beryllium 
radiator at its central position. The UAlx-Al and U-Ni targets were modeled and simulated in 
the core central position using 24 U3Si2-Al fuel elements whose density was 1.2 gU/cm3. The 
target irradiation time was three (3) days. At the end of irradiation, the total activity obtained 
for the 10 UAlx-Al and the U-Ni targets were 581.49 Ci and 1,275.8 Ci, respectively. 
According to its initial conceptual design, RMB is an open pool type, multipurpose, 30 MW 
thermal power reactor. The RMB core has a 5x6 configuration with MTR-type U3Si2-Al fuel 
elements with 19.75 wt% uranium-235 enrichment. The reactor core is light water cooled and 
moderated, using heavy water and beryllium as reflectors. The UAlx-Al and U-Ni targets were 
modeled and simulated in a peripheral core position at the heavy water reflector using 30 
U3Si2-Al fuel elements whose density is 1.9 gU/cm3. At the end of 7 days of irradiation, the 
total activity obtained for the 10 UAlx-Al and the U-Ni targets were 2,070.69 Ci and 4,409.83 
Ci, respectively. 
 
5. Conclusion  
 
From the neutronic calculations presented here, we conclude that for the same amount of 
uranium in the analyzed targets (20.1 g) and the same irradiation conditions, a higher total 
99Mo activity was obtained for the U-Ni targets. In the IEA-R1 case, the total 99Mo activity 
calculated at the end of the irradiation period for U-Ni targets was 1,275.8 Ci, while for the Al-
UAlx targets it was 581.89 Ci. For the RMB, the total 99Mo activity obtained at the end of the 
irradiation time was 4,409.83 Ci for the Ni-U targets and 2,070.69 Ci for the UAlx-Al ones. 
Initially, 99mTC generators will be distributed five (5) days after the end of the irradiation. 
Consequently, the total 99Mo activity is expected to reach values of 361.35 Ci and 164.7 Ci 
for the U-Ni and the UAlx-Al targets irradiated in the IEA-R1, respectively. For the U-Ni and 
UAlx-Al targets irradiated in the RMB, the total 99Mo activity at the distribution time is 
expected to be 1,249.06 Ci and 583.51 Ci, respectively. From these values, it is noted that 
the Brazilian current demand of 450 Ci of 99Mo per week and the future projected demand of 
1,000 Ci may only be addressed by the RMB reactor under conception. 
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ABSTRACT 
 

U3Si2-Al dispersion fuel with aluminum alloy cladding will be used for the Jordan 
Research and Training Reactor (JRTR). Aluminum alloy cladding undergoes 
corrosion at slow rates under operational status. This causes thinning of the cladding 
walls and impairs heat transfer to the coolant. Predictions of the aluminum oxide 
thickness of the fuel cladding and the maximum temperature difference across the 
oxide film are needed for reliability evaluation based on the design criteria and limits 
which prohibit spallation of oxide film. In this work, several oxide thickness prediction 
models were compared with the measured data of in-pile test results from RERTR 
program. Moreover, specific parametric studies and a preliminary prediction of the 
aluminum alloy oxidation using the latest model were performed for JRTR fuel. 
According to the current JRTR fuel management scheme and operation strategy for 
5 MW power, fresh fuel is discharged after 900 effective full power days (EFPD), 
which is too long a span to predict oxidation properly without an elaborate model. 
The latest model developed by Kim et al. is in good agreement with the recent in-pile 
test data as well as with the out-of-pile test data available in the literature, and is one 
of the best predictors for the oxidation of aluminum alloy cladding in various 
operating condition. Accordingly, this model was chosen for estimating the oxide film 
thickness. Through the preliminarily evaluation, water pH level is to be controlled 
lower than 6.2 for the conservativeness in the case of including the effect of 
anticipated operational occurrences and the spent fuel residence time in the storage 
rack after discharging. 

 
 

1. Introduction 
 
U3Si2-Al dispersion fuel with Al cladding will be used for the Jordan Research and Training 

Reactor (JRTR). Aluminum alloy cladding experiences oxidation layer growth on its surface 
during reactor operation. The formation of oxide on the cladding can deteriorate the fuel 
performance by increasing the fuel temperature, and the increase of fuel plate temperature 
results in expediting the oxidation process itself. When the thick oxide grows on the cladding 
surface, the spallation of oxide can occur due to the increased internal thermal stress inside the 
oxide during the operation. To confirm the fuel cladding integrity, it needs therefore to precisely 
estimate oxidation which can cause to diminish water channel gap and affect the maximum fuel 
meat temperature. According to the current JRTR fuel management scheme and operation 
strategy for 5 MW thermal power, fresh fuel is discharged after 900 effective full power days 
(EFPD) with 18 cycles of 50-day loading. For the proper prediction of the aluminum oxide 
thickness of the fuel cladding during the long residence time, a reliable model is needed. In this 
work, several oxide thickness prediction models are compared with the measured data of in-pile 
test results from the RERTR program. Moreover, specific parametric studies and a preliminary 
prediction of the aluminum alloy oxidation using the latest model are performed for JRTR fuel. 

 
 

2. Model Comparison 



 
Griess[1,2], Kritz [3] and a modified Griess model along with a consideration of heat flux are 

based on out-of pile data. Each was developed using data from out-of-pile loop tests and is a 
power law model. The latest model developed by Kim and Hofman et al. from ANL [4] uses a 
variable rate-law power in a function of irradiation time, temperature, surface heat flux, water pH, 
and coolant flow rate, the last 3 terms of which were not fully considered in a total manner in 
previous known aluminum oxidation empirical models [1-5]. These oxide thickness prediction 
models are compared with the measured data from in-pile tests with the longest EFPD in the 
RERTR program, as shown in Fig. 1 and 2.  

Fig. 1 shows the prediction comparison results for a test of Miniplate A101 irradiated in ORR, 
which was conducted by ANL with collaboration with ORNL in mid-1980s. Following the history of 
heat flux and cladding surface temperature, the oxide thickness was calculated. It was assumed 
that the coolant pH changed linearly from 5.5 to 6.3 with time. The thickness “X_New” is the 
result by modifying the Kim’s new model with a conservative assumption of a constant thermal 
conductivity of the oxide film as 1.85 W/m-K.  

Fig. 2 shows the comparison results for SIMONE LC-04 plate tested at HFR [4, 6]. Based on 
the influence of temperature and heat flux, the prediction was performed. The prediction by the 
Kim model is in good agreement with these two in-pile test data results. 

Additionally, the Kim model is the best predictor when data form out-of-pile test results of 
CNEA [7] is compared with various prediction models as shown in Fig. 3. So, this model can be 
regarded as the most elaborate one for the oxidation of aluminum alloy cladding in various in-pile 
as well as out-of-pile test data results. Accordingly, this model can be used for estimating the 
oxide film thickness for research reactors such as JRTR. 

 

 
 

Fig. 1. Prediction comparison of four different models, i.e. modified Kim, Griess, Kritz and 
modified Griess model using data from the Miniplate A101 irradiated in ORR. The time dependent 

cladding surface temperature and heat flux are shown in the above inset curve. The additional 
test parameters are pH 5.5–6.3 and vc = 8.5 m/s. The time dependent cladding surface 

temperature and heat flux are shown in the above inset curve. 
 



 
 

Fig. 2. Prediction comparison of four different models using data from the SIMONE LC-04 plate 
tested at HFR. The test parameters are pH 6.5 and vc = 6.6 m/s. 

 
 

 
                                    (a)                                                                        (b) 

 
Fig. 3. Prediction of four different models for out-of-pile test results of CNEA. The test parameters 
are heat flux of 200 W/cm2 and vc = 7.3 m/s. (a) Test A : up to 36 days  (b) Test B : two tests for 
water of free pH  (one test for pre-oxidised plates) and additional one test for water at pH=5.2  up 

to 7 days. 
 
 
3. Prediction Results and Discussion 
 

In this section, parametric studies for aluminum alloy oxidation in the preliminary JRTR 
operation condition are conducted using the modified Kim model. If power history and heat 
transfer coefficients at oxide-water interface are given, the time- or cycle-dependent heat flux and 
oxide–water interface temperature can be calculated which enhance the input accuracy for the 
model. Thus, based on the JRTR fuel shuffling scheme, the fuel assembly’s average power 
history, and the power peaking data from a preliminary core analysis, the heat flux and 
temperature history of a fuel plate during 900 EFPD are obtained and shown in Fig. 3. 

 



 
Fig. 3. Time- or cycle-dependent heat flux and oxide–water interface temperature for the 
preliminary JRTR operation condition. 

 
 
Fig. 4(a) and 4(b) show an oxide thickness prediction for 900 EFPD of normal operation 

condition with various water pH value in the range of 5.7 - 6.5 and a variable power density of 
50% - 150% output (maximum fuel temperature). Note that the predicted oxide thickness is 
sensitive to the pH. The oxide thickness of the discharged fuel was predicted to be 6 μm at a 
constant pH of 5.7, and 110 μm in the case of pH 6.5. At the current operation condition, the 
oxide growth is boosted above pH 6.3. At a constant pH 6.1, the power densities of 50% and 
150% of nominal output show 50% and 200% oxide thicknesses compared with the case of 
100% power (5MW).  

 

 
(a)                                                                       (b) 

 
Fig. 4. Oxide thickness prediction of JRTR fuel cladding with (a) various water pH values and (b) 

changing the power density (maximum fuel temperature) at a fixed pH 6.1. 
 
 

As long as the reactor pool water pH is controlled lower than 6.2 according to the JRTR 
environmental design guide for fluid systems, the oxide thickness of discharged fuel and 
maximum temperature difference across the oxide film (ΔToxide) are predicted to be lower than 
27 μm and 6 ℃ as shown in Fig. 5(a). For the conservativeness, when the case that the water pH 
level goes up to 6.5 is considered, the oxide thickness and maximum ΔToxide is predicted to be 
110 μm and 23 ℃ as shown in Fig. 5(b). So, ΔToxide remains below than the spallation criteria 

(114 ℃) and the oxide spallation and following subsurface corrosion will be precluded. A more 



conservative prediction will be obtained by following the anticipated operational occurrences 
(AOO) scenario when the center temperature of fuel meat can increase up to around 300~ 400 ℃. 
Although the detail calculation is not shown in this work, the thickness of oxide on the cladding at 
water pH 6.2 increases upto 60~80 μm with 4 or 5 times of AOO at the end of 900 EFPD and the 
maximum ΔToxide during AOO estimated to be around 80~100 ℃. 
 

  
(a)                                                                       (b) 

 
Fig. 5. Al oxide thickness and temperature difference between the metallic cladding and oxide 

outer surface at a fixed pH of (a) 6.2 and (b) 6.5. 
 
 
4. Conclusions 

 
The latest Kim model, which is in good agreement with the in-pile test data available in the 

literature as well as the recent RERTR test data in various operating condition, can be regarded 
as the best model for the oxidation of aluminum alloy cladding. Accordingly, this model was used 
for estimating the oxide film thickness in the fuel cladding of JRTR. The oxide thickness is 
predicted to be 6 - 110 μm at 900 EFPD under 5 MW operation condition with a water pH in the 
range of 5.7 - 6.5. According to the preliminarily evaluation, water pH level is to be controlled 
lower than 6.2 to be conservative for considering the effect of anticipated operational occurrences 
and the spent fuel residence time in the storage rack after discharging. 
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Abstract.  
A 14 Mw TRIGA research reactor is operated on the Institute for Nuclear Research site. 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 containing 300 m3 of demineralized water, connected to the primary cooling 
system. 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. 
In the event of a nuclear accident or radiological emergency that may affect the public the 
effectiveness of protective actions depends on the adequacy of intervention plans prepared in 
advance. Considerable planning is necessary to reduce to manageable levels the types of decisions 
leading to effective responses to protect the public in such an event. The essential structures of our 
on-site, off-site and county emergency intervention plan and the correlation between emergency 
intervention plans are presented. 
 
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 containing 300 m3 of demineralized 
water, connected to the primary cooling system (see Figure 1). 
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 fueled 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. 
The decision to initiate a protective action in the case of nuclear accident or radiological 
emergency is a complex process. The benefits of taking the action is weighed against the 
risk and constraints involved in taking the action. In addition the decision will be made under 
difficult emergency conditions, probably with little detailed information available. Therefore, 
considerable planning is necessary to reduce to manageable levels the types of decisions 
leading to effective responses to protect the public in the event of a nuclear incident.  
The sequence of events for developing emergency plans and responding to nuclear incidents 
[1, 2] will vary according to individual circumstances, because the international 
recommendations and site-specific emergency plans cannot provide detailed guidance for all 
accident scenarios and variations in local conditions. Flexibility must be maintained in 
emergency response to reflect the actual circumstances encountered (e.g. source term 
characteristics, the large number of possible weather conditions and environmental situations 
such as time of the day, season of the year, land use and soil types, population distribution 
and economic structures, uncertainties in the availability of technical and administrative 
support and the behavior of the population). This further complicates the decision-making 



process, especially under accident conditions where there are time pressures and 
psychological stress. 

 
Fig. 1. The layout of the dual core TRIGA Research Reactor 

 
The nuclear risk sources on the Institute for Nuclear Research site are: 

• TRIGA Research Reactor 
• Post Irradiation Experiments Laboratory 
• Radwaste Treatment Station 
• Out of Pile Testing Facility 
• Power Gamma Irradiation Facility 
• Nuclear Fuel Factory 

For all these facilities were developed accident scenarios and emergency intervention 
procedures were established. The main source of risk is the TRIGA Research Reactor. For 
the Steady State core were identified both internal and external events leading to an 
emergency situation, and are presented in Figure 2.  
Last years, and in particular since the Chernobyl accident, there has been a considerable 
increase in the resources allocated to development of computerized systems which allow for 
predicting the radiological impact of accidents and to provide information in a manageable 
and effective form to evaluate alternative countermeasure strategies in the various stage of 
an accident. 
For the postulated accident scenarios with possible off-site radiological consequences were 
performed detailed calculations in order to estimate the magnitude of effects to population 
around the site and environment.  
U-ZrH TRIGA fuel has intrinsic properties designed to prevent a nuclear accident in the event 
of human error or mechanical malfunction [3]. Other research reactors depend partially or 
entirely on electronic circuits, mechanical moving parts and the delayed negative 
temperature coefficient of their fuel to counter large positive reactivity insertion. But since this 
delayed shutdown mechanism depends on the transfer of heat from the fuel material to the 
water, it responds somewhat slowly to a sudden increase in power level. Thus, if the 
reactivity addition were large, the power level could rise to a point that could vaporize the 
water moderator, resulting in dangerous high fuel temperatures. 
On the other hand, TRIGA fuel intrinsically has a large, prompt negative coefficient of 
reactivity that effectively controls large, prompt, positive reactivity insertions. Thus, any 
sudden reactivity addition causes an increase in power which heats the fuel-moderator 
material (ZrH) instantaneously, causing the number of fissions to immediately decrease 
because of neutron energy spectrum hardening within the fuel pin. As a result, the reactor 
temperature automatically and instantaneously compensates the reactivity addition and limits 
the power increase as has been demonstrated in the pulse tests to 5.00$ reactivity 
insertions. Such control is basic to the TRIGA reactor fuel and do not rely on mechanical or 
electrical control devices. This most important property is due to the fact that the fuel 



elements are constructed of a solid homogenous alloy of uranium fuel and zirconium hydride 
moderator, making them “fuel – moderator elements”. 

 
Fig. 2. The list of events leading to an emergency situation for the steady state core 

 
Starting from these unique characteristics of TRIGA fuel we have only a limited range of 
possible incidents or accidents which is reflected in the Emergency Intervention Plan. Also 
very important is the fact that in fuel damage accidents we consider mechanical damage of 
the fuel only. 
 
2. Emergency Intervention Plan Structure 
The objectives of Emergency Intervention Plan are Error! Reference source not found.:  
• to protect employees, first aid for injured personnel and treatment for contaminated 

personnel  
• to operate the installations in order to ensure the best safety status, safe shutdown and to 

limit the consequences of the incident or accident 
• to assess the radioactive release, the doses and the contamination degree 
• to inform the local and national authorities 
The emergency plan is structured on 4 sections: Section I: General data on INR site, Section 
II: On-site intervention procedures in event of nuclear accident having off-site consequences, 
Section III: Specific intervention procedures for INR nuclear facilities having strictly limited 
consequences on facilities or site and Section IV: Procedures for beta and gamma 
radioactivity determination 
During the normal operation of the nuclear facilities, the sources are under control. The 
effects on the population health are in the stochastic range, and the radiation protection has 
the role to maintain the probability of consequences at a low range. 
In case of a nuclear accident the sources are no more under control. The reduction of doses 
– and the implicit reduction of health risks – is done by taking measures in what concerns the 
employees, the population and certain environmental factors.  
The intervention’s management must be as well organized as to prevent serious 
deterministic effects; this is why the on-site emergency plan has a modular structure. The 
structure of management for an emergency situation is presented in Figure 3. 
The procedures included in the different sections describe the way of operating in case of 
certain possible accidents at the nuclear installations of INR and NFP (nuclear fuel plant). 
The foreseen events may have consequences on the installations and maybe on the 



personnel. It is unlikely that the effects of these events have off-site consequences. For 
every foreseen event a procedure has been settled. These procedures have a strong 
technical character, specifically describing the maneuvers that must be accomplished on the 
installations. 

 
a) After normal working program this position will be ensured by INR Pitesti Dispatcher till  the in charged person will 

arrive on site  
b) After normal working program this position will be ensured by Shift Supervisor of the involved facility till  the in 

charged person will arrive on site 
c) After normal working program this position will be ensured by the radiation protection worker from nuclear installation 

till  the in charged person will arrive on site 
Fig. 3 Emergency Respone Organization for INR Pitesti 

 
The procedures from the last section are the monitoring procedures for radiation levels 
during emergency and fallow- up. These procedures establish the way of sampling and the 
preparation of samples for beta measurements and for the gamma spectrometry analyses of 
the radioactive content in air, soil, vegetation, foodstuff etc. The procedures from the fourth 
section have the role of providing integrated methods of sampling, preparation, 
measurement, interpretation and recording of the results for each laboratory and for all the 
people involved. The schematic structure of activities covered by emergency intervention 
plan is presented in Figure 4. 

 
Fig. 4 The schematic structure of activities covered by emergency intervention plan 

 



The consequences of a nuclear accident on INR Pitesti site will not affect the off-site 
population and environment, but could produce major disruptions of activities in 
neighborhood and possibly in most of the Arges County. This is why a link between on-site 
Emergency Intervention Plan and both the Arges County Emergency Intervention Plan and 
National Emergency Intervention Plan must be created. 
The flow chart of the national and county organizations and institutions involved in nuclear 
accident management [5] are presented in Figure 5. Specific intervention procedures for all 
listed organizations and institutions were created and included in the national and county 
emergency intervention plans. 

 
Fig. 5 The flow chart of the national and county organizations and institutions involved in 

nuclear accident management 
 
3. Conclusions 
 The paper briefly presents the organization of emergency intervention in a case of 
nuclear accident at INR site. 
 The present emergency intervention plan is the result of international guidance and 
national legislation, and also on local experience in planning, development of instrumentation 
and computing methods accordingly with quality assurance system.  
 I must emphasize that each year; we have an emergency intervention exercise for a 
nuclear accident situation at our TRIGA reactor. The main objective of such an exercise is to 
test the response capability in a nuclear accident situation for all the institutions and 
organizations from all levels and to test the implementation of the specific procedures. 
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The influence of the heavy ion irradiation temperature on the characteristics of 
the  obtained  interdiffusion  layer  (IDL)  has  been  studied  experimentally  on 
dispersed and monolithic UMo/Al samples. This study confirms that the growth 
of the IDL is due to irradiation enhanced diffusion.

1. Introduction

Research reactors worldwide are preparing to convert their operation with highly enriched 
Uranium (HEU) towards operation with Uranium of lower enrichment.  Among them is the 
FRM II in Garching. It is operated with U3Si2 powder dispersed in an Aluminium matrix.  
Reducing the enrichment requires a new fuel with significantly higher Uranium density as can 
be  achieved  with  U3Si2.  UMo  with  7  -10  wt%  Mo,  being  known  since  the  1950s,  is  a 
prospective high density fuel [1]. However full size fuel test plates composed of UMo powder 
dispersed in  a pure Aluminium matrix failed during in-pile  irradiation  [2,3].  It  is  generally 
believed that this failure is caused by the growth of large fission gas bubbles (up to 20µm in 
diameter)  at  the  interface  between  the  Al  matrix  and  an  UMo/Al  interaction  layer  (IDL) 
appearing during in-pile irradiation [4]. 
Recent  works  have  demonstrated  that  the  IDL  characteristics  (thickness,  elementary 
composition) are influenced by the in-pile irradiation temperature [5]. Indeed the Al/(U+Mo) 
atomic ratio in the IDL increases from 3-4 in plates irradiated at elevated temperatures (IRIS-
TUM) to 6-8 in case of lower irradiation temperatures (IRIS1). Even if the addition of Si inside 
the Al has enabled an obvious improvement of the irradiation capabilities of UMo/Al based 
nuclear fuels, it remains of high interest to understand the mechanisms of growth of this IDL.
In the last few years, TUM and CEA have shown that the formation of the IDL can also be 
achieved by heavy ion irradiation using 127Iodine at 80 MeV [6,7,8, 9,10]. This paved the way 
for systematic studies on the IDL formation under laboratory conditions, instead of arduous in 
pile studies. In this paper, the first experimental evidences for the influence of the irradiation 
temperature will be discussed on two kinds of heavy irradiated samples: regular UMo/Al fuels 
manufactured with atomized powder and sputtered (monolithic) UMo/Al layer systems.



2. UMo powder dispersed in an Al matrix

2.1. Experimental section

During a common campaign lasting from 2008 to 2010, CEA and FRM II irradiated dispersed 
UMo/Al samples (with pure A5 matrix) either cut from a full size hot-rolled nuclear fuel plate 
[11] or mini-plates (MAFIA) [9, 10] provided by AREVA-CERCA . The size of the samples 
was about 8 x 8 mm² each.
They were irradiated at six different temperatures ranging from -170°C up to +220°C at the 
MLL  Tandem  accelerator  in  Garching,  Germany  [12].  The  temperature  itself  has  been 
measured by PT-100 temperature sensors next to the irradiated sample while cooling has 
been achieved using liquid nitrogen flow. Temperature values indicated in Table 1 are given 
with 20°C standard deviation.
All  the samples have been irradiated for  12 to 20 hours until  a  final  dose of  1.0  ● 1017 

ions/cm².  This may equal  medium/full  burn up for  a fuel  element  in  a high flux research 
reactor [6-9]. Subsequent measurements by SEM, EDX and XRD of the irradiated sample 
surface have been undertaken in Munich and Cadarache to observe and characterize the 
grown  IDL.  Transversal  cross-sections  of  the  irradiated  areas  have  been  prepared  and 
observed with a SEM in Cadarache.

2.2. Results

The data concerning the sample irradiated at the highest temperature (220°C) have already 
been published (it is labeled MAFIA-1 in ref 9, 10). It has been shown that the elementary 
ratio Al/(U+Mo) was about 3-4 [9]. 
Regarding  the  samples  irradiated  at  about  120°C  (see  figure  1a)  a  dark  grey  area 
surrounding the light grey UMo particles is visible on SEM images of the irradiated surface. 
EDX measurements confirmed the presence in this area of A, U, Mo elements: therefore it 
can be concluded that this dark grey area is indeed an IDL. Cross-sections reveal (fig. 1b) 
the growth of this IDL down to a depth of 13  µm into the sample in agreement with the 
penetration depth of I with 80 MeV energy in Al. Note that in γ - UMo7, such projectiles reach 
only 5 µm. 
A subsequent EDX measurement of this area shows an Al / U ratio of about 5:1. µ-XRD/XRD 
studies  performed at  the ESRF (Grenoble,  France) on this  sample showed that  this  IDL 
consists of UAl3 (but also UO2) [7, 8]. 
Repeating the above mentioned steps for a lower irradiation temperature of around 80°C, 
one can also observe the formation of a conventional IDL at the UMo/Al interface, as can be 
seen in figure 2a. 

Irradiation 
temperature [°C]

Sample taken 
in 

IDL thickness Al / (U+Mo) 
ratio

Porosities/UMo 
flow

220 mini-plate 
MAFIA-I[6]

5-7µm 3.4±0.3

120 full sized plate 5 µm 5-6 none
70 full sized plate 3 µm to be 

measured
none

-35 full sized plate no IDL - small
-75 full sized plate no IDL - significant
-170 full sized plate no IDL - great porosities

Table 1: Overview of the temperature dependence of the IDL formation



                                                                       
       (a) (b)

Figure 1:  Dispersed UMo/Al  fuels  irradiated at T ~ 120°C. Surface SEM (a) shows the  
presence of a 5 µm thick IDL (dark grey zone). SEM of the cross-section (b) of the same  
sample reveals an IDL growth of 13 µm into the sample.

(a) (b)
Figure 2: Dispersed UMo/Al fuels irradiated at T ~ 80°C. Oxidation of the irradiated UMo 
particle surface (a).When UMo particles are located too close from each other, a UO2  

"bridge" may have grown (a, black circle). Cross-section view (b) reveals a 3 µm thin IDL 
(green frame) while small volumes in the UMo surface have been oxidized (red frame). 

At a temperature of -38 °C no IDL  developed. Instead the UMo particle surface oxidized 
more severely and also showed signs of  small  porosities.  This was not  the case for the 
samples irradiated at higher temperatures. The oxidation and porosity formation are even 
more pronounced at  an average irradiation temperature of -75°C. In figure 3a these two 
effects can be clearly distinguished from each other. Here one can still see surface oxidation 
(red circle in fig. 3.a) as well as high "creep" of the particle (blue circle fig. 3a). This is caused 
by a UMo flow from the inner part of the UMo particles towards the sample surface which 
causes  some  porosities  inside  the  particle  (green  circle  in  fig.  3b).  Laboratory  XRD 
measurements have been performed to prove the absence of an IDL. The results showed 
the presence UMo, textured UO2  as well as  α-U, but no UAl3.  The surface of the sample 
irradiated  at  -170°C  shows  a  clear  dominance  of  particle  "creep"  (fig.  4a).  Further 
investigation of the cross-section (fig. 4b) shows an even greater porosity formation due to 
UMo "creep" to the surface than in the sample irradiated at -75°C. 

20 µm



2.3 Discussion

Systematic studies on the IDL growth depending on irradiation temperature demonstrated 
that the layer does not form at temperatures of -35°C and below. Instead of an IDL sample 
"creep" starts at this temperature. It comes that this diffusion process is not only based on 
irradiation but is enhanced by irradiation.
The "creep" effect gets more significant with lower irradiation temperatures. The formation of 
the IDL at a distinct temperature and its according "creep" are summarized in table 1.
Recent studies [4, 6] demonstrated that for an irradiation temperature of 120 to 200°C the 
resulting IDL has a crystalline structure. Moreover the influence of temperature on the Al/
(U+Mo)  ratio  is  in  good agreement  with  the general  trend observed on in-pile  irradiated 
UMo/Al nuclear fuels.

      
(a) (b)

Figure 3: Sample irradiated at T = -75°C. On the surface (a) one can distinguish oxidation  
(red frame) on the one hand and UMo "creep" (blue frame) on the other hand. Cross-
section view (b) reveals porosities (green frame) due to the UMo flow from inside the  
particle towards the sample surface. These porosities have been partially filled with resin  
during cross section preparation.

     
(a) (b)

Figure 4: Irradiation at T = -170°C. (a) Surface is dominated by UMo flow. (b) Cross-
sections show even greater porosities than in the sample irradiated at -75 °C. Porosities  
are formed at almost each UMo/Al interface. 



3. Irradiation of sputtered (monolithic) UMo/Al layer systems

Using the sputtering method [13] one can produce different UMo/Al layer systems. This new 
type of samples may serve as a model system for dispersed and monolithic samples as well.  
Note that this approach had already been used for the UMo/Al development [14]. However in 
this work the coating of Al substrates with UMo has been preferred to the coating of UMo by 
Al thin layers.
Based  on  the  results  of  the  last  two  years,  it  is  of  interest  to  investigate  how the  IDL 
formation depends on irradiation temperatures when monolithic UMo/Al layers are used. For 
that purpose a layer of UMo (thickness between 2 and 3 µm) has been sputtered on a pure 
Al substrate. Each sample was irradiated at the UMo surface under an incident angle of 90° 
for around 20 hours. Subsequent SEM analyses of the cross-section showed IDL formation 
for irradiation temperatures of around 180°C and 200°C respectively (see fig.5). However the 
obtained thicknesses are far thinner than those observed in dispersed powder. 

(a)

(b)
 Figure 5: IDL layers (dark grey) obtained during irradiation at T ~ 200 °C (a) and at T ~ 180  
°C (b).  Bright  areas above the light  grey UMo layer are caused by glue used for  cross-
section preparation. After irradiation, the UMo layers are (a) 2  µm and (b) 2.2  µm thick in  
average. The corresponding IDL layers have an average thickness of (a) 1.3 µm and (b) 1.0  
µm. 

For an irradiation temperature of around 200°C and an initial (before irradiation) UMo layer 
thickness of 2.5 µm, it has been found that the UMo thickness was reduced to an average of 
2.0 µm. The corresponding IDL layer has grown to an average thickness of 1.3 µm (fig. 5a). 
For irradiation at T ~ 180°C the former UMo thickness of 2.5 µm was reduced to 2.2 µm while 
the IDL grew to a thickness of about 1.0 µm. 
Before concluding definitely on the lower IDL thickness for monolithic compared to dispersed 
UMo samples, further examinations on thicker UMo sputtered layers have to be performed.

   

10 µm

10 µm



4. Conclusion

During the four past years samples consisting of UMo powder dispersed in an Al matrix had 
been  systematically  irradiated  at  different  temperatures  to  study  the  growth  of  the 
interdiffusion layer  (IDL) growing at  the UMo/Al  interface.  The obtained layers  had been 
analyzed by SEM,  EDX and XRD measurements to determine the composition  of  these 
layers. It had been found that at temperatures below -35°C no IDL forms at all while at the  
same time UMo "flows" from inside the UMo particles to the samples surface generating 
porosities inside these particles. This effect is enhanced by low irradiation temperature while 
the growth of the IDL is favored by high temperatures as the Uranium and Molybdenum 
atoms can diffuse more easily into the surrounding Al matrix. 
The next step for IDL observation is to irradiate sputtered (monolithic) UMo/Al systems. The 
first examinations have shown that the grown IDL is thinner than in the dispersed samples. 
Further examination of the IDL, including µ-XRD measurements, will also be undertaken to 
determine the crystallographic composition of the IDL.  
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ABSTRACT 
 

The certification issue of Standard Reference Materials is one of the most 
complex analytical problems and runs over different research fields. 
International organization, e.g. NIST, BCR etc., organize countinously 
systematic intercomparison campaigns among worldwide laboratories using 
different analytical techniques. Samples are irradiated in nuclear research 
reactors and analyzed by Instrumental Neutron Activation Analysis, a 
technique strongly involved in this field for its significant analytical properties. 
This paper shows a study on Zircaloy-4. The importance of accurate 
measurements of minor constituents, i.d. Cr, Fe, Hf and Sn, regards its 
characteristics of corrosion resistance and mechanical properties. 
The samples were irradiated in the rotating rack of the TRIGA Mark II reactor 
of the R.C.-Casaccia (ENEA). The gamma spectrometry measurements 
were performed after 30 and 90 days of decay by means of HPGe detector. 
The results obtained by interlaboratory intercomparison can highlight an 
excellent precision for Cr, Hf and Sn, and a good precision for Fe. The 
reliability of the technique is confirmed by Hf determination, since the INAA 
is one of the few analytical techniques measuring and delivering accurate 
and homogeneous data. 

 
 
1. Introduction 
 
The task regarding the certification of Standard Reference Materials (SRMs) is really 
interesting because it allows to harmonize measurements made by different laboratories and 
to avoid discrepancies in results. Industry is one of the area where this problem is very 
important because the SRMs availability allows to verify the analytical methods used and the 
equipment calibration (Quality Assurance and Quality Control). National Institute of 
Standards and Technology (NIST), Community Bureau of Reference (BCR) and other 
International institutions organize intercomparison campaigns among worldwide laboratories 
using different analytical techniques for testing new SRMs. 
Nowadays, Instrumental Neutron Activation Analysis (INAA) is the main technique involved in 
certification campaigns of different SRMs [1,2]. After irradiation in a Nuclear Research 
Reactor (NRR), samples are analyzed by INAA which is a multi-elemental nuclear analytical 
methodology allowing simultaneous determination of many elements, reaching high 
sensitivity, significant accuracy and precision for elements at trace and ultra-trace levels, 
without undergoing samples to chemical-physical treatment. Furhter, INAA is a non-
destructive analysis, the samples can be re-processed for a potential assessment and/or be 
subsequently subjected to complementary analytical methods. 
An interesting application of this technique regards the purity control and the detection of 
elements present in some of the important materials finding application in nuclear 



technologies. Zircaloy-4 (Zr: 97.8-98.4%; Sn: 1.2-1.7%; Cr: 0.07-0.13%; Fe: 0.18-0.24%) is 
employed in nuclear industry as cladding material and consequently its purity against the 
presence of high thermal neutron absorbing materials should be guaranteed. Zirconium has 
good structural properties, good corrosion resistance, suffers little radiation damage, and has 
a low neutron cross section (0.180 barn) [3]. The zirconium used in Zircaloy production must 
be free of natural Hf content, which is usually present to the extent of 1-3%. The Hf removal 
step is necessary to produce reactor-grade zirconium [4] since Hf has a high neutron-
absorption cross section (105 barn) [3]. This removal is really difficult because Hf is just 
present in the crude Zr minerals. The main solution regards the drastic reduction of Hf levels 
in the alloy. It is a great advantage if it is possible to determine elements present in the 
samples in the course of the single analysis by mean of a single analytical method [5,6]. 
The importance of accurate concentration measurement of Cr, Fe, Hf and Sn is that their 
level affects the characteristics of both corrosion resistance and mechanical properties 
resulting in a change of chemical and nuclear (Hf) properties. 
This paper shows a study performed on the Zircaloy-4 SRM candidate in an intercomparison 
campaign organized by BCR. The samples were irradiated in the NRR of the R.C. Casaccia 
ENEA and analyzed by INAA. The results are compared with determinations performed by 
different spectrochemical and electrochemical techniques. 
 
2. Experimental Part 
2.1 Sample Preparation 
For eliminating the impurities, the samples were decapped (by HCl, 1:10), washed (by 
distilled water, resistivity 10 MΩ cm-1), degreased (by acetone), rinsed (by ultrapure 
deionized water, resistivity 18 MΩ cm-1), dried at 40°C and stored at room temperature. The 
ultrapure deionized water was supplied by Milli Q4 (Millipore Co., MA, USA). 
Aliquot of 0.1 g Zircaloy-4 are directly weighted in nuclear-grade polyethylene (PE) vials 
(Kartell, Milan, Italy) for neutron irradiation in rotating rack. 
 

 
Figure 1. Horizontal section of the NRR RC-1 at 1 MW of the R.C. Casaccia ENEA. 1: Core 
(inferior grid); 2: Reflector; 3: Thermal column; 4: Thermal column of D2O; 5: Water pool; 6: 

Biological shielding; 7-12: Guide channels for neutrons. 
 



 
2.2 Neutron Irradiation and Gamma Measurements 
The irradiation was perfomed at the NRR Triga Mark II of the R.C. Casaccia ENEA (Figure 1) 
[7]: the samples were inserted in the rotating rack (Lazy Susan) for 13 hours at a total 
neutron flux of 2.6×1012 n×cm-2×s-1 for determining Cr, Fe, Hf e Sn. 
The rotatory rack speed was kept constant for having homogeneous both the neutron flux 
and the neutron energetic spectrum. In Table 1 the main parameters of the rotating rack of 
the NRR TRIGA Mark II of the R.C. Casaccia ENEA are reported. 
 

Lazy Susan Power 1 MWt 
 Total neutron flux 2.6×1012 n×s-1×cm-2 
 Thermal neutron flux 2.0×1012 n×s-1×cm-2 
 Cadmium ratio 3 
 Temperature 45°C 
 Flux homogeneity >99.85% 
 Revolution speed 1.33×10-2 round×s-1 
 Irradiation positions 40 

Table 1. The main parameters of the rotating rack of the NRR TRIGA Mark II 
of the R.C. Casaccia ENEA. 

 
All the measurements were carried out using primary (Cr2O3, Fe2O3, Sn furnished by 
Johnson & Matthey, London, Uk; Hf, 1000 µg mL-1 from Carlo Erba, Milan, Italy) and 
secondary (NIST-360b Zirconium (Sn-Fe-Cr) Alloy) standards. 
Two series of gamma measurements were performed for measuring all the radioisotopes: 
the first after 30 days of decay for 180 minutes for measuring 51Cr, 59Fe, 181Hf and 117mSn 
whereas the second after 90 days of decay for 300 minutes for measuring 59Fe, 181Hf and 
113Sn. In Table 2 nuclear data and Limit of Detection (LOD) of the investigated elements are 
reported. 
 

Element Nuclear reaction t½ (day) Peak (keV) LOD (ppm) 
Cr 50Cr(n,γ)51Cr 27.8 320.0 0.088 
Fe 58Fe(n,γ)59Fe 45.1 1098.6, 1291.5 6.3 
Hf 180Hf(n,γ)181Hf 44.6 482.2, 133.1 0.25 
Sn 112Sn(n,γ)113Sn 115.1 391.7 0.5 
Sn 116Sn(n,γ)117mSn 14.0 158.4 0.7 

Table 2. Nuclear reaction, half-life, gamma energy and LOD of each element. 
 
The counting system is constituted by a HPGe detector (Princeton Gamma-Tec, Princeton, 
NJ, USA) with resolution (FWHM) 1,75 keV at 1332.5 keV (60Co energy peak), peak-to-
Compton ratio 55.1, relative efficiency 22%, connected to the SILENA instrumentation and to 
multichannel analyzer Livius SILENA operating on 8192 channels. 
The energy and efficiency calibrations were performed by 60Co and 152Eu sources at certified 
activities. 
 
3. Results and Discussion 
 
The quality control of the methodology employed was performed determining Cr, Fe, Hf and 
Sn in NIST SRM-360b. In particular, for Cr, Hf and Sn a precision ≤5% and an accuracy ≤3% 
are evidenced, whereas for Fe a precision ≤12% and an accuracy ≤10% are obtained, 
respectively. A possibile explanation of the iron values, is the low specific activity of the 
radioisotope 59Fe. 
Table 3 shows the results of the intercomparison among INAA (our values) and other 
techniques. Some general considerations can be drawn for each element. 
 
 



 
 Cr (ppm) Fe (ppm) Hf (ppm) Sn (%) 
 m±sd cv% m±sd cv% m±sd cv% m±sd cv%

INAA 858±10 1.19 1818±93 5.09 71.1±1.3 1.80 1.441±0.056 3.89
ICP 954±23 2.41 2000±116 5.80 85.0±3.0 3.53 1.459±0.016 1.09
ICP 950±24 2.53 2224±54 2.43   1.464±0.010 0.68

ETAAS 853±7 0.82       
AAS 893±10 1.12 2180±10 0.46   1.510±0.020 1.32
AAS   2080±12 0.58   1.473±0.010 0.68
IDMS     82.0±2.0 2.44   
ICP       1.448±0.040 2.76
ICP       1.458±0.005 0.34
POL       1.438±0.013 0.90

         
Mean 902±49 5.38 2060±161 7.82 79.3±7.2 9.08 1.461±0.023 1.57
Δ% -4.84  -11.8  -10.3  -1.39  

Table 3. Concentration levels of each element determined by INAA (our measurements) and 
by other analytical techniques. ICP: Inductively Coupled Plasma; ETAAS: Electro Thermal 
Atomic Absorption Spectrometry; AAS: Atomic Absorption Spectrometry; IDMS: Isotope 
Dilution Mass Spectrometry; POL: Polarography; m: mean value; sd: standard deviation; 

cv%; coefficient of variation. 
 
Chromium: the mean value of each laboratory is precise and accurate whereas the overall 
data show a significant dispersion due to the large data scattering (from 853 ppm to 954 
ppm). The data comparison between INAA value and all values shows a difference below 
5%. This discrepancy is similar with the findings in NIST SRM-360b. 
Iron: basically, each result has a good standard deviation even if the overall precision is 
below 8%. The INAA value confirms the limited accuracy as reported for the NIST SRM-
360b. 
Hafnium: it is a very difficult element to be determined by conventional spectroscopic 
techniques, e.g. Atomic Absorption Spectroscopy, due to the formation of refractory (heat 
resistant) compounds with oxygen (HfO2: melting point 2810°C) or C (HfC: melting point 
3890°C) during the pre-atmonization phase. For this reason only three laboratories 
performed the Hf measurements: all these data show a good precision whereas the 
difference among INAA and ICP and IDMS measures is around 10%. 
Tin: the final intercomparison result show a good precision (cv= 1.57%), as well as the values 
of each laboratory. Although the INAA value has the lower precision (cv= 3.89%), the 
accuracy is good (1.39%) confirming as reported for Sn in the NIST standard. 
 
4. Conclusions 
 
The use of Nuclear Research Reactors give a useful help in the research and industrial 
community, expecially in the certification field where high precision and accuracy are 
required. So, it is necessary to have a very adequate analytical approach. The Instrumental 
Neutron Activation Analysis is a powerful technique allowing to investigate element content 
up to ultra-trace levels. 
The INAA application to element determination in Zirconia-4 alloy is valuable. In particular, 
for Cr, Hf and Sn the results obtained among the laboratories are very precise and accurate; 
the quality control on the NIST SRM-360b confirms the reliability of the approach used. 
In the determination of Hf, element considered fundamental in Zircaloy-4, the INAA confirms 
its valid analytical characteristics: in fact, this technique allows to determine this element with 
good precision and accuracy unlike spectrochemical methodologies. 
The only difficult measurement regards the iron: in fact, both the precision and accuracy 
range around 10%. These levels could be considered good but in the standard certification 
they do not represent an high analytical data quality: the main reason is probably due to the 



low specific activity of the radioisotope 59Fe used. 
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Abstract 

The program of spent nuclear fuel removal from the National Research Centre 
“Kurchatov Institute” (NRC KI) site was restarted in 2004.  By now over 450 spent 
fuel assemblies (SFAs) of IR-8, MR and VVR-2 research reactors were removed for 
reprocessing to PA “Mayak”. Spent fuel assemblies are stored in several onsite 
repositories arranged in form of buried dry and wet tanks. Some SFAs and fuel 
elements stored there may be resized, deformed, or have defective claddings. SFA 
of MR and IR-8 reactors were transported in two shipping casks: TUK-19 and TUK-
128. Casks were loaded in a special building. As concerns VVR-2 SFAs, several 
optional processes were considered for loading into shipping casks (TUK-19 and 
TUK-128). Finally, for VVR-2 conditions the best option of SFA loading into TUK-19 
under a layer of water was selected and carried out. To this effect, a special 
“loading pool” was arranged in the SFA repository building. VVR-2 used fuel 
assemblies (FAs) containing fuel elements in form of rods with external diameter of 
10 mm and active part of 500 mm. Fuel elements were clad in aluminum alloy and 
had kernels made of UO2Mg ceramics enriched by 10% of U-235 and of U-Al alloy 
with 36% enrichment. Elements containing different types of fuel were identical in 
form and size. Conditions of SFA transportation to reprocessing site are set by state 
regulations, which prescribe delivery in leaktight canisters for fuel elements with 
cladding defects resulting in fuel contact with repository water. It required 
developing of the repackaging procedure for defective FAs.  SFA shipping rules also 
require the types of fuel contained in fuel elements to be identified. To this end, 
several methods were developed for fuel elements’ identification, such as those 
based on fuel element weight, U-235 enrichment, X-ray characteristic spectra, etc. 
The method of weighing fuel elements extracted from SFAs in repositories and 
comparing their weights with those of non-irradiated elements made of known fuel 
turned out to be the promptest. Verification of SFAs parameters was carried out by 
X-ray spectrum method. In 2010 defective FAs were prepared for shipping and then 
shipped to reprocessing plant. Now this work continues. 

 
Introduction 
Many years of research and development activities on the NRC “Kurchatov Institute” (NRC 
KI) site included creation and operation of 12 research nuclear reactors, about 20 critical and 
subcritical experimental facilities, hot material research laboratories for irradiated fuel 
exploration, and some other unique physical installations [1, 2]. Their long operation in the 
framework of different research programs resulted in NRC KI onsite repositories now 
containing significant amounts of spent nuclear fuel with cumulative activity over 1016Bq. 
Up to 1990, spent fuel was regularly removed to PA “Mayak” for radiochemical reprocessing. 
At the time this fuel was transported in TUK-19 shipping casks [3]. In 1990−2003, because of 
financial difficulties, fuel was not removed from NRC KI site. In 2004, after a 13-year interval, 
annual removal of spent nuclear fuel was resumed. In 2004−2008, 312 spent fuel assemblies 
from MR, IR-8, VVR-2 and OR reactors were shipped for reprocessing in TUK-19 and TUK-
128 shipping casks [3].   
 
1. TUK-128 cask: specific features of spent fuel transportation  
 
In 2006, Rosatom prescribed the Kurchatov Institute to organize and perform spent fuel 
removal in new-generation shipping casks − TUK-128 [3] intended for transportation of 
research reactor fuel assemblies. It was the first use of these casks, so this shipment was 
considered a trial one, with a particular goal of confirming TUK-128 efficiency. In these 
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shipping casks, 40 spent fuel assemblies from IR-8 reactor were delivered to PA “Mayak” for 
reprocessing. 
Compared with TUK-19, TUK-128 is a dual-purpose cask, because it can be used for both 
transportation and storage of spent fuel assemblies. It is also larger and can accommodate 
up to 20 SFAs (instead of 3−4 in TUK-19). TUK-128 casks are transported in ISO-containers 
allowing installation and transportation of a single cask each. ISO-containers with TUK-128 
inside can be transported by railway or truck (Fig. 1).    
  

 
Fig. 1. TUK-128 installed into ISO-container. 

 
TUK-128 casks were used for removing spent nuclear fuel from IR-8. Two empty TUK-128 
casks in two ISO-containers were delivered by truck to NRC KI site and installed in a special 
working area arranged near the Institute’s railway line. Here a truck crane removed dumpers 
and extracted TUK-128 from ISO-containers; then a forklift loader delivered TUK-128 to the 
dedicated area near the MR reactor building, where − in the central hall − reloading 
operations were carried out. Here a truck crane installed TUK-128 casks on a special trolley, 
which delivered them to the central hall, where their external and internal protective lids were 
removed. Then a guide cone was installed on the TUK-128 cell the fuel assembly should be 
loaded into.  
Spent fuel assemblies previously stored in IR-8 storage pool were delivered to the MR 
central hall by an onsite transfer cask loaded from below. SFAs from this transfer cask were 
placed in the protective box arranged in the MR central hall and then loaded into TUK-128.  
Loaded TUK-128 casks were checked for leaktightness and surface contamination and then 
delivered to the working area near the NRC KI railway line, where a truck crane loaded them 
into ISO-containers, which were in turn installed on the railway car making part of a special 
train. 
Delivery of spent fuel from the Institute’s research reactors to the reprocessing plant in TUK-
128 casks can be considered successful. In the same time, insufficient development of the 
standard loading equipment, as well as too heavy container (about 10 tons) requiring heavy-
lift process equipment, should be considered as TUK-128 drawbacks.  
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2. VVR-2 spent fuel removal: specific features 
 
In 2008−2010, the total of 150 SFAs from OR and VVR-2 reactors containing EK-10 and S-
36 fuel elements were shipped to PA “Mayak” in TUK-19 casks. Shipping preparation 
included consideration of various SNF shipping options; TUK-19 shipping cask was finally 
selected in view of its smaller size/weight and a narrow space available for loading. 
Underwater loading was selected as SFA loading technology. 
 
In the neighboring part of SNF storage building, one of empty radwaste storages was 
converted into a waterproof “loading pool”. This loading pool contained a special support for 
installing TUK-19 inside and was equipped with water purification (clearing) system. TUK-19 
was installed inside the pool and the pool was filled the clean water. 
SFAs were extracted from the SNF storage and loaded into TUK-19 in accordance with the 
special technology using the container for onsite transportations and the overhead crane with 
a lifting capacity of 5 tons (Fig.2). Then TUK-19 was removed from the loading pool − with its 
lid sealed and its leaktightness and radiation monitored − and transported by the truck loader 
to the accumulator rack. The casks were loaded on the special car; delivered to the railway 
line of the Kurchatov Institute; and loaded into a railway container car. 
 

 
Fig 2.  SFA reloading from onsite transfer container into TUK-19 

 
3. Method of SFA identification by fuel type 
 
In 2008–2010, the works included one issue of critical importance needing solution before 
loading SFAs into TUK-19: the need to identify SFAs by type of their fuel pins, since the 
Russian standard forbids SFAs containing different fuel pins to be loaded into the same 
shipping cask. 
It should be noted that SFAs containing different types of fuel pins are visually similar. Two 
methods were developed to identify SFAs by types of fuel pins they contain: 

• the spectrometric method of irradiated nuclear fuel parameters’ assessment; 
• the method of weighing individual fuel pins underwater inside the storage and 

comparing their weights with those of non-irradiated pins made of known fuel. 
The spectrometric method is based on measuring the radiation spectra of both the nuclear 
fuel itself and its fission products [4]. Comparing the counting rates in the peak of total 
absorption of the characteristic uranium emission line Кα  with the 137Cs emission line allows 
S-36 and EK-10 fuel pins with different burnup levels to be identified with a maximum error of 
20%.  
In order to perform these measurements in the SNF storage building, an experimental facility 
was built, including the necessary high-resolution spectrometry devices, as well as the 
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“protective box” made of lead and intended for installing spent assemblies or elements inside 
it. 
The method of weighing fuel pins removed from SFAs in storages and comparing their 
weights with that of non-irradiated elements made of known fuel turned out to be the 
promptest. Besides, this method was easier to implement and assured radiation safety of the 
operating personnel thanks to protective water layer in the pool. 
This method took into account that the average difference between S-36 and EK-10 pin 
weights makes about 30 grams. The weighing was performed using the FISHERMAN 
Champion 25 steelyard balance with 2% precision. In addition, special tools were developed 
for extracting fuel pins from SFAs and weighing them under water. 
 
4.  Features of the preparation of SFAs for removal at a present time. 
 
In 2010 the preparation of SF of reactor VVR-2 for removal to the enterprise "Mayak" had 
some specific features. It has been selected for delivering as standard assembles so and 
imperfect ones containing EK-10 and S-36 fuel elements.  
Selected for delivering imperfect assembles of VVR-2 reactor were dismantled on separate 
EK-10 and S-36 fuel elements. 
The procedure of dismantling was carried out in the pool of the № 16 storage in a building 
201 of complexes «Gas plant» and was labor-need and long process demanding 
considerable manipulation with the assembles. 
Consistent extraction of the elements from assembles was spent by remote tools with special 
fingered bushing by griping the top plug of element. The first removed out element was 
identified as s-36 or EK-10 by a method of its weighing, and then was located in a can for 
temporal storage in the pool (Fig.3). If the extraction by the way described above was 
impossible the personal placed the turned assemble in the special metal vessel established 
in one of cells of storage and tried to push the element through a bottom lattice of assemble 
by special tools.  
 

 
 

Fig. 3. The case with elements placed into the storage pool of SNF. 
 
After selection the imperfect fuel elements have been loaded into a transport can. The 
transport not tight can loaded by certain number elements of corresponding type, were 
closed by a cover, marked and loaded into corresponding TUK-19 for transportation as is 
described above. 
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5. Main results of works 
 
In 2008−2010, identification of SFAs and their selection for further reprocessing were 
performed using the weighing method described above. 
All VVR-2 reactor SNF will be removed for reprocessing in the next two years. Then spent 
fuel removal will start at other NRC KI nuclear installations. 
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ABSTRACT 

According with the works that the National Atomic Energy Commission of 
Argentina (CNEA) has being deploying in the frame of the reactor core 
conversion from HEU to LEU fuel, specially working with UMo monolithic core 
with Zyrcalloy based cladding concept [1,2], we put in sequence and give 
explanation to the observations recorded during our fabrication development 
tests. 
To that aim we performed several tests with different parameters conditions 
and we list all the observations and the possible causes of presence of 
undesirable phases, shapes or errors appeared during the fabrication tests of 
those miniplates. 
The binding techniques of materials employed in our fabrication include the 
process in solid state without fusion, but that requires pressure or temperature. 
The principal method employed in this work is a union process of continues 
rolling at temperature which is called co-rolling in order to produce a union of 
the surfaces in touch where it can be observed a new structure, and dog bone 
presence depending on the fabrication conditions. 

 

1.1 Introduction. 

Monolithic UMo miniplates developed at National Commission of Atomic Energy (CNEA – 
Argentine) involves the use of Zircalloy-4 core. The process employed to obtain them include 
the co-rolling of Zry-4 (as the miniplate cladding) and UMo alloy (the fuel material in the core) 
which percentage of Mo varies from 7 to 10 % (%wt/wt).   It was decided to employ a content 
of Molybdenum between 7 to 10% [3,4] enough to retain the gamma phase at low 
temperature but also not to penalize the reactor neutronics due to the capture cross section 
of Mo95 isotope. 
Regarding hot co-rolling temperature between 575º - 660ºC analyses showed the presence 
of some amount of alpha plus delta phases, while hot rolling at 800-850ºC will take place in 
gamma phase which has a metastable bcc crystal structure, but recently it showed an 
important dog bone [5] and Ux-Zyry-Moz phase [6]. This time we have worked to an intermediate 
temperature to avoid these problems.  
 

 

 



 
1.2 Miniplates employing U7Mo hot co-rolled at 650ºC 
 
The alloy obtained in all cases for the U(7-10%)Mo was melted in an induction furnace, 
casted in a graphite mold and machined in order to obtain different plate thickness.  All the 
miniplates with monolithic UMo core and zircalloy-4 cladding were elaborated by hot co-
rolling process as picture and frame method. The assembling of the core and cladding was 
done by TIG welding. 
Miniplates with U7Mo alloy (density 17.53 ± 0.02 g/cm3) were hot co-rolling at 650ºC in eight 
steps with heating temperatures between 655/675 °C during 6/7 minutes in an uncontrolled 
atmosphere furnace. The whole co-rolling process employed in each plate was less than one 
hour.  
The completed neutron radiography on the RERTR-7 plates (MZ25 and MZ50) noted on the 
fuel zone ends that there is uniform homogeneity with respect to the rest of the fuel zone.  No 
'dog-bone' type of appearance.  
Also, no important interaction layer had been observed as shown in figure 1. 
 

A)                                       B)                                           C)                

  
Figure 1: A)Thickness of the interlayer presented in miniplate of U7Mo – 650ºC, B) Details of the interlayer, C) Micrograph of 

U7Mo - 650ºC miniplate - Point E5 shows the presence of U-Zyr, E6 U-Mo-Zyr, E7 Zyr, E8 U-Mo 

 
1.3 Miniplates employing U8Mo/U10Mo hot co-rolled at 800ºC 
 
Miniplates with U8Mo and U10Mo alloys (%wt/wt) were prepared in order to avoid the 
presence of Uranium alpha phase and to obtain an interesting inter layer. Thinking that the 
structure of the rolled material at 800ºC recrystallized, the resistance of the material is higher 
than that rolled at 625ºC, and it can be observed a decrease in the elongation.  
The neutron radiography on plates noted the fuel bond ends a dog-bone type appearance, 
and an important interaction layer was observed with intermediate structures between U-
Mo/Zyr, U-Zyr and Mo-Zyr, this can be observe in figure 2. 
 

 
Figure 2: EDAX analyses shown the presence of Zyr in points 1 and 2, point 3 with Zyr/U, point 4 shows a very low quantity of 
Zyr, a considerable quantity of U and an increased quantity of Mo, point 5 shows the presence of Zyr in low quantity, it is richer 

in Mo (7 times more than cross 4) and poorly in Uranium. Points 6 and 7 are clearly UMo alloy  

 



Also, a good bond can be observed in a case were a small bubble in the original coupon of 
the fuel was added. Clearly it can be seen in figure 3, that no gas space between the foil and 
the cladding can be observed. 
 
 

 
 
 
 
 
 
 
 
 
 

 

Figure 3: Miniplate co-rolled at 800ºC with a little bubble in the coupon. 

 

The biggest problem observed at that temperature is the presence of dog-bone at the 
extremes that can be seen at figure 4. 
The miniplate was sectioned along the middle of the longitudinal axis to collect samples in 
order to verify foil thickness obtained by radiography and minimum clad thickness. The fuel 
thickness at the end was determined to be ~0.028  � (~0.70 mm).  This is ~20% thicker in 
the end region than was determined using the Zirconium plate of 0.030  � (0.76 mm) in the 
density radiography shots.  The minimum clad thickness in this thicker region is ~0.007  � 
(~0.18 mm) for this plate.  
 

A)                                                       B) 

   
 

Figure 4: A) Radiography of the miniplates for density and B) Thickest end of the miniplate ARD10Mo1 

1.4 Miniplates employing U8Mo/U10Mo hot co-rolled at 700ºC 
 
With the experiments done at 650 and 800 ºC, we decided to try with 700ºC. In this case, we 
could observed a big reduction in the appearance of dog bone at the extremes of the 
miniplate, and to reduce the thickness of the interlayer. The results of the test can be 
observed in figure 5. We are discussing the results observed to determine parameters 
conditions for fabrication. 
 
 
 
 
 



A)                                B)                                           C)           

  
 

Figure 5: A)and B) Micrograph of the interlayer at 700ºC and C) Relative Composition 

2. Conclusions 
 
Clearly, working with different temperatures produces different effects that had been 
discussed in order to improve the conditions of fabrication. Special precautions can be taken 
into account for cleaning the bonding surface and the thickness of the core, a wrong work at 
this point can make blistering during the rolling process.  
Sometimes, if the plates are cooled abruptly after a rolling step, a debonded can be observed 
because of the different contraction of the materials. 
The dog bone appearance at the extremes is observed at high temperature, considering the 
plasticity of the material and conditions of co-rolling steps. 
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ABSTRACT 
 

ROSE, KRISTAL and GIACINT are three critical experimental facilities located at the 
Joint Institute for Power & Nuclear Research (JIPNR) – SOSNY of Belarus.  The facilities 
were designed to simulate different reactor core configurations using different fuel, 
moderator, and reflector materials.  In addition, different absorber materials can be 
utilized in the core configurations.  Experiments were performed with 10%, 21%, 36%, 
75% and 90% enriched uranium fuels.  Water, alcohol, polyethylene, and zirconium 
hydride were used as moderator materials.  Square and triangular fuel lattices were 
examined.  Water, alcohol, beryllium, and zirconium hydride were employed in the 
reflector.  The criticality conditions can be obtained by adjusting the liquid moderator 
height in the configurations without control rods although the facilities have regular and 
safety control rods.  Absorber materials can be dissolved in the liquid moderator to 
simulate the reactor configurations with poison materials. 
Argonne National Laboratory (ANL) and JIPNR-SOSNY have been collaborating on 
analyzing the experimental results obtained from both facilities by developing detailed 
calculational models and by performing simulations for the different experiments.  In 
addition, the sensitivity of the obtained results for the material specifications and the 
modeling details has been examined.  In this paper, the model details, the results for two 
uranium fuel enrichments (21% and 36%) in different configurations with different fuel 
lattices, and the results sensitivity for the model details are presented.  The analyses 
used the MCNPX computer program with pointwise cross-section data and S(alpha, beta) 
model for the hydrogen of the different moderatos.  In addition, the impact of using 
different nuclear data files, ENDF/B-VII and JEF-3.1, are examined. 

 

1. Introduction 
 
Over the years, the Joint Institute for Power & Nuclear Research (JIPNR) – SOSNY of 
Belarus constructed several critical facilities to study different reactor configurations with 
different fuel, moderator, and reflector materials.  The fuel enrichment was varied from 
natural uranium to highly enriched uranium (up to 90% 235U in the uranium).  Absorber 
materials were dissolved in the moderator materials or used in the form of wires distributed 
through the core configurations to study their impact on the effective neutron multiplication 
factor.  ROSE, KRISTAL and GIACINT are three critical experimental facilities utilized to 
simulate more than one hundred critical configurations for various applications.  The 
following configurations represent a sample of the experiments performed at these facilities: 

– Uranium oxide fuel rods arranged in rectangular and hexagonal lattices with 10%, 
36%, or 75% enriched uranium with water moderator and reflector.  In addition, 
cadmium wires or boron plates were included to determine their effect on the neutron 
multiplication factor; 

– Uranium oxide fuel rods arranged in rectangular and hexagonal lattices with 21% or 
36% enriched uranium with water moderator and water, zirconium hydride, beryllium 
or steel reflector.  In addition, cadmium wires or boron plates were included to 
determine their effect on the neutron multiplication factor; 

– Uranium oxide fuel rods arranged in hexagonal lattices with 75% enriched uranium 
with polyethylene moderator and reflector; 



– Uranium oxide fuel rods arranged in hexagonal lattices with 10% enriched uranium 
with alcohol moderator and reflector; 

– Uranium oxide fuel rods arranged in hexagonal lattices with 21% or 36% enriched 
uranium with zirconium hydride moderator and zirconium hydride, beryllium, or steel 
reflector.  In addition, cadmium wires or boron plates were included to determine their 
effect on the neutron multiplication factor; 

– Uranium oxide fuel rods arranged in hexagonal lattices with 21%, 36%, or 45% 
enriched uranium in multi-zone configurations with water and zirconium hydride 
moderators.  Zirconium hydride, beryllium, or steel is the reflector material.  In 
addition, boron or europium absorbing rods; or boron plates were included to 
determine their effect on the neutron multiplication factor.  The configurations simulate 
the different versions of the mobile NPP “Pamir” reactor. 

– Uranium metal or uranium oxide fuel rods with 10%, 36%, or 90% enriched uranium in 
fast and thermal multi-zone configurations.  Nitrogen oxide gas 

(N2O42NO22NO+O2), and water-steam, and water coolants are used to have fast, 
fast-thermal, and thermal zones.  The configurations simulate the different versions of 
the fast reactor “BRIG”. 

 
The current international benchmark data base lacking results from configurations with 
intermediate uranium enrichment1.  In this paper, experiments using ROSE and GIACINT 
critical facilities with uranium fuel rods arranged in hexagonal lattices with 21% and 36% 
enriched uranium with water moderator and reflector are discussed.  The computational 
models of these experiments and comparison of the computational and experimental results 
are presented. 
 

2. ROSE and GIACINT critical experimental facilities 
 
The ROSE critical experimental facility is designed to carry out experiments on critical 
assembles with water moderator.  The facility consists of an aluminum tank housing the 
critical assembly and the reflector, a hydraulic water system for flooding the assembly, an 
electrically movable neutron source mechanism, a reactivity control system, and a safeguard 
system.  The assembly tank is setting on a platform inside in the experimental room.  The 
control rods and the neutron source mechanisms are located above the tank of the 
subcritical assembly.  The neutron source is Ро-Ве.  The water hydraulics system is located 
under the tank, which has the capability of monitoring and adjusting the water level 
accurately.  The experimental room has a concrete shield and the adjacent room has the 
control panel of the critical assembly.  The top of the aluminum tank has flange, which is 
used to fasten the neutron detectors.  The assembly consists of fuel rods which are 
supported by aluminum grids.  The tank can accommodate assembly diameter up to 600 mm 
and a minimum reflector thickness of 500mm. 
 
The GIACINT critical experimental facility replaced the ROSE facility specially to permit 
benchmark critical experiments with water or zirconium hydride moderator or without 
moderator.  It is similar to the ROSE except it uses a Pu-Be neutron source.  In addition, its 
design permits zirconium hydride moderator or no-moderator.  The fuel rods are arranged in 
hexagonal pattern.  The tank is made from stainless steel.  Twelve neutron detectors 
arranged around the assembly to measure the neutron flux.  The thickness of the bottom 
water reflector and the side water reflector are more than 250 mm. 
 



  
ROSE  GIACINT 

 
Figure 1.  ROSE and GIACINT critical experimental facilities 

 

3. Experimental configurations 
 
Several experiments are presented as an example.  The first set uses 36% enriched fuel and 
the second set uses 21% enriched uranium fuel. 
 

3.1 ROSE experiments with 36% enriched uranium fuels. 
 
Uranium oxide fuel with 36% U-235 enrichment in stainless steel clad is utilized with water 
moderator.  The fuel material diameter and length are 6.3 and 500 mm, respectively.  The 
fuel rod diameter and length are 7.0 and 720 mm, respectively.  The fuel arrangement has 16 
mm hexagonal pitch.  The critical critically was achieved for various numbers of fuel rods by 
changing the water level in the subcritical assembly.  Thirteen critical configurations have 
been investigated.  In each configuration, a certain number of fuel rods were loaded and the 
water level was changed to reach criticality.  The neutron flux level was monitored after each 
increase of the water level.  The flux was measure at 6 to 8 moderator levels near the 
criticality level and the results were extrapolated to define the critical moderator level.  In 
addition, flux measurements were performed for the fully flooded assembly with water as a 
function of the number of fuel rods.  The top reflector thickness is 110 mm. 
 
For the configurations with different moderator level, the moderator level was changed in 
steps of 0.2 mm, which permit observing the critical level.  Such increment in the water level 
has a very small impact on the system reactivity so it is possible to observe the transition 
from subcriticality to criticality.  Also, for the flux measurements as a function of the number 
of fuel rods, it was possible to observe the transition by adding a single fuel rod science the 
fuel rod worth is very small.  Figure 2 displays the examined configurations. 
 



 

 

 

 
 

CONFIGURATION No. 13 
Number of fuel roads 172 

Full moderator height 

 
Figure 2.  ROSE critical configurations with 36% enriched uranium fuel and different water 

moderator levels 
 

3.2 ROSE experiments with 21% enriched uranium fuels 
 
Uranium oxide fuel with 21% U-235 enrichment in stainless steel clad was used with water 
moderator.  The fuel material diameter and length are 5.4 and 500 mm, respectively.  The 
fuel rod diameter and length are 6.2 and 651 mm and a stainless wire of 0.5 mm diameter 
wrapped around the clad tube.  The fuel rods have hexagonal arrangement; each 
arrangement has a specific fuel rod pitch.  The fuel rod pitches of the different arrangements 
are 10.5, 18.19, 21.0, and 27.78 mm.  The fuel rods are completely flooded with water and 
the number of rods was adjusted to reach criticality.  The top axial reflector thickness is 100 
mm and the four configurations are shown in Figure 3. 
 
In these configurations, fuel rods were loaded and the moderator level was slowly increased 
while measuring the neutron flux.  If the configuration was completely flooded without 
reaching criticality, the water moderator was removed.  Then more fuel rods were added and 

 

 
 

CONFIGURATION No. 9 
Number of fuel roads 223 

Moderator height 33.51 cm 

 

 
 

CONFIGURATION No. 10 
Number of fuel roads 199 

Moderator height 39.50 cm 

 

 
 

CONFIGURATION No. 11 
Number of fuel roads 184 

Moderator height 45.31 cm 

 

 
 

CONFIGURATION No. 12 
Number of fuel roads 177 
Moderator height 50.0 cm 

 

 
 

CONFIGURATION No. 5 
Number of fuel roads 421 

Moderator height 20.48 cm 

 

 
 

CONFIGURATION No. 6 
Number of fuel roads 349 

Moderator height 22.78 cm 

 

 
 

CONFIGURATION No. 7 
Number of fuel roads 301 

Moderator height 25.22 cm 

 

 
 

CONFIGURATION No. 8 
Number of fuel roads 253 

Moderator height 29.28 cm 

 

 
 

CONFIGURATION No. 1 
Number of fuel roads 703 

Moderator height 16.58 cm 

 

 
 

CONFIGURATION No. 2 
Number of fuel roads 589 

Moderator height 17.58 cm 

 

 
 

CONFIGURATION No. 3 
Number of fuel roads 581 

Moderator height 17.75 cm 

 

 
 

CONFIGURATION No. 4 
Number of fuel roads 498 

Moderator height 18.93 cm 

 



the previous procedure was repeated.  The main goal of iterating this procedure was to 
define experimentally the number of fuel rods to achieving criticality with 100 mm axial top 
water reflector thickness.  Figure 3 shows the obtained four configurations for different fuel 
rod pitches. 
 

 
 
Figure 3.  ROSE critical configurations with 21% enriched uranium fuel and different fuel rod 

pitches 
 

3.3 GIACINT experiments with 21% enriched uranium fuels 
 
GIACINT experimental facility used the uranium oxide with 21% U-235 enrichment in 
stainless steel clad similar to the ROSE experiments.  However, the fuel rods were arranged 
in a hexagonal configuration with 21 mm pitch.  Two partially flooded critical configurations 
were examined.  Figure 4 shows the two GIACINT configurations.  In these experiments, the 
fuel rods were loaded, the control rods were inserted, and the axial top water reflector 
thickness level is set to 250 mm.  Then water level was gradually decreased and the control 
rods positions were adjusted to maintain criticality.  The process was stopped when all the 
control rods were withdrawal from the assembly and the assembly in a critical condition. 
 

 
 
Figure 4.  GIACINT critical configurations with 21% enriched with a fixed pitch and different 

number of fuel rods and water moderator levels 
 

4. Calculation models and results 
 
The Monte Carlo computer code MCNPX2 is selected to simulate the critical experiments.  
The nuclear data libraries used for the calculations are continuous energy presentations for 
the neutron cross sections generated from ENDF-B/VII and JEFF-3.1 nuclear data files.  The 
calculational models have all the essential components of the facilities including the details of 
the fuel rods, the water moderator, the water tank, the supporting fuel grids, and the concrete 
wall of the experimental room.  The neutron detectors contain materials with large neutron 
absorption cross sections and they are located about 250 mm from the critical assembly.  
The calculations show that their impact on the neutron multiplication is negligible because of 
their location relative to the critical assembly.  Therefore they were not included in the 
calculational modes.  The same conclusion is obtained for the withdrawn control rods.  The 
room return is included by simulating the concrete walls of the experimental room. 

 
 

CONFIGURATION No. 18 
Number of fuel roads 163 

Critical water level 487.6 mm 

 

 
 

CONFIGURATION No. 19 
Number of fuel roads 161 

Critical level water 546.6 mm 

 

 
 

CONFIGURATION No. 14 
Number of fuel roads 453 

Lattice pitch 10.5 mm 

 

 
 

CONFIGURATION No. 15 
Number of fuel roads 167 

Lattice pitch 18.19 mm 

 

 
 

CONFIGURATION No. 16 
Number of fuel roads 160 

Lattice pitch 21.0 mm 

 

 
 

CONFIGURATION No. 17 
Number of fuel roads 232 

Lattice pitch 27.78 mm 

 



For the fuel rods with 21% U-235 enrichment, the spacer wire is not modeled directly, and 
instead it is smeared with the clad, preserving the total mass.  Homogenization has also 
been carried out for the top and bottom parts of the fuel rods.  For the top part of fuel rod, the 
top cap is simplified into one region.  The spring and the top clamp are homogenized into 
another region.  For the bottom part of fuel rods, the bottom clamp is simplified into one 
region and the bottom cap is simplified into another region.  The mass of each material is 
preserved in the homogenization process.  In the radial direction, the fuel material, the gap 
between the fuel and the clad materials, and the clad material are explicitly modeled.  The 
fuel diameter, the outer gap diameter, and the outer clad diameter are 0.515, 0.542, and 0.63 
cm, respectively; the wire spacer is smeared into the clad.  The total mass of UO2 in the fuel 
rod is 109.9 g.  The fuel spacer grids and support plates are explicitly included in the MCNPX 
models.  The concrete density of the experimental room is 2.3 g/cm3. 
 
In the GIACINT facility, the water tank, the upper and the support plates of the critical 
assembly have been made of 12X18H10T stainless steel alloy with density 7.9 g/cm3.  The 
spacer grids of the critical assembly have been made of aluminum alloy AD31E with density 
2.71 g/cm3.  In the Rose facility, the tank, the top lattice plate, and the support lattice plate of 
the critical assembly have been made of AD31E aluminum alloy with density 2.71 g/cm3.  
Distilled water is used as moderator.  The water temperature is 300 K in all the calculations, 
with density of 1.0 g/cm3.  The impurities of water are not included in the calculation because 
they have insignificant effect on the reactivity but increase the computation time 
considerably. 
 
The calculated effective multiplication factor values of ROSE critical configurations with 
different number of 36% enriched uranium fuel rods and different water moderator levels 
using ENDF-B/VII and JEFF-3.1 nuclear data files are listed in Table I and plotted in Figure 1 
as a function of the moderator water level.  The differences between the effective 
multiplication factors calculated with ENDF-B/VII and JEF-3.1 are in the range of 50 to 180 
pcm.  Both libraries under estimate and over estimate the effective multiplication factors for 
the low and high water moderator levels, respectively.  However ENDF/B-VII results have the 
largest differences relative to the experimental results up to 500 pcm.  JEF-3.1 results are 
closer to the experimental results and the maximum difference is 350 pcm. 
 
Table II listed the effective multiplication factor values for different critical configurations 
obtained with the 21% U-235 enriched uranium fuel rods performed at ROSE and GIACINT 
critical facilities.  Again, ENDF/B-VII gives higher effective multiplication factor values relative 
to JEF-3.1.  However, the maximum deviations from criticality of the experiments of Table II 
are less than these of Table I.  The maximum difference is 340 pcm. 
 
Comparing the results from all the experiments, it is possible to draw the following 
observation, as the moderator to fuel ratio increases, the difference between the calculated 
effective neutron multiplication value and the experiment increases.  The results based on 
ENDF-B/VI nuclear data files exhibit higher differences.  All these difference are in the range 
±500 pcm without considering the experimental errors, which need to be examined before 
reaching final conclusions. 
 
The effective delayed neutron faction for critical assembly number 14 performed in Rose 
facility has been calculated by MCNPX3 and MCNP4C4 shown in  
Table I.  Estimation of the effective delayed neutron fraction βeff is based on the method 
proposed by R. Meulekamp4.  MCNPX is modified and used to calculate the fission 
probability of delayed neutrons and prompt neutrons separately within the TALLYX user 
subroutine.  In this way, the βeff is obtained during KCODE calculation without performing 
adjoint calculations.  The old version of MCNP computer program was also used to perform 
the same calculation to confirm the obtained results as shown in Table III.  The obtained βeff 

values from the two different computer programs are in excellent agreement. 
 



Table I. Calculated effective multiplication factor values of ROSE critical 
configurations with different number of 36% enriched uranium fuel rods and 
different water moderator levels using ENDF-B/VII and JEFF-3.1 nuclear 
data files 

No 
critical 

assembly 

Critical 
water 

level, mm 

Number 
of fuel 
rods 

Calculated keff 

ENDF-B/VII JEFF-3.1  

1 165.8 703 
0.99538 ( ± 9 pcm) 

 0.99529 ( ± 9 pcm)* 0.99484 ( ± 9 pcm) 

2 175.8 589 0.99448 ( ±13 pcm) 0.99364 ( ±13 pcm) 

3 177.5 581 0.99656 ( ±13 pcm) 0.99588 ( ±13 pcm) 

4 189.3 498 0.99767 ( ±13 pcm) 0.99725 ( ±13 pcm) 

5 204.8 421 0.99852 ( ±13 pcm) 0.99788 ( ±14 pcm) 

6 227.8 349 0.99954 ( ±14 pcm) 0.99912 ( ±14 pcm) 

7 252.2 301 1.00046 ( ±13 pcm) 0.99955 ( ±13 pcm) 

8 292.8 253 1.00146 ( ±14 pcm) 1.00036 ( ±14 pcm) 

9 335.1 223 1.00225 ( ±13 pcm) 1.00129 ( ±13 pcm) 

10 395.0 199 1.00333 ( ±13 pcm) 1.00185 ( ±13 pcm) 

11 453.1 184 1.00367 ( ±13 pcm) 1.00231 ( ±13 pcm) 

12 500.0 177 1.00506 ( ±13 pcm) 1.00355 ( ±13 pcm) 

13 complete 172 
1.00321 ( ± 9 pcm) 

 1.00316 ( ± 9 pcm)* 
1.00137 ( ± 9 pcm) 

      * Without room walls 
 

Table II. Calculated effective multiplication factor values of ROSE and GIACINT 

critical configurations with 21% enriched uranium fuel rods 

No 
critical 

assembly 
Facility 

Number  
of fuel 
rods 

Lattice  
pitch,  
mm 

Critical 
level,  
mm 

keff 

ENDF-B/VII JEFF-3.1 

14 Rose 453 10.50 flooded 
1.00125 

(±0.00013) 
0.99937 

(±0.00012) 

15 Rose 167 18.19 flooded 
1.00082 

(±0.00013) 
0.99943 

(±0.00012) 

16 Rose 160 21.00 flooded 
1.00265 

(±0.00011) 
1.00166 

(±0.00012) 

17 Rose 232 27.78 flooded 
1.00340 

(±0.00010) 
1.00151 

(±0.00011) 

18 Giacint 163 21.00 487.6 
0.99844 

(±0.00012) 
0.99756 

(±0.00012) 

19 Giacint 161 21.00 546.6 
1.00252 

(±0.00013) 
1.00139 

(±0.00012) 

 



 
Figure 5. Calculated effective multiplication factor values of ROSE critical configurations 

with different number of 36% enriched uranium fuel rods and different water 
moderator levels using ENDF-B/VII and JEFF-3.1 nuclear data files 

 
Table I  Calculated βeff for critical assembly 14 

Nuclear Data Files 
Calculated βeff 

MCNPX MCNP4C 

ENDF-B/VII 0.00802 (±0.00002) 0.00804 (±0.00001) 

JEFF-3.1 0.00824 (±0.00002) 0.00824 (±0.00001) 

 
5. Conclusions 
 
Critical experiments with different moderator levels and hexagonal lattice sizes were carried 
out using Rose and GIACINT facilities.  The results have been examined with the Monte 
Carlo computer codes MCNPX and continuous neutron nuclear data libraries based ENDF-
B/VII and JEF-3.1 nuclear data files.  The analytical results were compared successfully with 
the experimental results and the comparison shows a good agreement.  Such results 
demonstrate the flexibility of the GIACINT facility to perform further examination of different 
reactor configurations. 
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ABSTRACT 
 

The new nuclear energy legislation in Finland requires that also a research reactor 
shall have a document describing the management of the ageing management. 
The IAEA draft safety guide DS412 “Ageing Management for Research Reactors” 
has been used in creating the management system for ageing management at 
FiR 1. When creating that document for the FiR 1 TRIGA reactor also the ageing 
management system is being further developed. Inspection and service procedures 
are extended and improved. An obsolescence management system for the 
systems, structures, and components (SSC´s) has been created. The SSC´s 
important to safety and reliable operation of the reactor have been identified as well 
as their degradation processes that affect safety and reliability.  
 
The ageing management system includes procedures for detection and 
assessment of ageing effects as well as for prevention and mitigation of ageing 
effects. To improve the ageing management the quarterly and yearly inspections 
are extended to all SSC´s and the data logging is improved to aid the analysis of 
the ageing process. The inspection of the reactor tank walls and beam tubes will 
include a wider selection of methods and the number of inspection points is 
increased. 

 
 
1. Introduction 
 
FiR 1 -reactor is a TRIGA Mark II type research reactor manufactured by General Atomics 
(San Diego, CA, USA). The FiR 1 started operation in 1962, reactor power was increased in 
1967 from 100 kW to 250 kW, and in 1982 the reactor instrumentation was renewed. In 
1996-1997 the reactor building was completely renovated and the ventilation and reactor 
cooling systems were replaced. The current instrumentation electronics is from 1982; the 
control rod drives have been refurbished in 2006 to 2009. 
 
Boron Neutron Capture Therapy (BNCT) work dominates the current utilization of the reactor. 
The weekly schedule allows still three days for other purposes such as isotope production, 
neutron activation analysis as well as education and training [1]. The current operating 
license of the reactor expires at the end of the year 2011. An application for a new operating 
licence for the period 2011 to 2023 has been submitted to the authorities in November 2010.  
 
The importance of reliable operation is emphasised by the needs of the tight, inflexible 
schedules of the BNCT treatments. Once the boron carrier infusion has been given the irra-
diation has to start within a half an hour time window three to three and a half hour after start 
of the infusion. If a treatment has to be postponed the expensive infusion is lost. 
 
The new nuclear energy legislation in Finland requires that also a research reactor shall have 
a document describing the management of the ageing management. The IAEA draft safety 
guide DS412 “Ageing Management for Research Reactors” [2] has been used in creating the 
management system for ageing management at FiR 1. When creating that document also 
the ageing management system is being further developed. Inspection and service 



procedures are extended and improved. An obsolescence management system for the 
systems, structures, and components (SSC´s) has been created. The SSC´s important to 
safe and reliable operation of the reactor have been identified as well as their degradation 
processes that affect safety. 
 
 
2. Ageing management program 
 
The objective of the management system as applied to ageing management is to ensure that 
the facility meets the requirements for safety and reliability as derived from: 
- The regulatory body’s requirements ; 
- Design requirements and assumptions; 
- The safety analysis report; 
- The OLCs (operational limits and conditions); 
- Administrative requirements of reactor management. 
 
FiR 1 responsible director is also responsible for the ageing management. He is supported 
by the reactor manager, quality manager and other reactor personnel and specialized 
personnel outside the reactor organization. FIR 1 ageing management structure is shown in 
a figure 1. 
 

 
Fig 1. FIR 1 ageing management structure. 

 
At FiR 1 only accepted procedures are used. Procedures are accepted by responsible 
director and reviewed by STUK. 
 
The scope and frequency of tests and in-service inspection activities are specified and 
consistent with the OLCs and regulatory requirements. Failures of any SSCs important to 
safety are recorded, analysed, and trended to identify the causes of failure. The recording 



and presentations of test results permit easy comparison with the results of previous tests 
and permit the detection of any changes. The test results are archived in FIR 1 ageing 
management database. 
 
Timelines and actions are discussed between reactor manager, reactor maintenance 
engineer and external specialists. FIR 1 quality handbook (FiR 1-A3) gives guidelines for 
documentation. The inspections and tests are performed by qualified personnel. The most 
critical measurement and audits are done by external specialists approved by STUK. 
 
The ageing management programme of FIR 1 includes the following elements: 
- Identifying Systems, Structures and Components important for reliability and safety 
- Detection, monitoring and trending of ageing degradation; 
- Preventive actions to minimize expected ageing degradation; 
- Continuous improvement of the ageing management program; 
- Managing of obsolescence. 
 
The SSCs have been screened for ageing management : 
- First-level Screening: List of SSCs important to safety and reliability; 
- Second-level screening: those whose failure could lead (directly or indirectly) to the 

degradation of a system safety and reliability function; 
- Third-level screening: Not important to safety and reliability. 
 
 
3. Detection, monitoring and trending of ageing degradation  
 
To improve the ageing management the quarterly and yearly inspections are extended to all 
SSC´s and the data logging is improved to aid the analysis of the ageing process. The 
inspection of the reactor tank walls and beam tubes will include a wider selection of methods 
and the number of inspection points is increased. 
 
Detection and monitoring of ageing degradation is done at FIR 1 using following regular 
procedures described in periodical inspections documents (FiR1-C2,3,4,5): 
- basic functions of the driving and control system of the reactor are checked at reactor 

startup (FiR1-C5); 
- four times a year a basic checking of main components is done (FiR1-C4); 
- once a year all components including fuel rods are checked, the pool is hovered and 

the pool and structures are visually checked; 
- every five year the pool and other important mechanical components are checked 

using non-destructive methods like visual inspection, ultrasound and eddy current and 
different radiation tolerant cameras.  

- Continuously all the control and maintenance system measurement points are 
monitored by ATMOSTECH HVAC system 

 
Once a year after the more comprehensive checkings, all the quarter year checkings are 
checked against each other and appropriate data of trends are checked out. The changes 
and trends are reported and service proposals are launched, if needed.  
 
The yearly checkings are checked against each other during the 5-year checking, which is 
the most complete service and maintanence routine. The changes and trends are reported 
and service proposals are launched, if needed.  
 
ATMOSTECH data is stored four times a year to FIR 1 ageing management database. 
ATMOSTECH provides also very good possibilities for trend and fault examination. 
 



The results of these examinations is evaluated using baseline data collected in previous 
examinations and checkings and the results are added to the baseline data and records kept 
of any remedial measures. 
 
Database and documents are managed by the reactor maintenance engineer and the reactor 
manager. This is done according to accepted FIR 1 quality procedures. 
 
In the FIR 1 ageing management database there are document files in appropriate folders, 
where all the screened components are listed. All components have the manufacturers basic 
data, links to specs sheet, list of spare parts and service and monitoring data. Additionally for 
all critical component an estimated performance time is given. This estimate is given by 
external experts. 
 
4. Managing of Obsolescence 
 
Conditions which can lead to obsolescence and affect reactor safety and reliability are 
changes of technology, changes of safety requirements and obsolescence of documentation 
(see table 1 for detail). 
 
Table 1. Types of obsolescence, associated ageing effects and recommended ageing 
management actions. 
Conditions Ageing effect Management actions 
Changes of 
technology  
(safety systems) 

- Obsolescence of existing SSCs 
important to safety 

- Unavailability of suppliers. 
- Shortage or lack of spare parts. 

- Identification of useful service life done 
by external experts 

- Service for the nuclear channels by 
original Hungarian manufacturer is under 
development 

- Spare parts for the control system are 
available 

- Local service workshop available  
Changes of safety 
requirement, advances 
in knowledge 

- Outdated knowledge of practices, 
standards and safety requirements. 

- Safety level below current standards 
and safety requirements. 

- The compliance of the  reactor with the 
current standards and and safety re-
quirements is reviewed by STUK. 

- Internal and external audits are 
performed 

Obsolescence of 
documentation 

- Incomplete updating of documenta-
tion due to modifications and changes 
of utilization programmes. 

- Lack of information needed for safe 
operation. 

- Documentation is reviewed once a year.  
- Documentation changes are accepted by 

responsible director. 
- All documentation needed for safe 

operation of the reactor are found in 
reactor control room. Documents have 
both paper and  pdf-versions  

 
All the original manuals are on paper, but there is a project going on where those documents 
are scanned to digital format and placed in proper document folders in the ageing 
management database. The most critical like control and measurements system and reactor 
instrumentation documentations are already scanned. 



 
5. Ageing of the instrumentation 
 
The control and measurement system from year 1982 is based mainly on analogue 
electronics and relays. It has been very reliable. The relays are available and they are 
possible to change independently. There are some challenges with the Hungarian 
measurement system (nuclear channels). These are maintained by replacing the failed 
components in house or by sending whole subunits for maintenance at the manufacturer in 
Hungary. 
 
There will be some problems with the radiation monitoring system, because ISA bus based 
PC-cards are used. Operating systems updates constantly and makes the used computers 
obsolete. The new computers do not have support for ISA anymore. 
 
 
6. Conclusions 
 
The need for creating a documented management system for ageing management at FiR 1 
has given impetus to further develop the system and the procedures. The data and 
document management is improved through creation of the ageing and maintenance 
management database. Inspection and service procedures are extended and improved. 
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ABSTRACT 
 

In order to retard the fuel-matrix interaction in U-Mo/Al dispersion fuel, 
new approach of nitride coating on the U-Mo powder was studied. The 
nitride coated U-7Mo powders were fabricated by a heat treating the 
atomized U-Mo powder in N2 containing gas atmosphere. Nitride layers 
were formed on the surface of U-Mo powder after annealing at 970℃ in 
Ar-N2 gas mixture and the thickness of nitride layer could be controlled by 
controlling the annealing time and/or the N2 ratio in annealing gas mixture. 
Interaction between nitride coated U-Mo and Al was evaluated by thermal 
annealing test. The diffusion couples of nitride coated U-7Mo and Al were 
thermally annealed at 580�. The annealing time for diffusion couple test 
was ranged up to 5 hours. For a comparison, U-7Mo/Al-5Si and U-7Mo/Al 
samples were also tested at the same conditions. The thermal annealing 
test results showed that there was no fuel- matrix interaction in the nitride 
coated U-7Mo sample. So, nitriding the U-Mo particle surface can be a 
good candidate to stabilize the in-pile performance of U-Mo dispersion 
fuel. 

 
 
1. Introduction 
 
Uranium-molybdenum alloy particle dispersion fuel in an aluminum matrix with a high 
uranium density has been developed for a high performance research reactor in the RERTR 
program [1]. An unacceptable volume expansion caused by interaction layer and subsequent 
high porosity formations between the UMo fuel particles and Al matrix has been an obstacle 
for further development of this fuel. Silicon addition to the Al matrix has been a remedy to 
suppress the interaction [2]. Use of larger-than-usual size U-Mo powders can be an 
acceptable option to mitigate the interaction problem [3]. Irradiation tests with the Al-Si matrix 
resulted in much reduced interaction layer growth [4]. 
The Al-Si matrix seems to be the most promising solution for interaction layer growth. 
However, it may not be an ultimate solution. KOMO-4 test for rod type U-Mo fuel revealed 
that more than 5% of Si might be added in Al matrix to properly suppress the interaction layer 
growth during the irradiation[5]. Too much Si in the Al matrix would be harmful to the 
subsequent reprocessing of spent fuel. Si in Al reduces the thermal conductivity of matrix 
and can increase the fuel temperature. 
Several studies to reduce the total amount of Si in Al are under progress[6-8]. Si coatings on 
U-Mo particle surface can reduce Si because Si is concentrated only on the surface of U-Mo 
particles[6,7]. Protective layer coating on U-Mo particle surface can be an alternative 
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ABSTRACT  

Institute for Nuclear Research (INR) Pitesti owns and operates a TRIGA dual-core 
Research Reactor for material testing, power reactor fuel and nuclear safety studies 
(dual-core concept involves independent operation of TRIGA 14 MW Steady-State 
Reactor and TRIGA Annular-Core Pulsing Reactor at each end of a large pool). In 
May 2006, TRIGA 14 MW SSR core was fully converted to Low Enriched Uranium 
(LEU 20 wt% 235U) fuel, according to Reduced Enrichment for Research and Test 
Reactors agreements and current worldwide non-proliferation efforts. Paper 
presents a shielding independent evaluation applied to designed transfer/ storage 
cask for TRIGA INR spent fuel, a mandatory step in preparation of the 
documentation required for spent fuel transfer/storage cask authorisation process. 
Fuel elements irradiation was modelled by assuming constant power for entire 
residence time inside reactor core, for 14 MW reactor operation power and two 
different scenarios characteristic for accident calculations according to TRIGA 14 
MW SSR safety report and reactor operation experience. The discharged spent LEU 
fuel was cooled down for 2 and 5 years, respectively. Source term assessment and 
spent fuel characteristic parameters estimation were done by means of ORIGEN-S 
burn-up code (included in Oak Ridge National Laboratory’s SCALE6 package) with 
specific cross-sections libraries, updating data for each burn-up step. For the 
transfer/storage cask shielding analysis, two different cases have been considered, 
the main difference residing in TRIGA fuel elements loading. The radiation dose 
rates to the transfer/storage cask wall and in air at different distances from the cask 
have been estimated by means of MAVRIC/Monaco shielding 3D Monte Carlo code 
included in ORNL’s SCALE6 package.  

1. Introduction  

TRIGA (Training, Research, Isotope production, General Atomics) Research Reactor 
operated by INR Pitesti is a pool type reactor using Uranium-Zirconium Hydride-Erbium 
fuel/moderator and light water as cooling agent. INR TRIGA reactor operation was mostly 
oriented towards long-term irradiation and testing of fuel components followed by post-
irradiation examination (PIE) in INR specialised laboratory. Nevertheless, radioisotopes 
production both for medical and industrial use was also envisaged. After the TRIGA research 
reactor commissioning, in 1979, the reactor core was fully loaded with High Enriched 
Uranium (HEU, 93 wt% 235U) fuel and operated for more than a decade with this type of fuel. 



In 1992, it started the conversion to Low Enriched Uranium (LEU, 20 wt% 235U) fuel, 
according to Reduced Enrichment for Research and Test Reactors agreements and 
international programs related to the decrease of uranium enrichment in research reactors. 
The full converted TRIGA reactor core to LEU fuel was established in first semester of 2006. 
Taking into account for the possible impact on human and environment, in all activities 
associated to nuclear fuel cycle - transport, storage, reprocessing and final disposal - spent 
fuel or radioactive waste characteristics must be well known. The items here are radioactive 
inventories and fuel global properties, such as decay heats, thermal powers, neutrons and 
photons generation rates, etc, for the interest isotopes both at the spent fuel discharge from 
the reactor core and after the cooling period. 
Shielding analysis basic task consists in radiation doses estimation, to prevent any risks both 
for human protection and impact on the environment during spent fuel manipulation, 
transport and storage. 
 
 
2. Theoretical modelling for spent fuel shielding analysis  
2.1 The radiation source – TRIGA LEU fuel elements 
For the paper shielding analysis spent TRIGA LEU fuel elements were considered as source 
of radiations. TRIGA fuel assemblies consists of 25 fuel rods/elements each (1.295 cm active 
diameter; 55.88 cm active height), arranged in a square 5x5 array, inserted in an aluminium 
rectangular cassette (1.634 cm lattice pitch); the cylindrical fuel/moderator pellets are tightly 
enclosed within Incoloy 800 tubes (1.377 cm cladding diameter) [1]. 
TRIGA LEU fuel elements loadings, before alloy formation and subsequent hydration, were 
as follows: 45 wt% U (0.15 wt% 234U, 19.79 wt% 235U, 0.25 wt% 236U and 79.81 wt% 238U), 
1.1 wt% Er (0.14 wt% 162Er, 1.58 wt% 164Er, 33.33 wt% 166 Er, 22.90 wt% 167Er, 26.91 wt% 
168Er and 15.14 wt% 170Er) and 53.9 wt% Zr, respectively, [1].  
Fuel elements irradiation was modelled by assuming constant power for entire residence 
time inside reactor core, for 14 MW reactor operation power and two different scenarios, 
presented in Tab 1. The considered scenarios are characteristic for accident calculations 
according to TRIGA 14 MW SSR security report and operation experience, [1].  
 

Tab 1: Considered scenarios for fuel elements irradiation 

Case identification Burn-up Residence time 

IRRAD_1 7,700 MWd/core 
(530 MWd/central assembly) 

1.5 years 

IRRAD_2 10,000 MWd/core 
(700 MWd/central assembly) 

2 years 

 
Before loading into the transfer/storage cask spent LEU (20 wt% 235U) fuel discharged from 
the reactor core was cooled down for 2 (standard cooling period) and 5 years, respectively. 
 
2.2 Transfer/storage cask 
The considered transfer/storage cask has been developed by INR specialists as a safe 
means for transporting/storing TRIGA spent fuel elements [2]. The cask assembly is 
composed by a concentric cylindrical arrangement of shielding materials providing a 
containment barrier, to prevent radioactive material release. The selected shield materials 
are cast iron and stainless steel. The cask is provided on the top with 2 removable protection 
lids and one sealing lid welded to the cask body, [2]. 
Cask body is fabricated from cast nodular iron, with 1600 mm height, 1200 mm outside 
diameter, 550 mm inside cavity diameter and ~ 300 mm wall thickness, [2]. The cask cavity is 
designed to accommodate a storage basket made by stainless steel, with 850 mm height, 
530 mm outer diameter and 20 mm wall thickness (see Fig 1), [2]. The storage basket is 
composed by a 20 mm thick circular plate, a central pipe (100 mm external diameter, 20 mm 
thickness), 2 grids provided with 18 holes disposed on 2 concentric rings (of 6 and 12 holes, 
respectively), 2 retaining rings and 12 stiffening ribs radial disposed at 60°, on two levels. 



The storage basket can accommodate 18 sealed cylindrical capsules, stainless steel made, 
each of them having ~ 840 mm height, 90 mm outer diameter and 2 mm wall thickness, 
disposed on 2 concentric rings (of 6 and 12 capsules, respectively), [2]. The spent fuel 
elements are loaded into the cylindrical capsules, in vertical position, disposed on 2 
concentric rings and one central element (see Fig 1), [2]. For the transfer/storage cask 
shielding analysis, two different cases have been considered and are presented in Tab 2. 
 

Tab 2 : Considered working cases for transfer/storage cask shielding analysis 

Case  
identification 

Number of  
spent fuel elements 

loaded into a capsule 

Cooling  
time 

Maximum 
cask 

storage capacity 

LOAD_1a 19 elements 2 years 342 elements 
LOAD_1b 19 elements 5 years 342 elements 
LOAD_2a 22 elements 2 years 392 elements 
LOAD_2b 22 elements 5 years 392 elements 

 

 
Fig 1. The transfer/storage cask (section top view and storage basket detailed view), [2] 

 
2.3 Shielding calculations 
Source term assessment and spent fuel characteristic parameters estimation were done by 
means of ORIGEN-S code, included in ORNL’s SCALE6 package, [3]. The burn-up 
ORIGEN-S code solves a set of coupled differential equations, which describes generation 
and transformation of radioisotopes and provides spent fuel final isotopic characterization, by 
assuming space-energy-averaged flux constant over time steps and a single set of flux-
weighted neutron cross sections adequate for use over the entire fuel exposure time. 
Specific ORIGEN-S cross-sections libraries were used, updating data for each burn-up step. 
The radiation dose rates to the transfer/storage cask wall and in air at different distances 
from the cask have been estimated by means of MAVRIC/Monaco shielding 3D Monte Carlo 
code included also in ORNL’s SCALE6 package, [3]. Monaco is a new 3-D Monte Carlo code 
developed within SCALE for shielding calculations combining MORSE code multi-group 
neutron and photon physics with the second-order surface SCALE general geometry 
package flexibility. For the shielding problem Monte Carlo simulation, 30 bunches of 10000 
particles each have been generated. The (27n-18g) coupled nuclear data library (27 neutron 
and 18 gamma energy groups) and ANSI standard flux-to-dose conversion factors (dose 
rates in rem/h) were used. However, a final conversion to mSv/h was done.  
 



 
3. Spent fuel 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.  
Spent fuel was characterized by activity, thermal power and gamma energy in cladding, 
actinides and fission products. Parameters comparative evolution versus cooling time, for the 
considered fuel irradiation working cases, is presented in Fig 2, 3 and 4, respectively. 
 

 
 

Fig 2. TRIGA LEU fuel activity evolution [Ci/assembly] with cooling time 
 

 
 

Fig 3. TRIGA LEU fuel thermal power evolution [W/assembly] with cooling time 
 

 
 

Fig 4. TRIGA LEU fuel gamma energy evolution [W/assembly] with cooling time 



Neutrons and photons dose rates for spent fuel defined loadings have been estimated. 
Considered dosed rates measuring points are placed at the fuel mid-plane on the cast iron 
cask wall surface and in air, at three different distances from the cask wall surface, namely: 
1m, 2m (according to spent fuel transport regulations [4, 5]) and 4 m, respectively. 
Fig 5 and 6 present neutron and photon dose rates evolution in the above mentioned 
measuring points, for the considered fuel loading and irradiation cases. 
 

 
 

Fig 5. Neutron dose rates evolution [mSv/h] in considered measuring points 
 

 
 

Fig 6. Photon dose rates evolution [mSv/h] in considered measuring points 
 
 
4. Conclusions  

A shielding independent evaluation applied to designed transfer/storage cask for TRIGA INR 
spent fuel (a mandatory step in preparing the documentation required for cask authorisation) 
was performed. 
For TRIGA LEU (20 wt% 235U) fuel two irradiation scenarios were considered, according to 
TRIGA 14 MW SSR security report and operation experience. Spent fuel parameters have 
been estimated both at the End of Irradiation (EOI) and during cooling period (after 2 years of 
cooling – the standard cooling period, and after 5 years of cooling) and IRRAD_2 against 
IRRAD_1 case comparison has been performed.  
Spent fuel relative differences in activity were: a) cladding: 4.5% (EOI), 22% (after cooling); 
b) actinides: 4% (EOI), 44-43% (after cooling) keeping a very slowly decreasing trend; c) 
fission products:-1.2% (EOI), 6.3% (after 120 days of cooling), 12.8% (after 365 days of 
cooling), 15.8% (after 2 years of cooling) and reach 20.4% (after 5 years of cooling) on a 
rather rapidly increasing trend. 
Spent fuel relative differences in thermal power were: a) cladding: 4.8% (EOI), 22% (after 



cooling); b) actinides: 4% (EOI), 54-40% (after cooling) on a slowly decreasing trend; c) 
fission products:-1.7% (EOI), 6.3% (after 120 days of cooling), 13.2% (after 365 days of 
cooling), 17% (after 2 years of cooling) and reach 22.4% (after 5 years of cooling) on a rather 
rapidly increasing trend. 
Spent fuel relative differences in gamma energy were: a) cladding: 4.8% (EOI), 22% (after 
cooling); b) actinides: 5% (EOI), 52-44% (after cooling) on a slowly decreasing trend; c) 
fission products:-1.8% (EOI), 3% (after 120 days of cooling), 17% (after 365 days of cooling), 
27.6% (after 2 years of cooling) on a rapidly increasing trend till about 28.2% (after 900 days 
of cooling) followed by a very slowly decrease and reach 27.2% (after 5 years of cooling). 
Comparatively with IRRAD_1, IRRAD_2 implies reaching of a higher fuel burn-up for a longer 
residence time, but on a lower specific power, that leads to a 16.23% increasing in fission 
products mass (520 g/ass for IRRAD_2 comparatively with 432.1 g/ass for IRRAD_1). 
For the transfer/storage cask shielding analysis, two different cases were considered, 
LOAD_1 and LOAD_2, respectively, the main difference residing in TRIGA fuel elements 
loading. Neutron and photon dose rates have been estimated at the cask wall surface and in 
air, at different distances from the cask wall, for the considered loading cases, taking into 
account both 2 and 5 years of cooling. Estimated neutron and photon dose rates comparison 
was performed both for fuel irradiation and fuel loading cases. 
Fuel irradiation comparison leads to the following relative differences: i) neutron dose rates: 
61% (2 years of cooling) and 58% (5 years of cooling); ii) photon dose rates: 14% (2 years of 
cooling) and 21% (5 years of cooling). 
Fuel loading comparison leads to the following relative differences: i) neutron dose rates: 
15% (IRRAD_1) and 19% (IRRAD_2); ii) photon dose rates: 84% (IRRAD_1) and 83% 
(IRRAD_2). 
Comparatively with the values estimated at cask wall surface, neutron dose rates decreases 
by 92% at 1m in air, 97% at 2 m in air and 99% at 4 m in air, respectively. As regarding the 
photon dose rates, comparatively with the values estimated at cask wall surface, the 
decreasing is by 84% at 1 m in air, 95% at 2 m in air and 98.5% at 4 m in air. 
The photon dose rates for both fuel loading working cases were below regulatory limits. 
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The IR-8 pool type research reactor up to 8 MW power was commissioned in 
1981 for carrying out fundamental and applied researches in various areas 
of science and technique. The IR-8 reactor was developed to replace the 
IRT-M reactor (the IRT reactor originally built in 1957 and modernized in 
1965 and 1971). The IR-8 reactor design was founded on application 
developed by then new IRT-3M fuel assemblies (FA), having two times as 
great heat transfer surface and 1.75 times higher 235U load than the IRT-2M 
FA, which were used in IRT-M reactor. The reactor is currently operating 
with HEU (90% 235U enrichment) fuel of Russian origin. 
 
The GTRI-Reactor Conversion program develops the technical means to 
enable the conversion of research reactors to the use of LEU fuel. Currently, 
Implementing Agreement between the Rosatom State Corporation for 
Atomic Energy and the Department of Energy of the United States of 
America Regarding Cooperation in Conducting Feasibility Studies of the 
Conversion of Russian Research Reactors for the use of low enriched 
uranium fuel, was reached. NRC «Kurchatov Institute» began to study the 
feasibility of conversion of the IR-8 reactor from HEU to LEU (19.7% U235 
enrichment) fuel. The initial step is to perform analysis sufficient to determine 
whether conversion from HEU to LEU fuel is feasible. This work is funded by 
U.S. Department of Energy. Argonne National Laboratory provides analytical 
support to the work in the performance of the analysis tasks for analysis 
verification purposes. 

 
1.  The IR-8 research reactor 
 
The IR-8 research reactor of National Research Center «Kurchatov Institute» is high 
efficiency neutron source and is intensive used for fundamental and applied researches. The 
IR-8 [1] is research pool type reactor of 8 MW power. It use light water as moderator, coolant 
and top shield. The IR-8 core (fig. 1) consists from 16 IRT-3M  FA with tubular elements of 
square cross section (fig. 2). The fuel is UO2 90% enrichment. The core and beryllium 
reflector are placed in the vessel (fig. 3) on the supporting grid near bottom of the pool 11 m 
depth (fig.4). The 13 rods with boron carbide absorber are used as control rods of CPS. 
There are 13 horizontal experimental channels (beam tubes) at the reactor, in which the 
experiments in nanotechnology, radiation material science, solid state physics, nuclear 
physics and biological medicine are fulfilled. The IR-8 reactor construction provides 
possibility of installation of many vertical experimental channels (VEC) in which 
investigations in radiation material science and radiation solid state physics are fulfilled. 
Presently the reactor operates up to 6 MW power. Main parameters of the IR-8 reactor with 
ampoule rigs in the reflector are presented in the table [2]. 
 
2.    Scheduled content of feasibility studies  
 
NRC «Kurchatov Institute» has begun the feasibility studies for the conversion of the IR-8 
reactor to LEU fuel (19.7% 235U enrichment). The initial step is to perform analysis to 
determine whether conversion from HEU to LEU fuel is feasible. 
The technical tasks cover: 

 description of the reactor for calculation analysis; 
 creation of calculation models and calculation analysis performance; 
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1 – 6-tube IRT-3M FA;  
2 – 6-tube IRT-3M FA with 
safety rod (АЗ);  
3 – 6-tube IRT-3M FA with shim 
rod (РР);  
4 – 4-tube IRT-3M FA with 
ampoule rig (AR);  
5 – beryllium block 69×69 mm 
with AR; 
6 – beryllium block 69×69 mm; 
7 – beryllium block;  
8 – beryllium block 69×69 mm 
with automatic regulating rod 
(АР);  
9 – beryllium block with hole 48 
mm dia and Al tube 45х1,5 mm 
dia with water;  
10 – beryllium blocks with plugs 
44 mm dia;  
11 – led shield;  
12 – beam tubes;  
13 – holes for experimental 
channels 25 and 45 mm;  
14 – reactor vessel;  
15 – channel with rig for 
structure materials irradiation.  

 
Fig. 1.   Cross section of IRT-3M core and reflector:

 
 

 
 
 
 
 
1 – fuel elements;  
2 – channel of the 
      CPS rod;  
3 – CPS rod 

 

  

Fig. 2. Cross section of IRT-3M FA with the CPS rod: 

Fig. 3. The reactor vessel with the supporting grid Fig. 4. The reactor tank 
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Reactor power, MW 6.0 
FA number in the core 16 
Core volume, l 47.4 
U mass in the reactor load with fresh FA, kg 4.35 
Max. reactivity margin by partial reloading regime, %Δk/k  12.0 
Total reactivity worth of controlled rods, %Δk/k: 
- safety (АЗ) 
- shim (РР) and automatic regulating (АР) 

 
4.6 

26.3 
Max. neutron flux with AR in reflector , n/cm2·s:  

- thermal in the core 
- thermal on the beam tube end face 
- thermal in a VEC 
- fast (Е>0,5 МeV) in AR (6-4 cell) 

1.2·1014 
9.9·1013 
4.8·1013 
2.3·1013 

Coolant flow rate through reactor, m3/h 750 
Coolant velocity in FA gaps (average), m/s 2.4 
Coolant pressure at core inlet, MPa 0.186 
Pressure drop on the core, MPa 0.216 
Coolant temperature at core inlet, °C до 50 
Coolant temperature rise in the reactor, °C 6.9 
Heat flux at fuel element surface, kW/m2:  
− average 246 
− maximal 600 
Maximal calculating temperature, °C:  
− at fuel element surface 98 
− inside fuel meat 100 

Table 1:  Main parameters of the IR-8 reactor 

 determination of HEU and LEU core characteristics, both nuclear and thermal-hydraulic;  
 evaluation of conversion feasibility. 

 
2.1  HEU Core Characterization 
 
2.1.1  Neutronics parameters 
 
NRC-KI is to create a detailed neutronics model of the IR-8 reactor  with HEU fuel and 
determine the parameters listed below for some reference time in the reactor operation:  

 average yearly operation time for the reactor; 
 number of FA used per year; 
 power distribution (radial, azimuthal, and axial) in fuel in sufficient detail for input to 

thermal-hydraulic calculations;  
 thermal power per fuel assembly;  
 thermal and fast flux at experiment positions;  
 excess reactivity;  
 shutdown margin;  
 control rod worths;  
 other characteristics to be important to continued reactor operation, testing, and research 

and development activities. 
The first two items in the list above should be used to determine if a full core conversion or a 
cycle-by-cycle conversion is to be recommended. 
 
2.1.2 Thermal hydraulics parameters 
 
NRC-KI is to create an HEU core thermal hydraulics model and determine the parameters 
listed below for the same reference time as used for neutronics analysis:  

 calculated coolant velocities;  
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 calculated power density distribution in separate fuel assemblies and elements with 
accounting for longitudinal and azimuthal peaking factors;  

 statement of computed values versus applicable reactor safety evaluation limits (for 
example, determination of maximum cladding temperature to provide safety margin with 
respect to ONB equal to 1.4 using Forster-Greif correlation);  

 other characteristics which are important to continue reactor operation, testing, and 
research and development activities. 

 
2.2  LEU Core Characterization 
 
NRC-KI is to consider an LEU version (19.7% enrichment in U235) of the present IR-8 fuel. It 
is necessary to create detailed neutronics and thermal-hydraulics models of the IR-8 reactor 
with the LEU fuel and is to consider the impact of the new LEU fuel design on the neutronic 
and thermal-hydraulic performance of the reactor. 
 
2.3   Evaluation of feasibility of conversion to LEU fuel 
 
Early in this task NRC-KI shall provide to ANL the LEU core description at the chosen 
reference time.  NRC-KI must also inform ANL if the LEU fuel design being considered and 
advise ANL if that design changes during the evaluation.  The deliverable at the end of this 
task is a description of the fuel design, all of the core neutronics, reactivity characteristics, 
thermal-hydraulics parameters stated for a complete core composed of this LEU fuel, and 
an evaluation of feasibility of conversion to this LEU fuel.   
 
3.  The ongoing status of the project  
 
3.1  IR-8 reactor description 
 
NRC-KI has already prepared IR-8 reactor description, which included all information 
necessary for creation detailed neutronics and thermal-hydraulics models to analyze the 
existing core with the HEU fuel.  
 
3.2  Codes 
 
For neutronics calculation the MCU-PTR code with its database MDBPTR50 is used. It was 
developed recently and realize the Monte Carlo method for solving the transport equations of 
(n, γ)-radiation [3]. The geometric module without the approximations of the code allows to 
describe the real geometry of structural elements of the reactor and its experimental facilities. 
Dynamic memory allocation removes restrictions on the reactor mathematical model. The 
change in the isotopic composition of materials in the reactor during its operation is taken 
into account. The organization of the last code version allows one to parallelize computations 
and perform calculations on supercomputers and personal computers with multicore 
processors. 
 
Program complex MCU Office [4] is a graphical interface for MCU program. Office provides 
complete control of the calculation system using two-dimensional sections and checking the 
correctness not only of geometry by viewing pictures and measuring distances, but also 
materials and other specific characteristics of geometric areas.  
 
For thermal-hydraulics calculation the ASTRA code [5] is used. It is intended for calculation 
of stationary cooling regimes of FA consisting from arbitrary number of tubular coaxial fuel 
elements, which are cooling by water. Each of fuel elements consist from meat, outer and 
inner claddings. The task considers small sector, which is cut out from hot side of assembly.  
The code determinates value of heat flux at external and internal surfaces of each element, 
water temperatures in gaps, maximal temperatures of meats, surface cladding temperatures 
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of each element and ONB temperatures. Also safety margins to ONB, to onset flow instability 
and to DNB are determinated. 
 
3.3  The equilibrium cycle 
 
It was decided to choose the beginning of equilibrium cycle as the reference time in the IR-8 
reactor operation. The neutronics calculations for modeling leading the IR-8 reactor with HEU 
fuel to equilibrium cycle have been begun. The IR-8 loading No 2010-05 (with or without AR 
in 6-4 cell) was chosen as the start configuration (fig. 5). 
The neutronics calculations for modeling the IR-8 reactor equilibrium cycle with HEU fuel  
have been begun. 

 
Fig. 5.  The configuration of IR-8 loading No 2010-05 

Legend  

6-tube FA IRT-3М 

6-tube FA IRT-3М with 
safety rod 

beryllium block with plug 

beryllium block with AR rod 

gamma-radiation shield 
with AR in 6-4 cell 
gamma-radiation shield 
with AR in 7-3 cell 
gamma-radiation shield for 
AR in 8-3 cell 
average burn-up U235 in 
FA, % 

 

 
3.4  Modeling of the IR-8 Reactor  
 
The set of full-scale geometrical models was created for calculations of equilibrium cycle 
various loadings of IR-8 reactor. Calculating geometrical models of FA within the reactor core 
are completely identical to sizes of IRT-3M FA (fig. 2). Other reactor model elements such as 
control rods of CPS, removable beryllium blocks, ampoule rigs, supporting grid, VEKs and 
beam tubes are completely identical to their real ones. Zones of top and bottom ends of the 
FAs and beryllium reflector are presented in homogeneous approach. The reactor model 
contains 30 layers of fuel height; in a layer each meat of fuel element has its own registration 
zone. All fuel is in 2880 registration zones. CPS rod’s absorber is divided into 900 zones 
(30x30). So total number of registration zones in the model is approximately 20000. 
The pictures of various sections of one of the IR-8 reactor calculating models, which have 
been got by code MCU Office, are presented on fig. 6, 7 and 8. 
 
3.5  Choice of LEU fuel 
 
A first suggested fuel for the conversion of IR-8 is the U-Mo IRT-3M fuel being developed in 
Russia, since the only changes from the present fuel (Fig. 2) is the thickness of the fuel meat 
material and fuel composition [6]. It is also possible to use FA-type IRT-4M (Fig. 9) with 
tubular fuel elements and UO2 fuel [6] with the increased concentration of uranium in the 
meat (now 3.0 g/cm3), which should be defined. Main parameters of the FAs are presented in 
table 2. 
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Fig. 6. Cross section of calculation geometrical  
model of IR-8 reactor with HECs 

 

Fig. 7.   Cross section of calculation geometrical 
model of IR-8 core and removable reflector  

Fig. 8. Longitudinal section of calculation 
geometrical  model of IR-8 reactor with  AR 
in 6-4 cell 

 
 

FA type IRT-4М IRT-3М 
Fuel UO2 – Al  U – 9%Mo 
Масса 235U  в ТВС, г 264 400 
Fuel element thickness, mm 1.6 1.4 
Meat:   
- thickness, mm 0.7 0.5 
-length, mm 600 
-uranium density, g/cm3 3.0 5.4 
Cladding material Al alloy  
FA heat-exchange surface, m2 1.38 

 

Table 2:  Main parameters of the IRT-3M and IRT-4M FAs 
with 19.7% 235U enrichment 

Fig. 9.  Cross section of IRT-
4M FA with the CPS rod 

 
4. Conclusion 
 
NRC KI has begun the feasibility studies for the conversion of the IR-8 reactor to LEU fuel 
(19.7% enrichment of 235U). The planned content of the feasibility studies and initial steps to 
perform an analysis are presented.  
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ABSTRACT 

In this paper the development of a model for the nuclear research reactor TRIGA Mark II 
operating at University of Pavia is presented. Purpose of the modeling is to reproduce the 
dynamic behavior of the reactor on the entire operative power range, i.e. 0÷250 kW. A zero 
dimensional approach is accounted for and the coupling between neutronics and thermal-
hydraulics in natural circulation is considered. The model has been validated through 
comparison with experimental data, concerning three different power transients. For 
neutronics, point reactor kinetics model with one energy group and six delayed neutron 
precursors groups has been adopted. The system reactivity can be modified moving the 
control rods, which allow the reactor to operate at different power levels. As far as thermal-
hydraulics is concerned, two regions have been defined, i.e. the fuel and the coolant. Heat 
exchange (convective and conductive) has been modeled by proper adoption of a global 
heat transfer coefficient. This has been considered as a function of coolant mass flow rate 
through the core to introduce the effects of natural circulation, evaluated using Boussinesque 
approximation for buoyancy effects. Neutronics and thermal-hydraulics are coupled together 
by means of fuel and moderator temperature feedback coefficients. The large thermal inertia 
due to the mass of water in the tank containing the reactor core causes temperature variation 
during transients to be very small. Therefore, moderator temperature feedback coefficient 
can be neglected. On the contrary, the fuel temperature coefficient strongly influences the 
dynamic behavior of the system and has been estimated making a best-fit between the 
model response and the experimental data regarding positive reactivity insertion in the 
system at three different power levels, i.e. 1 kW, 50 kW and 100 kW. The results obtained 
show that the fuel temperature coefficient is a monotonically increasing function of fuel 
temperature and its magnitude is in agreement with the values found in literature. The 
nonlinear system of 9 coupled ODE has been solved by means of Simulink® (The 
MathWorks, Inc. 2008a), which represents a reliable tool for dynamic and control analysis. 
The model reproduces the real behavior of the system in a very satisfying way: error on the 
power response simulation is less than 7% for the first transient and less than 1% for the 
other two transients. 

1. Introduction:                                                      
In this paper the nuclear research reactor TRIGA Mark II operating at University of Pavia is 
modeled adopting a zero dimensional approach, in order to reproduce the dynamic behavior 
of the reactor on the entire operative power range, i.e. 0÷250 kW. TRIGA Mark II is a nuclear 



research reactor widely used as non-power nuclear reactor in many applications, including 
production of radioisotopes, non-destructive testing, basic research on the properties of 
material and for education and training [1]. Both neutronics and thermal-hydraulics aspects 
are dealt with, via coupling the respective modeling blocks. Natural circulation flow is 
considered as concerns the reactor thermal-hydraulics. The model developed is validated 
through the comparison with experimental data collected on the site. The paper is organized 
as follows. In the following sections, the various physics involved (thermal-hydraulics, natural 
circulation, neutronics, reactivity) are treated; then the final equation system and its 
representation in the simulation environment are presented. Finally, the results of the model 
validation, carried out by using experimental measurements of typical transients, are 
discussed.    

2. Thermal-Hydraulics: 
The thermal-hydraulic principle takes into account the behavior of fuel and coolant 
considering the natural circulation. The zero dimensional approach is based on average 
temperatures of fuel and coolant which can be obtained by integrating the temperature fields ����, �� over their respective volumes. The behavior of fuel temperature is described by the 
following equation obtained by applying energy conservation equation to the fuel volume: 

 �	
	 �����  �� � ���	 � ��� 

 

(1) 

 

In the right hand side of previous equation, the term ���	 � ��� represents the heat 
exchanged with the coolant. Thus, the whole heat transfer process between fuel and coolant 
is lumped into the coefficient �. As far as the coolant is concerned, the energy balance must 
take into account the convective heat transfer due to natural circulation, which gives rise to a 
coolant mass flow rate Γ. The governing equation for the coolant can be written as:  
 

 ��
� �����  ��1 � �� � ���	 � ��� � Γ������� � ���� 

 

 

(2) 

In the above equation it is assumed that a fraction, �1 � ��, of the total power is produced in 
the coolant by gamma irradiation and neutron slowing down. The adoption of a point 
dimensional model requires an additional equation which relates the coolant outlet 
temperature to the average coolant temperature. A simplified relation can be expressed as: 
 
 

 ��  ����� 	� 	�1 � ���!"  (3) 
 

Since the model does not consider the entire primary circuit, the inlet coolant temperature is 
assumed as a system input. Substituting equation (3) in (2), the differential equation 
describing the coolant temperature can be written as: 
 

 ��
� �����  ��1 � �� � ���	 � ��� � Γ��� ��� � ����
 

 

(4) 

 

It is possible to define the fuel and moderator time constant, which summarize their dynamic 
behaviors: 
 #	  
���� 						 																				#�  
����  

 

Finally, rearranging the previous two energy balance equations, the state variables ��� 	, �	� 
of the thermal-hydraulic model can be described by the following two coupled ordinary 
differential equations (ODE): 
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(5) 



3. Natural Circulation: 
The coolant temperature gradient between core inlet and outlet sections causes a buoyancy 
force which drives the fluid upward through the reactor core. When the driving pressure due 
to the buoyancy force equalizes the total pressure drop, an equilibrium flow rate is reached. 
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(6) 

 
The total pressure losses depend on the mass flow rate and they can be described according 
to the following relation [2]: 
 

 ∆)	  67Γ7
 (7) 

 

In steady-state ∆)*  ∆)	, therefore it is possible to write the following equation [3]: 
 

 �3�� � 3����45  67 ∙ Γ7
 (8) 

 

During normal reactor operation, the temperature difference between inlet and outlet sections 
can be assumed less than 10°C. Within this small ra nge, the water density is well described 
by Boussinesque approximation [4] and the coolant density variation can be linearly related 
to the temperature difference as: 
 

 �3�� � 3����  3��9����� � ����
 (9) 

 

From previous two equations and reminding the mean coolant temperature definition, it is 
possible to relate the coolant mass flow rate to the difference between the system state 
variable �� and the system input ���, as: 
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(10) 

 

4. Neutronics: 
Neutronics has been described adopting point reactor kinetics model [5], with one energy 
group and six delayed neutron precursors groups. If we indicate with ";  and ��; the 
stationary neutron number and the stationary precursor number for critical reactor (<  0) at 
nominal power �;, we can introduce the following normalized variables for neutrons and 
precursors respectively: 
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(11) 

 

Being the mean neutron generation time defined as: 
 

 Λ  1C 

 

(12) 

 

and system reactivity as: 
 

 <  C � 1C  

 

(13) 

 

the balance equations for the number of neutrons "��� and precursors ����� can be written in 
terms of the new variables > and ?� as: 
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The system reactivity < can be modified by moving the control rods which represent an 
external reactivity source and allow the reactor to operate at different power levels. The 
reactivity can also be subject to variations due to i) fuel burnup, ii) production of fission 
products with high neutron absorption cross section (poisoning) and iii) fuel temperature 
changes (Doppler effect and density change). Thus, the point reactor kinetic model is 
represented by a non linear system of seven coupled ODE. The system input is the reactivity <, while the system output is the system state vector itself, given by the values assumed by  �>, ?��.  
 
5. Reactivity Model: 
System reactivity <��� can be expressed as the sum of two contributions [6]: <���  	 <JK���� 	 �	 <	��� 

where <JK����	 represents the reactivity due to control rod motion and <	���	represents the 
reactivity due to feedbacks, which are function of the reactor power level. The reactivity is 
measured with respect to steady-state power level �;	for which, as mentioned above, <  0, 
thus the system reactivity can be written as: 
 

 <  6L∆,MN 	 � 	 6���� � ��;� 	� 	6	��	 � �	;� (15) 
 

where  

∆,MN  ,MN 	 � 	,MN; 

is the extraction height of a control rod measured from the critical position ,MN;  and 6L is the 
rod coefficient. The feedback term <	 represents the coupling term between the neutronics 
and thermo-hydraulics by means of the fuel and moderator temperature coefficients, i.e. 6� 
and 6	. 
 
6. Coupled model: 
The behavior of the whole reactor can be described by coupling the thermal-hydraulic model 
(section 2) and the neutronic model (section 4). The governing equations of the whole 
system can be summarized as follows: 
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(16) 

 
The above equation system can be rewritten in the following compact form 
 
 PQR  ��Q, ��-  4�Q, �� 
 



where Q (system state), � (system input) and - (system output) read 
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Symbol Quantity 

 
Value ���; stationary core inlet water temperature 20 °C 3��; stationary density of inlet water 998.23 kg/m3 �� moderator specific heat capacity 4185 J·kg¯¹K¯¹ 9 moderator thermal expansion coefficient 245 ·10-6 °C -1 
� coolant total mass 22.57 kg 4 gravitational acceleration  9.81 m·s¯² 5 core height 0.7224 m 67 factor for friction along core channel 0.1287 kg¯¹m¯¹ � weighting factor for computation of moderator temperature 0.5 � fraction of power deposited in the fuel 1 Λ mean neutron generation time 60 µs D delayed neutron fraction 730 ·10-6 ∆k/k 

 
 

Group ]^/] 
 

`^ [s-1] 

1 0.042 3.01 
2 0.115 1.14 
3 0.395 0.301 
4 0.196 0.111 
5 0.219 0.0305 
6 0.033 0.0124 

 
Table 1: Model parameters independent on system state. 

 
 

7. Simulation Results and Validation process: 
Purpose of this section is to prove the reliability and the flexibility of the zero-dimensional 
dynamic model of the TRIGA reactor core.  
 

 
Figure 1. Simulink representation of reactor core model. In red are represented system inputs, i.e. ��� 
and ∆,MN, while in orange are represented system outputs, i.e. >, ?� , ��, �	, Γ and ����. 
 
The non-linear system of 9 differential equations (16) simulates the behavior of the reactor 
core model coupling neutronics and thermal-hydraulics by means of feedback temperature 
coefficients. It has been solved with Simulink® environment [7], which gives a representation 



of the several system parts in terms of block diagrams, allowing an immediate insight of how 
the various parts interact with each other (Figure 1). 
The developed model has been validated through the comparison with experimental data 
collected on the site, concerning three different power transients at 1 kW, 50 kW and 100 
kW. The model reproduces the real behavior of the system in a very satisfying way: error on 
the power response simulation is less than 7% for the first transient and less than 1% for the 
other two transients. 

 

 

 

 
Figure 2. Results of the validation process: from left to right, the simulation results for the different 
power transients, i.e. 1 kW, 50 kW, 100 kW, are presented.    
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Model 0-D (Simulink)

0 50 100 150 200 250
4.5

5

5.5

6

6.5

7

7.5

8

8.5
x 10

4

Time [s]

R
ea

ct
or

 P
ow

er
 [

W
]

 

 

Experimental data
Model 0-D (Simulink)

0 50 100 150 200 250
0.9

1

1.1

1.2

1.3

1.4

1.5

1.6
x 10

5

Time [s]

R
ea

ct
or

 P
ow

er
 [W

]

 

 

Experimental data
Model 0-D (Simulink)



The positive reactivity insertion within a critical multiplying system causes an exponential 
increase of its power, which leads to a system temperature increase and consequently to a 
negative reactivity insertion by the temperature reactivity coefficients 6� and 6	. The 
transient ends when the system reactivity, which is the sum of external and feedback 
reactivities, becomes zero. If the coolant temperature does not change significantly, the 
coolant reactivity coefficient 6� can be neglected. An analytical calculation of 6	 is very 
complicated and no experimental measurements of 6	 have been performed. Therefore this 
parameter is estimated by making a best-fit between the model responses and the 
experimental data sampled during the reactivity insertion at the three different power levels, 
i.e. 1 kW, 50 kW and 100 kW.  
Following this procedure, in the first transient a value of -7.8 pcm/°C has been estimated for 
the fuel temperature reactivity coefficient 6	. This value can be assigned to 6	  within the 
temperature range 21.7a45.9 °C, which is the temperature range experienced  by the fuel 
during the transient. Similarly, in the other two transients the values founded of -8.5 pcm/°C 
at 50 kW and -9.1 pcm/°C at 100 kW are assigned to 6	 within the respective transient 
temperature ranges of 56a69.5 °C and 82.8 a98.4 °C. To take this change in the value of 6	 
into account, the model uses a Look-Up table that is calibrated with the previously calculated 
values of 6	. 

 
Figure 3. Look-Up Table characteristic implemented within model. 

 
8. Conclusions: 
 

In this paper the characteristics of the research reactor TRIGA Mark II operating at University 
of Pavia (L.E.N.A.) have been described. A zero dimensional reactor model has been 
developed to simulate the neutron kinetics coupled with thermal-hydraulics of reactor core, 
considering the natural circulation. The model developed has been validated through 
comparison with experimental data collected at LENA: the model accurately reproduces the 
behavior of the reactor within the entire operating power range (0÷250 kW). The results of 
model validation have showed good accordance between model predictions and the 
experimental measurements as the discrepancies observed are less than 7%. The small 
discrepancies observed could be explained by the several physical simplifications made 
during the development of the mathematical model as the incorporation of Boussinesque 
approximation, the assumption of material properties to be independent on temperature and 
the Dittus-Boelter correlation used for heat transfer computation. Finally, it is possible to 
conclude that the simple zero dimensional model developed is capable to reproduce the 
dynamic behavior of TRIGA reactor core at different power levels. The validation by means 
of experimental data allowed to highlight the key parameters that influence model responses. 
This description of the plant constitutes a reliable base to develop the control system for this 
kind of reactors.  
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 NOMENCLATURE 
 �	 fuel specific heat [J·kg¯¹K¯¹] �� coolant specific heat [J·kg¯¹K¯¹] � fractional power produced within fuel [-] 4 gravitational acceleration [m·s¯²] C multiplication factor [-] � overall heat transfer coefficient between fuel and coolant [W/°C]  1 neutron lifetime [s]  5 core heigth [m] 
	 total mass of fuel within the core [kg] 
� mass of coolant within the core in active region [kg] � thermal power generated within core volume by fission [W] �	 average fuel temperature [K] ��� core inlet coolant temperature [K] �� average coolant temperature [K] ���� core outlet coolant temperature [K] 9 volumetric thermal expansion coefficient of water [°C ¯¹] � weight factor [-] 

 

 GREEK SYMBOLS 
 D� delayed neutron fraction for i-th group [-] D total delayed neutron fraction [-] 3�� water density at inlet section [kg·m¯³] 3��� water density at outlet section [kg·m¯³] Γ mass flow rate through the core [kg·s¯¹] I� decay constant for the i-th group [s¯¹] 
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ABSTRACT 

 

Nuclear Medicine applications in Brazil have been widely growing in the past few 
decades, following the world trends. Procedures in oncology and cardiology can be 
highlighted among its major contributions. Nowadays more than 80% of diagnosis 
procedures are performed with 

99m
Tc, readily available from the elution of 

99
Mo-

99m
Tc generators. The Brazilian demand, attended solely by IPEN-CNEN/SP, 

reaches out more than 320 generators per week with a total activity of about 16.7 
TBq (450 Ci), which corresponds to 4% of the overall 

99
Mo global demand at an 

importation cost of US$20 million/year, most of it from Canada.  The recent 
99

Mo 
supply crisis deeply affected the distribution of generators in Brazil. A short term 
solution was achieved with the purchase of 

99
Mo from Argentine and more recently 

from South Africa and also the distribution of generators produced by IBA and 
Israel. Mid term and long term projects are under way aiming the nationalization of 
the production of 

99
Mo. Both solutions will use the recently approved new Brazilian 

Multipurpose Reactor (BMR) that will be built near Sao Paulo city and will have a 
30 MW power. The mid term project consists on the production of (n,γ) 

99
Mo and 

distribution of 
99m

Tc and monodoses of radiopharmaceuticals labelled with 
99m

Tc to 
hospitals near Sao Paulo. The long term project deals with the production of 

99
Mo 

through the fission of 
235

U using LEU targets. This work describes the efforts taken 
by IPEN-CNEN/SP to overcome the recent 

99
Mo supply crisis and an up-to-date on 

the projects aiming the nationalization of the 
99

Mo production.  
 

1. Introduction 
 
Technetium-99m (99mTc) is the workhorse of diagnostic nuclear medicine and used for 
approximately 20–25 million procedures annually, comprising nearly 80% of all diagnostic 
nuclear medicine procedures(1). Its excellent nuclear and chemical characteristics enable 
high quality images with low radiation doses to patients and make it very versatile for 
attaching to different chemical substances. Nuclear Medicine applications in Brazil have 
been widely growing in the past few decades, following the world trends. 
99mTc (half life: 6 h) is produced by the decay of molybdenum-99 (99Mo) (half life: 66 h) and 
supplied via a 99Mo-99mTc generator. 
The Brazilian demand, attended solely by IPEN-CNEN/SP, reaches out more than 320 
generators per week with a total activity of about 16.7 TBq (450 Ci), which corresponds to 
4% of the overall 99Mo global demand at an importation cost of US$20 million/year, most of it 
from Nordion, Canada.  These figures are representative of the situation up to 2009. 
The main route to produce 99Mo is by fissioning highly enriched uranium (HEU in 235U) and 
today, the world's supply of 99Mo is centered on five large research reactor operations. The 
reactors are aging over 40 years old and, recently, have been unreliable due to closures for 
repairs of leaks, leading to an unstable supply of this important radionuclide. 



In particular, the shutdown of the NRU reactor has triggered a global shortage in nuclear 
medical isotopes, which has made the situation particularly problematic from a medical 
standpoint(2). This recent 99Mo ‘crisis’ deeply affected the distribution of generators in Brazil. 
This work describes the efforts taken by IPEN-CNEN/SP to overcome the recent 99Mo supply 
shortage and an up-to-date on the projects aiming the nationalization of the 99Mo production.  
 
2. Methods 
 
The Radiopharmacy Center of IPEN-CNEN/SP has an established radioisotope production 
program to supply radiopharmaceuticals to the Nuclear Medicine community in Brazil. 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 4.0 MW for 64 hours continuously. 
The strategies for overcoming the 99Mo shortage are splitted in 3 categories: short, mid and 
long term projects. 
Mid term and long term projects are under way aiming the nationalization of the production of 
99Mo. Both solutions will use the recently approved new Brazilian Multipurpose Reactor 
(BMR) that will be built near São Paulo city and will have a 30 MW power. 
 
2.1. Short term project 
 
A short term solution was achieved with the purchase of 99Mo from Argentina and more 
recently from South Africa and also the distribution of generators produced by Belgium (IBA) 
and Israel. 
 
2.2. Mid term project 
 
The mid term project consists on the production of (n,γ) 99Mo and distribution of 99mTc and 
monodoses of radiopharmaceuticals labelled with 99mTc to hospitals near Sao Paulo. The 
idea is to separate 99mTc from 99Mo through the solvent extraction technique with 
metilethylketone (MEK) or the combined technique, so-called extraction chromatography 
using basic alumina with absorbed MEK. The 99mTc will then be distributed to the clinics near 
IPEN, in Sao Paulo city, and later monodoses will be prepared by labeling the lyophilized kits 
with 99mTc. 
Figure 1 represents the mid term strategies for the production of 99Mo via neutronic activation 
based on early experiences. Future perspectives on the development of mid term actions 
would be mainly dependent on the new configuration of IEA-R1m Nuclear Reactor (i.e, if the 
reactor power is upgraded from 4.0 MW to 5 MW) and also the use of the new Reactor.    
 
 
 
 
 
 
 
 
 
 
 

 
Fig 1. Mid term strategies for the production of 99Mo and distribution of 99mTc. 

 
 
 



2.3. Long term project: new Brazilian Multipurpose Reactor (BMR) 
  
The long term project deals with the production of 99Mo through the fission of 235U using LEU 
targets. Due to the international concerns about the proliferation of weapons-usable uranium 
and eventually eliminating the use of HEU (>20%) the International Atomic Energy Agency 
(IAEA) initiated a program of developing techniques for production of 99Mo using low 
enriched uranium (LEU)(3). The substitution of HEU to LEU requires a modified technology. 
The approach to be adopted by IPEN would be largely dependent on the reactor features 
and the economic viability of the process employed. Figure 2 shows the strategies for the 
production of 99Mo through the fission of 235U. Two different approaches are being studied, 
the more conventional basic dissolution of UAlx targets and the modified Cintichem method 
that employs the acid dissolution of metallic U targets. This last method is being promoted by 
IAEA through the CRP: T1 2018 - Developing Techniques for Small Scale Indigenous 
Molybdenum-99 Production  Using Low Enriched Uranium (LEU) Fission or Neutron 
Activation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Long term alternatives for the production of 99Mo and distribution of 99mTc via LE235U in 

the BMR. 
 
 
3. Results 
 
3.1. Short term project 
 
Figure 3 shows the demand of 99Mo in Brazil for the past few years. It is clear the effects of 
the crisis in 2010. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. Demand of 99Mo in Brazil (2004-2010) 
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In 2009, actions have been taken to overcome the shortage of 99Mo supply by the main 
Brazilian supplier (MDS Nordion). The straight forward short term action included the 
purchase of 99Mo from Argentina and South Africa and also the distribution of 99Mo/99mTc 
generators from Israel and Belgium (IBA). Besides, an adequacy of the Brazilian market (i.e., 
from 450 Ci 99Mo/week to nearly 360 Ci/week) took place. A change of trend happened; 
there was a higher demand for low activity generators compared to the pre-crisis higher 
demand for high activity generators. Another interesting point was that the nuclear medicine 
physicians started to employ less 99mTc activity in the exams, leading to a better use of the 
generators. Figure 4 shows the current scenario of 99Mo-99mTc generators distribution in 
Brazil. 
  
 

g 3. 
 
 
 
 
 

 
 
 
 
 

Fig 4. Distribution of 99mTc generators (jan-apr 2010). 
 
 
3.2. Mid term project  
 
In the past, IPEN has developed the route for producing 99Mo by neutron activation of Mo 
targets in the IEA-R1m Research Reactor through the 98Mo(n,γ)99Mo reaction and developed 
the MoZr gel generator technology. This technology is limited so the mid term project will 
employ the solvent extraction principle. Experiments are under way and both the solvent 
extraction of 99mTc with MEK and the extraction chromatography were studied and the 
preliminary results showed a better behavior for the chromatography technique with a yield of 
more than 85% for 99mTc with adequate purity for posterior labeling. 

 
3.3. Long term project: new Brazilian Multipurpose Reactor (BMR) 
 
Due to the increasing needs of the nuclear medicine in Brazil and the world shortage of 99Mo 
observed since 2008, IPEN decided to develop its skills for producing 99Mo through the route 
of 235U fission. This decision was based on: (i) the well established laboratory for producing 
99mTc generators already in operation in IPEN and responsible for the Brazilian market 
supply; (ii) the availability of LEU (20 wt%) by the Brazilian Enrichment Laboratory; (iii) the 
established capacity to prepare targets of UAlx; (iv) the availability of some human resources 
in uranium chemistry; (v) the possibility of operating the IEA-R1 for at least ten years more; 
and (vi) the recent intention of the CNEN to construct a new research reactor (BMR).  
Studies are under way on both routes, i.e., the basic dissolution of UAlx targets and acid 
dissolution of metallic U targets, always using LEU targets. 
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4. Conclusions 
 
Several actions have been taken to overcome the 99Mo supply crisis and also to underline 
the efforts towards the nationalization of 99Mo production. The long term project is only 
possible with the construction and operation of the new Reactor, the BMR. 
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ABSTRACT 
 

The nuclear reactor AGN-201 named “Costanza”, installed at the Nuclear Engineering 
Section of the Department of Energy of the University of Palermo, is a “zero power” 
research reactor designed to be mainly used for education purposes as well as for 
research applications, such as activation analysis and irradiation tests, and last, but not 
the least, for radionuclide production to be used in nuclear medical applications. Due to 
its intrinsic safety and low margin of reactivity (less than 350 p.c.m.) so as to the absence 
of start-up and shut-down time limits, it represents a useful training tool for operators, too.  
This paper reports some of the activities carried out within the framework of reactor 
operator training, which highlight the simplicity of control of AGN-201 reactor, its intrinsic 
safety and its overall versatility as a valuable tool for training and education in various 
fields of nuclear engineering.  

 
 

1. Introduction 
The AGN-201 is a small and compact “zero power” nuclear research reactor designed and 
produced by Aerojet General Nucleonics (San Ramon, California) to be used in education, 
research, medical diagnosis and industrial process control.  
As far as education is concerned, the reactor can be adopted to demonstrate both the steady 
state and dynamic behavior of reactor systems, being suitable to be used in a first step 
training of reactor operators. In fact, the trainee can acquire the feel of typical reactor 
controls as well as the basic skill and knowledge that will prepare him for operation of larger 
reactors as confirmed by experience of several years. This task is particularly favored 
because of the reactor intrinsic safety that allows any student to experience a direct 
approach to the typical reactor operating procedures without restrictions, unless the 
intervention of safety devices. The training methodology has been recently checked within 
the framework of ICARO Erasmus Intensive Program promoted in 2010 by the CHERNE 
(Cooperation in Higher Education on Radiological and Nuclear Engineering ) open European 
academic network. In particular, some experimental tests typically foreseen for operators 
training were carried out by 28 European students with good results. 
After a brief reactor description, education methodologies for training of operators and 
students are described.  
 

2. The AGN-201 COSTANZA nuclear research reactor  
The AGN-201 “COSTANZA” nuclear research reactor was conceived especially for 
applications in which high thermal neutron flux was not primarily needed but low cost, safety, 
portability, quite long operative life and high sensitivity were required.  
Concerning education applications, AGN-201 reactor may be adopted to let trainees and 
students acquire a direct feeling of the pivotal phenomena characterizing nuclear reactor 
steady state and dynamic behavior. With respect to research, AGN–201 may be used for the 
production of radioactive isotopes, for activation analysis, testing and calibration of nuclear 
instruments, pile oscillator testing and as a controlled neutron and gamma source for the 
investigation of their effects on some organic and inorganic specimens.  
It operates typically at a power level of 5 W corresponding to a thermal-neutron flux of ~ 
2.25·108 n/cm2 s, but it is licensed to operate up to 20 W continuously for 8 hours a day for 
five days in a week. Moreover, power levels up to 200 W are allowed, provided that the total 



energy released during each working session is limited to 20 Wh. Table 1 summarizes the 
main AGN-201 reactor features, further details may be found in [1-3], some of them being 
shown in Fig. 1 (left). 
 

Type Homogeneous 

Core 
Right circular cylindrical core 25.7 cm in diameter and 24.13 cm in 
height formed by 9 disks of a homogeneous mixture of Uranium in 
polyethylene for a total volume of ~ 12000 cm

3
 

Thermal neutron flux  Up to 1⋅10
9
 cm

-2
 s

-1
 at 20 W 

Fuel 
Uranium dioxide 20% enriched in 

235
U for an overall fissile mass of 

659.18 g. Impregnation density of 
235

U within the mixture amounts to ~ 
56 mg/cm

3
 

Moderator  Polyethylene 

Reflector  
Core totally reflected by a 20 cm thick layer of high-density graphite 
(1.70 g cm

-3
)  

Core tank  
Tank made by a 2 mm thick liner of commercial alloyed aluminum, 
sealed to avoid fission gases to escape 

Reactor shield  
Multi-layered shield articulated in a 10 cm thick lead shield for gammas, 
a 53 cm thick borated water shield for neutrons and a 75 cm thick 
biological, iron-laden concrete shield 

Core cooling  Natural circulation 

Control and safety 
Rods 

Active rods inserted from the bottom of the core 
2 Safety Rods (S1, S2), sharing the core composition, each one 
containing 14.2 g of UO2 and controlling at most 1200 p.c.m. of reactivity 
1 Coarse Rod (CR), sharing the core composition and controlling at 
most 1100 p.c.m 
1 Fine Rod (FR) composed of polyethylene and controlling ~ 170 p.c.m.  

Diagnostics 
2 proportional BF3 counters with different sensibility and 2 electrical 
compensated boron-lined ionization chambers 

Irradiation channels  
Horizontal “glory hole” (GH), 1.25 cm in diameter, passing through the 
core mid-plane 
4 access ports (AP) ~ 10 cm in diameter passing tangentially to the core 

Neutron source 
226

Ra-Be, 370 MBq 

Tab. 1 – Basic technical characteristics of AGN-201 reactor. 
 

The control system allows rod movement inside core to change reactor power level and it 
provides scrams initiated by power failure, an earthquake detector, a water-shielding-level 
detector, low-temperature detectors, power level monitors and the manual scram button.  
The control console (Figure 1) allows driving the d-c motors that insert both safety and 
control rods inside the core. Moreover, it permits monitoring the core dynamic by means of 
three independent measurement channels. The first channel receives signals from two 
proportional counters of different sensibility that can be switched accordingly to the power 
level. Both the second (linear) and the third (log) channel are connected to a compensated 
boron-lined ionization chamber [3]. 

                 
Fig. 1. Section of AGN-201 reactor (left) and control console (right).  



3. Training of operators  
The typical training program includes a demonstration of the start-up and shutdown 
transients, the reactor operation at a given power level, the use of measuring equipment and 
the conduction of experiences aiming to evaluate reactor parameters. The training strategy is 
to make the trainees aware of the basis of reactor physics and of nuclear measurements, 
instrumentation and controls.  
It is important that the trainee learns to use the measurement channels for assessing the 
stable period T, defined as the time kept by power to change of a factor e. The pertaining 
reactivity value can be evaluated by using also the graph of reactivity vs stable period 
supplied by the manufacturer (Fig. 2, left). In particular, it can be easily shown that the stable 
period can be quickly determined by means of a relation between values of ionization 
chamber currents I1 and I2 detected by the linear channel at time t1 and t2, respectively: 

( )
2 1

2 1

t t
T

ln I I

−
=  (1) 

All operations, start-up, approach to criticality, shut-down, rod and power calibration and so 
on are performed controlling measurement channels and eventually using equation (1). 
Since at a given super-critical condition the determination of the stable period T allows its 
corresponding value of reactivity to be assessed, in this way it is possible to get the 
calibration curves of CR and FR shown in Fig. 2 (at center and right, respectively).  
 

 
Fig. 2. Graph of stable period vs reactivity; CR and FR calibration curves. 

 

To improve the understanding of reactor physics, to learn to use neutron detectors and 
evaluate their response, several experiments are planned using different approaches or 
conditions. Among them, at least 10 experiments are typically performed for all levels of 
training:  

1) Basics of neutron detection with BF3 proportional counters 

2) Start-up, controlling and operation with nuclear reactor 

3) Control rods calibration 

4) Safety and control rods reactivity determination 

5) Approach to criticality and critical experiment 

6) Neutron activation analysis 

7) Production and activity determination of short-life radionuclides 

8) Reactivity temperature coefficient measurement 

9) Power level determination by gold or copper foils and cadmium-difference method 

10) Neutron flux distribution along GH with gold or copper wires. 

Each exercise is introduced by an explanatory note which recalls the basic physical 
principles, the quantities to be measured and the methodology to be followed. 
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ρ = 8.94 * x - 36.41
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4. Examples 
In this section operation and final schedules of experiments No. 4 and 8 are presented, as 
examples of training exercises.  
The aim of experiment No. 4 is to evaluate safety (S1 and S2) and coarse rod (CR) reactivity 
worth by means of a conventional Neutron Source Multiplication (NSM) Method [4]. The 
modification of NSM method proposed in [4] with the introduction of 3 correction factors is no 
significant for this type of reactor as demonstrated in [5]. The use of NSM method is easy, 
because only a source of neutrons (the same start-up source may be used in absence of a 
more active one) and a neutron detection system are needed. The results of the method 
depend on the relative source-detector position and it is good practice to place the detector 
in the opposite position with respect the core. The choice of the source position, at center of 
the core or in a position diametrically opposite to the detector, responds to the need to detect 
neutrons produced by the whole core and not only one part of it or, even less, directly 
deriving from the source. It possible to show that, in a sub-critical assembly, neutron counting 

C due to a source is related to reactivity ρ by the relation: 

ref
i ref

i

C

C
ρ = ρ  (2) 

where ρi is the reactivity related to ith subcritical state, ρref  is the one related to a reference 
subcritical state, Ci and Cref the neutron counting rate for the two state, respectively.  
Taking into account five possible configurations, we can define five reactivity values: 
 

ρ1=value corresponding to the configuration with the all the rods extracted;  

ρ2=value corresponding to the sub-critical condition with S1 rod inserted; 

ρ3=value relative to the start-up condition with S1 and S2 rods inserted; 

ρ4=value corresponding to the configuration with S1, S2 and x cm of CR inserted; 

ρ5=value corresponding to the configuration with S1, S2 and x+5 cm of CR inserted. 
 
Therefore, for the last two configurations it can be written that: 

5 4ρ = ρ + δ  (3) 

where δ is the reactivity associated to 5 cm of CR, typically deduced from a preliminary 
separate calibration procedure. In this way it is easy to calculate: 

( ) 4 5
5 4ref ref

5 4

C C
C

C C

 −
ρ = ρ − ρ  

 
 (4) 

Differences of successive ρi  permit to calculate the rod reactivity worth. For example: 

S1 2 1 ref ref

2 1

1 1
C

C C

 
ρ = ρ − ρ = ρ − 

 
 (5) 

and so on for the other rods. Fig. 3 (left) reports the summary of results and the 
determination of rods worth for a typical experiment.  
 
Experiment No. 8 is particularly useful to understand the relationship between reactivity and 

temperature and it aims at the evaluation of temperature coefficient of reactivity αθ=∆ρ /∆θ 

where ∆ρ is the reactivity variation due to the change ∆θ of the volume-averaged core 
temperature.  
At the beginning of the experiment, temperature is supposed uniformly distributed over the 
whole core, simply because it was not turned on for some days. Then, the reactor is quickly 
led at a power level P, high enough to allow a non-negligible core heating. The reactor is 
then perturbed typically inserting a certain length of FR, corresponding to a given amount of 

reactivity ∆ρ, which can be calculated by means of the calibration curve previously assessed. 
The reactor experiences a supercritical transient, as shown by the properly amplified 



variations in the linear channel readings reported in Fig. 3, until the increase in core 

averaged temperature, ∆θ, produces the insertion of a negative amount of reactivity that 
make power level to be reduced again to its initial value.  

Evaluating ∆θ by means of the transient solution to the thermal problem of an effective 
sphere whose volume is equivalent to the core’s one and which is subjected to the same 
heat power level P experienced by the core, the reactivity temperature coefficient may be 
easily obtained according to its definition. For further details see [1].  
 

 
 
Fig. 3.  Final reports of Experiment No.4 and No. 8 (left). Paper records of linear channel 

readings during the experiment No. 8 (right). 
 

5. Conclusions  
The training activity of operators and students allows them to acquire a good basic 
experience and to practice theoretical concepts studied during several educational courses.  
The AGN-201 reactor has proved itself to be well suited to this training activity allowing 
operators to easily become familiar with all operational procedures which can then be used in 
larger power reactors. 
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ABSTRACT 
 

 
To improve the in pile behavior of U(Mo) dispersion fuel, adding Si to the meat has 
proven to be beneficial to limit the unwanted interaction between the U(Mo) fuel  and 
the Al matrix and to improve the properties of the interaction phase. Currently, in 
several irradiation programs, Si is added to the Al matrix either as mixture or alloy 
element.  
However, recently SCK•CEN has succeeded to produce Si and ZrN coated U(Mo) 
particles. To investigate the influence of these coatings and the dispersion of the Si in 
the meat on the interaction between the U(Mo) and Al  of the matrix, out-of-pile studies 
have been performed on pressed coupons containing U(Mo) (coated and uncoated) 
particles dispersed in a Al(Si) matrix. 
 

1 Introduction	
 
A significant amount of effort and research has been directed towards stabilizing the U(Mo) in-
pile behavior in dispersion fuel plates. Recent developments focus on the addition of Si to the Al 
matrix of the fuel [1, 2, 3, 4]. It has been known since the initial use of Al clad metallic uranium 
fuel that the use of Si reduces the U-Al interaction [5]. Also diffusion couple experiments have 
led to similar conclusions [6, 7]. In out-of-pile experiments in which diffusion is thermally 
activated, the affinity of U for Si (larger negative heat of formation for silicides than for 
aluminides [8]) allows Si to reduce the interaction between U and Al.  In the in-pile situation, Si 
covalent bonds may reduce the amount of free volume in the amorphous U-Al(-Mo) interaction 
phase [9] and as such improve the properties of this phase that can be considered as a metallic 
glass. 
When Si is added to the Al matrix at room temperature, it will be mainly present in the form of 
precipitates because of its low solubility in Al. During the manufacturing of the fuel plates, some 
of the Si will be thermally transported from the matrix to the fuel kernel surfaces [1, 10, 4], 
producing pre-formed U-Mo-Al-Si layers around the fuel particles. To minimize the amount of Si 
to be added to the matrix and avoid having to apply special heat treatments to the fuel plates 
during fabrication, it would be advantageous to put the Si at the position where it is apparently 
needed, that is on the surface of the fuel kernel. A way to accomplish this is to coat U(Mo) 
powder with a pure silicon layer by means of physical vapor deposition. In 2008, SCK•CEN 
started the SELENIUM project "Surface Engineering of Low ENrIched Uranium-Molybdenum" 



which has as main goal applying coatings on spherical U(Mo) particles and using these in an 
irradiation experiment. Recently, coatings of ~300nm and ~600nm Si have been successfully 
applied on natural and low enriched U(Mo) powder. As an alternative diffusion barrier, a 
~1000nm thick ZrN layer is considered [11] and included in the study. 
An out-of-pile experiment on these coated fuel particles has been defined to observe the 
evolution of the microstructure and the stability of the coatings during thermal annealing.  

2 Experimental 
 
Spherical U7wt%Mo powder was fabricated by a centrifugal atomization method by KAERI.  
In the framework of the SELENIUM project, the STEPS&DRUMS ("Sputtering Tool for 
Enhancing Powder Surfaces" & "Deposition Reactor for Uranium based Model Surfaces") 
sputter deposition reactor [12], was used to deposit Si and ZrN layers on the U(Mo) powder. 
More details on the production of the coated particles can be found in [11]. Samples of each of 
these types of coated U(Mo) kernels were then mixed with pure Al powder (composition see 
table 1) and pressed into pellets using a manual hydraulic press, applying a force of 5 tons. 
As references, also uncoated U(Mo) particles were mixed with either pure Al, atomized Al-
5wt%Si (composition see table 1) or a mixture of pure Al and pure, fine (<25 µm) Si powder 
(5wt%). To study the separate effects, the U loading was kept low so individual particles can be 
considered to behave independently.  The mixtures are subsequently pressed into pellets using 
a manual hydraulic press, applying a force of 5 tons.   
 

 Al Si Fe Cu 
Pure Al 99.57 0.047 0.082 0.263 
Atomized Al5wt%Si 93.77 5.69 0.247 0.101 

Table 1 Chemical composition (main elements) of commercial Al alloys. 

Annealing tests of the dispersion fuel samples were carried out in vacuum sealed quartz tubes. 
The annealing temperatures are chosen to simulate to some degree  

1) the thermal component of the in-pile diffusion (340°C)  
2) the fabrication behavior (450°C).   
3) the enhanced diffusion due to fission product recoils (550°C) 

At the same time, they have been chosen at values where literature data exists for comparison 
[13]. Although only the true in-reactor behavior can provide final conclusions, the results of these 
out-of-pile tests provide some good indications on the expected behavior. Table 2 provides an 
overview of the experiment.  
 

Anneal T U(Mo) 
+ Al 

[U(Mo)]Si 
+Al 

[U(Mo)]Zr 
+Al 

U(Mo) 
+Al5wt%Si 

U(Mo) 
+Al+(5wt%)Si

340 °C 130 d 130 d 130 d 130 d 130 d 
450 °C 4 h 4 h 4 h 4 h 4 h 
550 °C 4 h 4 h 4 h 4 h 4 h 
550 °C 2 h 2 h 2 h 2 h 2 h 

Table 2 Annealing experiment of coated and uncoated U(Mo) particles dispersed in an Al or Al‐Si matrix 

After the thermal treatment, the pellets are removed from the capsules and cut in their 
longitudinal direction. One half of the pellet is embedded in epoxy resin and polished on 
successively finer grid finishing on cloth using 1µm diamond paste.  



The samples have been investigated with Optical Microscopy (TELATOM), Scanning electron 
Microscopy (JEOL 6310) and Electronprobe Microanalysis (Cameca SX100). 

The anneals at 340°C are still on-going.  Preliminary results of the other annealing temperatures 
are presented here. No major conclusions or extensive comparisons with literature data are 
drawn yet, since additional analyses are required to arrive at those. 

3 Results 

3.1 U(Mo) dispersed in an Al Matrix 

 
Figure 1 Microstructure of U(Mo) dispersed in a pure Al matrix, annealed at 550 °C for 4 hours. a) Secondary electron image 
covering a larger area b) and c) Al, Mo and U X‐ray map of a affected U(Mo) fuel kernel. 

As can be seen in figure 1a, after being submitted to a temperature of 550 °C for 4h, most of the 
U(Mo) fuel particles have reacted with the Al matrix. Looking at a more detailed image (fig. 1b,c), 
one can assume that the interaction between U(Mo) and Al has started uniformly around the 



kernel, creating a thick U-Mo-Al interaction layer. For other fuel kernels, Al has also penetrated 
into the kernel. It appears that the cell boundaries (typical for atomized U(Mo) and resulting from 
rapid solidification during cooling), which are depleted in Mo are the preferred diffusion pathways 
for Al. It has been shown [14] that, in the ternary system U-Mo/Al, the regions rich in Mo show a 
slower diffusion of Al.  
Quantitative point analysis in the different zones observed, show that the interaction between 
U(Mo) and Al results in a Al/U+Mo of ~ 1.4.  

 
Figure 2 Quantitative point analysis performed in the different zones. 

 
Figure 3 A quantitative linescan is taken to measure the interaction product. 

A quantitative linescan over an interaction layer (fig.3) gives a similar result : the average 
composition of the interaction product  is Al : 54 at%, U : 39 at% and Mo : 7 at%. 
 
The microstructure of the fuel particles after an anneal at 550 °C for 2h reveal similar results 
(fig.4). Most of the particles have already reacted with the matrix but not as extensive as after 4h 
at 550 °C. The quantitative linescan over a partially reacted fuel kernel gives an average 
composition of the interaction layer of 53 at% Al, 41 at% U and 6 at% Mo. This gives an 



Al/U+Mo ratio of ~1.1. 
 

Figure 4 Al, Mo and U X‐ray map of U(Mo) dispersed  in a pure Al matrix, annealed at 550  °C  for 2 hours. A quantitative 
linescan is taken to measure the interaction product. 

 
The X-ray maps and quantitative linescan over a fuel kernel in the pellet annealed at 450 °C for 
4h clearly show that no noticeable interaction occurred between the U(Mo) and Al matrix (fig.5). 
 
 
 
 
 
 
 
  



Figure 5 Al, Mo and U X‐ray map of U(Mo) dispersed in a pure Al matrix, annealed at 450 °C for 4 hours 

3.2 Si coated U(Mo) dispersed in an Al Matrix 

Figure 6 Si, Al and U X‐ray map of U(Mo) dispersed in a pure Al matrix, annealed at a) 550 °C for 4 hours b) 550 °C for 2 hours  
and c) 450 °C for 4 hours 

From figure 6 it is seen that the Si coating stayed relatively intact during the annealing test. Only a slight 
penetration of silicon into the fuel kernel, through the cell boundaries (depleted in Mo thus rich in U) is 
observed.  
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3.3 ZrN coated U(Mo) dispersed in an Al Matrix 
 

Figure 7 Zr, Al and U X‐ray map of U(Mo) dispersed in a pure Al matrix, annealed at a) 550 °C for 4 hours b) 550 °C for 2 hours  
and c) 450 °C for 4 hours 

As expected, the chemically inert ZrN layer has not interacted with the U(Mo) kernel or Al matrix 
and effectively plays its role as a diffusion barrier against Al or U diffusion. 

3.4 U(Mo) dispersed in an atomized Al5wt%Si Matrix 

Figure 8 Si, Al and U X‐ray map of U(Mo) dispersed in an atomized Al5wt%Si matrix a) before annealing b) annealed at 450 °C 
for 4 hours. 

The Al-Si mixture quenched during atomization forms a metastable solution (fig.8a) which 
precipitates in a finely dispersed way during thermal treatment (fig.8b).  

a 

b 



It is also observed in fig. 8b that at an annealing temperature of 450 °C, thermal transport of Si 
precipitates from the matrix to the fuel kernel has occurred. On the fuel kernel surface an Si-U-
Mo interaction layer has formed while a Si precipitate free zone (PFZ) is seen in the matrix, 
although the PFZ and the Si-U-Mo interaction layers are certainly not homogeneous in 
width/thickness.  
 
As expected, the PFZ becomes more pronounced at higher temperatures (fig. 9). At 550 °C (4h), 
the interaction between the fuel and the Si is extensive and thick interaction layer or even 
completely reacted fuel kernels are seen.  
 

 
Figure 9 Si, Al and U X‐ray map of U(Mo) dispersed in an atomized Al5wt%Si matrix annealed at 550 °C for 4 hours. 

From the detailed image of a partially reacted fuel kernel and the quantitative linescan it is seen 
that the fuel has not only reacted with Si but also with Al. Also from the linescan, the higher 
chemical affinity of Si for U, compared to Al, is clear. The increase in Si concentration and the 
lower Al concentration towards the center of the kernel indicate that Si diffuses more rapidly than 
Al.  
 
 



The composition of the interaction layer at the different interfaces (matrix/interaction layer and 
interaction layer/ fuel) is :  
 
 
 
 
 
 
 
Similar observations are made after heat treatment at 550 °C for 2h (fig.9). 
 

Figure 10 Si, Al and U X‐ray map of U(Mo) dispersed in an atomized Al5wt%Si matrix annealed at 550 °C for 2 hours. 

The composition of the fully reacted fuel kernel can be deduced from the quantitative linescan (fig.9). 
 

 Si (at%) Al (at%) U (at%) Mo (at%) 
1 (average) 22 42 31 5 
2 (average) 33 2 56 9 

 Si (at%) Al (at%) U (at%) Mo (at%) 
1 11 47 37 5 
2 19 18 54 9 
3 18 26 48 8 
4 15 45 34 6 



3.5 U(Mo)	dispersed	in	a	mixture	of	Al	and	Si	(5wt%)	matrix	
 

Figure  11 Si, Al  and U X‐ray map  of U(Mo)  dispersed  in matrix  consisting of  a mixture of pure Al  and  small  Si particles 
annealed at 550 °C for 4 hours. 

The X-ray maps  of the U(Mo) fuel kernels dispersed in a matrix consisting of a mixture of pure 
Al powder and 5wt% of Si powder, show that at an annealing temperature of 550 °C (4h) the fuel 
kernels  have complete reacted (fig.11). Larger Si particles are still observed in the matrix close 
to or even touching the fuel kernels.  
 
Similar results are seen after annealing at 550 °C for 2 hours (fig. 12). A linescan over a 
completely reacted particle shows that again the U(Mo) fuel has reacted with Si as well as Al, 
and the higher affinity of Si for U is again seen in the linescan and the X-ray maps.  The reacted 
kernel consists of two layers, in the outer one the Si concentration increases towards the kernel 
center, while the Al concentration is high at the interface of fuel kernel and matrix and low at the 
fuel center.  The second layer, in the center of the fully reacted kernel, still contains a small (but 
constant) quantity of Al but the measured composition of the layer is close to USi.  



 

Figure 12   X‐ray maps of a partially and completely reacted fuel kernel after annealing at 550 °C for 2 hours 

 
    Si (at%) Al (at%) U (at%) Mo (at%) 

1 38 23 34 5 
2 42 13 40 5 



Figure 13 Si, Al and U X‐ray map of U(Mo) dispersed in a mixture of pure Al and pure Si (5wt%) matrix at 450 °C for 4 hours. 

 

The X-ray maps of the U(Mo) fuel particles dispersed in a mixture of Si (5wt%) and Al, annealed 
at 450 °C for 4 hours, shows that almost no interaction of the fuel with the matrix has occurred. 
Only a very small, interrupted Si rich layer around some of the fuel kernels can be seen (fig. 13). 
Larger and smaller Si particles can still be seen in the matrix and there is no clear PFZ. 

4 Preliminary conclusions 
 
The annealing test performed on Si or ZrN coated U(Mo) particles show that only minor 
interactions occur between the coating and the Al matrix or the fuel.  It is furthermore observed 
that if pure silicon is applied as coating, almost no interaction with the fuel particles will occur 
while if silicon is added to the matrix, an extensive interaction layer is formed at 550°C.  At lower 
temperature (450 °C) the interaction is much less pronounced.  
There appears to be no significant difference in using a mixture of pure Al and pure Si or an 
atomized Al5wt%Si matrix, although it is clear that the finer Si dispersion obtained with the 
atomised powder provides an easier access path for the Si to the kernels. 
As far as can be seen at this point in the analysis, the results do not show flagrant discrepancies 
with existing out-of-pile data. Some differences exist, which may also be related to differences in 
experimental approach, particularly when diffusion couples are used as a basis for comparison. 
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ABSTRACT

A new neutron imaging facility is currently developed around 2 MW TRIGA MARKII reactor at Maâmora Nuclear
research centre (CENM).
Neutron imaging combined to Xray or gamma radiography offers the opportunity to extend Non Destructive Testing
(NDT) activities DT in  Morocco to new fields of applications such as space and aircraft Moroccan industry, mining,
wood industry and Archeology.  The facility is planed to be completed in the end of 2011.
In order to reduce the gammaray content in the neutron beam, the reactor tangential channel is selected. For power of
2 MW, the corresponding thermal neutron flux at the inlet of the tangential channel is around 1.1013ncm2/s. The facility
will be based on a conical neutron collimator with a flight tube of 8m and offers three circular diaphragms with
diameters of 1cm, 2 cm and 4 cm corresponding to L/Dratio varying between 200 and 600. The holes will be housed in
the primary shutter. These diaphragms’ sizes allow to perform neutron radiography with high resolution (L/D = 600) and
high speed (L/D= 200).
Monte Carlo calculations by a fully 3D numerical code GEANT4 are used to optimize the whole neutron beam line and
to reach a shorten distance between the source and detector and reduce as possible the exposure time.

1. Introduction
The CENM reactor is a TRIGA Mark II type reactor with thermal power of 2MW and a thermal neutron beam
with satisfactory characteristics for use in neutron imaging. The tangential channel was chosen because of
its  comparatively   low gamma density.  For  power  of  2MW, the corresponding  thermal  neutron  flux was
measured   in   the   inlet   of   the   tangential   channel   is   around   1.051013ncm2/s   [1].   A   highquality   Neutron
Radiography  (NR), Neutron  Tomography (NT) and realtime facility  will  be  installed  around  the  TRIGA
reactor at Al Maamora Research Center. 
The reactor neutron beams is composed of a wide energy spectrum. It may be assumed composed mainly
of thermal, epithermal and fast neutrons.  Neutron imaging using thermal neutrons is widely useful tool for
inspection   in   industry,  especially   those  composed  of  hydrogen  materials.  For  Thick  objects  which  are
difficult to image with thermal neutron, the neutron radiology with fast neutron are potentially used. In the
epithermal neutron energy range is suitable for inspecting material with large and sharp scattering reason
ace such as thick objects  made in Iron or scandium.   The new neutron imaging facility  Around CENM
TRIGA reactor is expected to give a possibility to inspect different materials (composites materials, wood,
ceramic, iron...etc). 
In this paper, we present a full description of neutron imaging facility, the basic collimator design and most
of   the  structural   components   such  as   shutter,   filter   selector,   fast   shutter  and  beam   tube,   have   been
completely defined.  To produce a good neutron beams in terms of intensity and quality several materials
used as neutrons thermalized (Graphite) and neutrons and gamma filters (Bismuth (Bi)), alumina (Al2O3)
were examined by Monte Carlo simulation (GEANT4)[2,3]. 

2. Neutron imaging facility design: 
2.1 TRIGA reactor

Fig.  1 shows a horizontal cross section of the TRIGA reactor. The reactor and the future experimental



facilities (neutron imaging facility, neutron diffraction facility and Prompt gamma facility) are surrounded
by a concrete shield structure.  The reactor core and graphite  reflector  assembly are  located at   the
bottom   of  2  m  Altank  which   is  6m   in  height.  They   are  4   radial   beam  ports  available   for   beams
experiments.  One of them called tangential channel, will be used as neutron imaging facility [1].

Fig. 1 Cross section of the TRIGA reactor.
2.2 Design parameters

The neutron radiography and tomography facility will be meant in an external housing out the reactor hall
[4].  The sever limitation of the relatively low neutron flux reduce the applicability of these techniques will be
compensated by the space dedicated for the construction of this facility. In fact, it gives an opportunity to
reach L/D larger than we found in similar Neutron radiography and neutron tomography facilities [5, 6].
This facility will be based on a conical neutron collimator with tree circular diaphragms with diameters of 4
cm and 2 cm and 1cm corresponding to expected L/Dratio of respectively 200, 400 and 600. [4, 7, 8].
These diaphragms' sizes allow reaching a compromise between good flux and efficient L/Dratio. The beam
line consists in two parts (See Fig. 2).

**

Fig. 2.  Setup of the neutron radiography and tomography facility NERA.



2.2.1 Collimator Convergent Sector

This primary collimator will be installed in the channel inside the biological shielding in order to limit the
beam area at the sample position and to cut off the penumbra. In the inlet of the tangential channel a block
of graphite 30 cm is used as neutron moderator to increase the thermal neutron content of the beam [8]
Neutron from a reactor are accompanied by significant amount of core gamma radiation. A conical lead
sector associated to borated polyethylene (5% boron) and boron nitride sector, are placed in the outlet of
the tangential channel,  These sectors help to reduce both the diffused neutrons and  gamma component in
the beam.
   The converging section helps to properly define the aperture by removing the neutrons not converging to
the aperture. Inside a moderating iron box pieces of lead and bismuth were both used both used as gamma
shielding in this section. To optimize the thermal neutron content of the beam, sapphire is used as a fast
neutron filter, surrounded by the polyethylene [3, 8, 9].

2.2.2 Collimator Divergent Sectors

The   design   proposal   for   the   divergent   sector   is   given   in   Fig.   2.   It   can   be   viewed   as   consisting   of
components cited below:
• Shutter and L/D exchanging 
Instead of the classical method of placing the smallest diameter of the conical collimator as close to the
reactor core as possible; several collimators were combined with a shutter block immediately outside the
biological shielding of the reactor, extending the shutter concept of the NEUTROGRAPH facility at ILL [10].
The shutter takes over simultaneously the function of the aperture exchanging device.  For this purpose the
tree collimators are mounted at the middle of heavy concrete. (Fig.3.).

                                                                       

                                                                               

Fig. 3.    Left, block heavy concrete containing a shutter with B4C and L/D exchanging. Right, Longitudinal
sections of heavy concrete cylinder containing collimators for: (a) 1 cm diaphragm, (b) 2cm diaphragm, (c)
4cm and (d) thermal neutrons shutter with B4C. 

The shutter block runs on inclined rails, which enables it to be failsafe in case of power failure and close by
gravity alone (Fig.3.).

• Wheel selector : 
After the shutter block, some space is provided for further beam formation, with crystal filters, a Cadmium

(a) (b) (c) (d)



Filter, and additional pin holes for phase contrast imaging [11, 12]. The different filter crystals were mounted
in tow parallel wheels in polyethylene. Both wheels can be moved in and out the beam as whole by rotation
system stage.  In the first filer wheel a 5 cm sapphire single crystal, a 5 cm cadmium, a 4 cm beryllium was
installed. Beside the first wheel, a 10 mm lead disk will be mounted on a separate second wheel to be used
in combination with sapphire or beryllium (the lead disk blocks xrays up to a few 100 KeV effectively and is
very   transparent   for  neutrons)[14].    In   addition  of   the   lead   block,   a  5cm  polycrystalline   bismuth   and
additional pin holes for phase contrast imaging will housed in the second wheel (Fig. 4). Combination of
filers will be done to select a desirable neutrons energy range (for example to cut off all thermal neutrons
for thick iron samples) or simply to reduce the background signal. 

Fig 4. A whole view of whole Wheel filter selector

● Fast shutter
During tomography measurements, the rotation of the sample to the next angular position and data read
out from the detector needs few second which is to short comparing the time needed by the shutter to stop
the beam (around 20s)[4].  Hence, it is desirable to shut the neutron beam for a short time. As shown in Fig.
5 the fast shutter will be mounted at the beginning of the flight tube. It  is principally used to protect the
detector and to shut off the thermal beam between exposures in order to minimize activation of the sample.
The shutter consists of a casing with B4C powder (Fig. 5).

Fig. 5 Left a casing with B4C powder; right the position of fast shutter mounted at the entrance of flight
tube.



● Flight tube 
The distance between the shutter block and the irradiation plan is 7.5 m. In this last collimator section, a
consecutive and detachable long flight tubs. The last sector can be removed to set the sample position
closer to the reactor for higher flux [15].
 The whole conical sectors are in aluminium with several blinds; define the cross section of the beam. The
blinds are defines as the assembly of 1cm iron, 2cm  casing with B4C powder and 3mm Cadmium lining.

Fig. 6 The whole flight tube with several blinds (blind define as assembly of 1cm iron, 2cm casing with B4C
powder and 3mm Cadmium lining).

Table 2 regroups the excepted effective beam size corresponding to different L/D ratio .

Setting 1 Setting 2 Setting 3
Inlet aperture [mm] 10 20  40
Aperture   detector distance [cm]  748.3  795.4  812.1
Resulting L/D  748.3  397.6  203.
Effective beam size [mm]  355

 (wp= 426)
355
(wp=508)

355    (wp= 716)

Corresponding intensity [cm2 s1] 1.78  x 106 1.58  x 106 1.51  x 106

Table 2  : Beam line layout parameters



2.2.2 The out part of facility

 Since all of neutron imaging facility devices generate gamma radiation and scattered neutrons, this space
must have its own shielding against the experimental area. Since access is seldomly required (the devices
should move into the beam remote controlled), a door is not required, a shielding block can be removed by
crane. This initial shielding chamber is connected to the main block house by an evacuated or Helium filled
beam tube through a window in the shielding wall [12, 13 and 15]. The sketch in Fig. 7 shows the possible
outline of the new facility with a sliding door, the detector and the sample position. 

Fig. 7 Design the neutron imaging facility at the Moroccan TRIGA reactor

3. GEANT 4 simulation: 

The GEANT 4 code has been adopted to determine the collimator design. After the definition of the
exact geometry, the source and the detector, randomly shuffled neutron trajectories are calculated using
the   energy   dependent   neutron   cross   sections   for   all   materials.   Many   collimator   sectors   have   been
optimized by simulation, mainly [3]:
● The optimal thickness of the thermalization column: fixed at 22 cm.
● The bismuth of  5cm thickness associated to 5cm sapphire  seems to be the optimal   filters   for both

gamma radiation and fast neutrons.
  A number of other simulations are currently being performed to improve the design of the facility

components, especially casemate and collimator shielding, the diaphragm position...etc. 

L/D exchanger &
shutter

Fast shutter

Wheel selector

Detector

Flight tube

Door

Shielding blocks

Beam stopper
Sample position 



   
4. Conclusion: 
The neutron radiography facility will be established at the TRIGA reactor during the next several months. It
should provide a new and efficient tool for industrial  testing as well  as for scientifics investigations first
concerning beam proprieties and detector system are scheduled in the end of 2012. 

References 
[1] General Atomics, "Rapport de sureté pour le Réacteur TRIGA MARK II 2000 KW du CNESTEN.
[2] http://www.info.cern.ch/asd/geant4/geant4.html
[3] A.Ouardi, A. Machmach, R. Alami, A. Bensitel and A. Hommada, Geant4 used for neutron beam design
of neutron imaging  facility at TIRAGA reactor in Morocco, 9th World Conf. on Neutron Radiography, Kwa
Maritane, South Africa, Oct. 2010.
  [4]  B. Schillinger,  E. Calzada, F. Grûnauer,  E. Steichele  , The design of  the neutron radiography and
tomography facility at the new research reactor FRMII at Technical University Munich, Applied Radiation
Isotopes,  61 (2004) 657657.
[5]  N. Burgio, R. Rosa, Monte Carlo design for a new neutron collimator at the ENEA Cassaccia TRIGA
reactor,  Applied Radiation Isotopes, 61(2004) 663666.
[6] Y.G. Jo William, J. Spiesman, and N. M. Abdurrahman, of a neutron facility at the University of TEXAS
TRIGA E Reactor, IEEE Transaction on Nuclear Science, (1996) 4347). 
[7] J.F.W. Markgraf, Collimators for thermal Neutron Radiography, D. Reidel,  Dordrecht, 1987.
[8] Barton J.P. 1967. Material Evaluation. 25: 45A46A.
[9] D. F. R. Mildner, M. Arif, C. A. Stone, Neutron transmission of single crystal sapphire filters, J. Appl.
Cryst, 26 (1993) 438477. 
[10]  Van Overberghe,  Andreas,  High Flux  Neutron  Imaging   for highly  dynamic  and time resolved non
destructive testing, thesis, University of Heidelberg, Germany, 2006.
[11] K. Lorenz, E. Calzada, M. Mûhlbauer, B. Schillinger, M. Schulz and K. Zeitelhack, The new multifilter
at ANTARES  TOF measurements and first applications. Proc. 8th World Conf. on Neutron Radiography,
Gaithersburg, USA, Oct. 2006.
[12] B. Schillinger, Computerized Tomography of industriel applications and image processing I radiology,
DGZfPproceeding BB 67CD, berlin Germany, (1999).
[13]   F.Grunauer,   B.Shillinger,   ESteichle,   Optimization   of   the   beam   geometry   for   the   cold   neutron
tomography facility at the new neutron source in Munich, Applied Radiation Isotopes, 61(2004) 479485.
[14]  D.F.R. Mildner, G. P. Lamaze, Neutron Transmission of singleCrystal Sapphire, J. App. Crryst, 31
(1998), 835840.
[15] E. Lehmann, H. Pleinert, L. Wiezel, Design of  a neutron radiography facility at the spallation source
SINQ, Nuclear Instrument and Methods in Physics  Research A (1996)1115.



SIMULATION OF A CHANNEL BLOCKAGE TRANSIENT IN THE  
IPR-R1 RESEARCH REACTOR USING THE RELAP5 CODE 

 
 

 P. A. L. REIS, A. L. COSTA, C. PEREIRA,  
C. A. M. SILVA and M. A. F. VELOSO 

Departamento de Engenharia Nuclear, Universidade Federal de Minas Gerais 
Av. Antônio Carlos Nº 6627, Campus Pampulha, CEP 31270-901, Belo Horizonte, MG, Brasil 
Instituto Nacional de Ciências e Tecnologia de Reatores Nucleares Inovadores/CNPq, Brasil 

 
A. Z. MESQUITA 

Centro de Desenvolvimento da Tecnologia Nuclear/Comissão Nacional de Energia Nuclear  
Av. Antônio Carlos, 6627, Campus UFMG, Belo Horizonte, Brasil 

 
ABSTRACT 

 
The RELAP5/MOD3.3 code has been applied for thermal hydraulic analysis of power 
reactors as well as nuclear research reactors with good predictions. The development 
and the assessment of a RELAP5 model for the IPR-R1 TRIGA have been validated for 
steady state and transient situations. The reactor is located in the Nuclear Technology 
Development Centre (CDTN), Brazil. It is a 250 kW, light water moderated and cooled, 
graphite-reflected, open pool type research reactor. In this work, a blockage transient 
has been investigated at 100 and 250 kW of power operation. The transients herein 
considered are related to total obstruction of cooling channels of several fuel 
assemblies of the reactor core. To simulate this situation, channels were blockaded 
using valve type components in the RELAP5 modelling. The reactor behaviour after 
this loss of flow was analised. It was observed a slight increase in the core coolant 
temperature. In spite of this, the reactor presented a safe behaviour after the transient 
reaching a new stead state, as it was expected in an actual situation.  
  

1. Introduction 
 
The safety analysis of research reactors includes simulations of selected cases classified by 
the International Atomic Energy Agency (IAEA, 2005), since the simulations are performed 
using validated nodalizations and internationally recognized, accepted and validated best 
estimate codes. The thermal-hydraulic analysis is considered as an essential aspect in the 
study of safety of nuclear reactors, since it can predict proper working conditions, steady 
state and transient, thereby ensuring the safe operation of a nuclear reactor [1]. Among 
thermal-hydraulic accidents are loss of flow accident (LOFA) and loss of coolant accident 
(LOCA).  
 
In the last decades, several codes have been developed to predict the thermal-hydraulic 
behaviour of nuclear reactors — like ATHLET, CATHARE, RELAP, RETRAN. However, 
these codes were developed to power reactors perform. To extend the application for the 
analyses of research reactor some modifications or addition of some procedures have been 
done, as described for example in [2].  
 
The aim of this work is to investigate the behaviour of TRIGA nuclear research reactor after a 
blockage of some thermal-hydraulic channels characterizing a LOFA transient. This case 
constitutes one of the most severe accidents that may occur during a research reactor 
lifetime [12]. The transient situation was investigated at 100 kW and 250 kW of power 
operation. RELAP5/MOD3.3 code has been used to simulate the transient.  
 
 
 
 



1. IPR-R1 - General Description 
 
The IPR-R1 is a reactor type TRIGA (Training, Research, Isotope, General Atomic), Mark-I 
model, manufactured by the General Atomic Company and installed at Nuclear Energy 
Development Centre (CDTN) of Brazilian Nuclear Energy Commission (CNEN), in Belo 
Horizonte, Brazil. It is a light water moderated and cooled, graphite-reflected, open-pool type 
research reactor. IPR-R1 works at 100 kW but it is ready to operate at power of 250 kW. It 
presents low power, low pressure, for application in research, training and radioisotopes 
production. The reactor is located in a 6.625 m deep pool with 1.92 m of internal diameter 
and filled with demineralized light water. A schematic reactor diagram is illustrated in Fig. 1a. 

 
The water in the pool has function of cooling, as well as moderator, neutron reflector and it is 
able to assure an adequate biological radioactive shielding. The reactor cooling occurs 
predominantly by natural convection, with the circulation forces governed by the water 
density differences. The heat removal generated from the nuclear fissions is performed 
pumping the pool water through a heat exchanger. The core has a radial cylindrical 
configuration with six concentric rings (A, B, C, D, E, F) with 91 channels able to host either 
fuel rods or other components like control rods, reflectors and irradiator channels. There are 
in the core 63 fuel elements constituted by a cylindrical metal cladding filled with a 
homogeneous mixture of zirconium hydride and Uranium 20% enriched in 235U isotope. 
These fuel elements have three axial sections, an upper and lower reflector (graphite), and 
the central portion filled with fuel (U-ZrHx) [9]. The point kinetics model was used in the 
current model.  
 
Fig. 1b shows the radial relative power distribution. The radial power distribution utilized was 
calculated in preceding works using the WIMSD4C and CITATION codes [3, 4] and also 
experimental data [5, 11]. The radial factor is defined as the ratio of the average linear power 
density in the element to the average linear power density in the core.  
 

 
Fig.1. a) Schematic representation of the IPR-R1 (out of scale, measure in mm); b) Radial 

relative power distribution. 
 
2. Nodalization 
 
In the original nodalization (13-THC) [6, 7], each of the 63 fuel elements was modeled 
separately and 63 heat structure (HS) components were associated with 13 corresponding 
hydrodynamic pipe components constituting 13 hydrodynamic channels (Fig.2a). In the new 
nodalization (91-THC) [8], each of the 63 fuel elements, the regulation and control rods, the 
reflector elements and the neutron source were modeled separately and were associated 



with 91 corresponding hydrodynamic pipe components constituting 91 hydrodynamic 
channels as it can be verified in the Fig. 2b. The Fig. 3 presents the total nodalization of the 
IPR-R1 in the RELAP5.  
 

 

 

Fig. 2. IPR-R1 representation of a) 13 TH channels and b) 91 TH channels in RELAP5 [8]. 

 

 
 

Fig. 3. IPR-R1 – Nodalization in the RELAP5. 
 
3. TH Channel Blockage Transient 
 
A transient event, characterized by TH channels blockage has been investigated using the 
RELAP5 code. For the open pool research reactors configuration, the likelihood of a 
blockage in the core upper plenum zone is higher than a blockage from the bottom [13]. This 
transient situation may be caused by swelling of the fuel, fall of some material in the reactor 
pool, leading to a blockage of one or more channels [2]. 
  
The blockage occurred in steady state condition of operation at 100 and 250 kW. To perform 
the simulation using the RELAP5, the blockage was modeled with components type valve at 
the outlet of seven thermal-hydraulic channels of the rings A and B (see Fig. 4). These 
valves were closed at 4000 s of calculation after the system to reach steady state condition.  
 
Fig. 4 shows the central core region (only rings A, B and C) in which seven valves were 
inserted and closed to simulate the blockage.  
 



 

 
Fig. 4. Example of axial and radial junctions connecting TH channels in the rings A, B and C 

particularly for A1, B3, B5, C4 and C10 in the present nodalization.  
 
4. Calculation and Results 
 
To perform these transient, the interaction between the obstructed channels and adjacent 
channels was considered. RELAP5 is a one-dimensional code and each hydrodynamic cell 
has two faces in the normal direction, at the inlet and outlet. This situation doesn’t represent 
the actual behaviour mainly when in the case of a channel blockage. Therefore, the RELAP5 
Crossflow Junction Model [10] has been used to represent the multi-dimensional phenomena 
of the flow. Figure 4 shows the allowed paths of the coolant flow between the adjacent 
thermal-hydraulic channels. 
 
The transient begins at 4000 s of calculation. As it can be seen in the Fig. 5, the coolant flow 
rate in the valves reaches the total obstructed condition about 5 s after the beginning of the 
event. In the Fig. 6, the coolant flow rate at the outlet of the channels decreases after the 
blockage but, as it can be observed the flow doesn’t reach zero value because of the 
contribution of adjacent cross-flow communication. 
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Fig. 5. General and detailed time evolution of mass flow rate in the trip valves at 250 kW of 
power operation. 

 
Due to channels obstruction, the coolant flow is redistributed among adjacent channels. After 
the transient, a new steady state condition is reached, as it is shown clearly in Fig. 7 in two 
different cases considering two power operation conditions being 250 kW (left side) and 100 
kW (right side).  
 
After the beginning of the transient, the coolant temperature in the obstructed channels 
presents a little increase, quickly reaching a new steady state. As an example, Fig. 8 e 9 
show the coolant temperature in the outlet of the TH channel B1 at 100 kW and 250 kW, 
respectively. 
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Fig. 6. Outlet mass flow rate in the channels  A1 , B3 and C6 – before and after the blockage. 
 

0 1000 2000 3000 4000 5000 6000 7000 8000
-0.20

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

B4

C6

M
as

s 
flo

w
 (k

g/
s)

Time (s)
0 1000 2000 3000 4000 5000 6000 7000 8000

-0.20

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

Time (s)

C6

B3

M
as

s 
flo

w
 (k

g/
s)

 

 
Fig. 7. The coolant mass flow rate evolution in two TH channels at  

250 kW (left side) and 100 kW (right side). 
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100 kW (details in the right side). 
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Fig. 9.  Coolant temperature at the thermal hydraulic channel B1 at 250 kW. 
 
Loss of flow accidents are part of a category that involving weak feedback effects and it is 
mainly related to the thermal hydraulics events during the failures of the core cooling system 
[2]. In fact, as it was verified from the results obtained, the transient presented few variation 
of the thermal hydraulic parameters and consequently in the power operation.  
 
Table 1 presents values of calculated coolant temperature at outlet of B1 channel before and 
after the transient. The coolant temperature presents a little increase, without consequences 
to the safe reactor operation.  
 

Tab. 1.  Calculated coolant mass flow and temperature at outlet of B1 channel. 
 

Power Operation 
  
  

100 kW  250 kW 
before 

blockage 
after 

blockage 
      
difference 

before 
blockage 

after 
blockage 

 
difference

Mass flow rate (kg/s)  0.049 0.020   59% 0.075 0.028  62,7% 

Coolant temperature (K)   301.4 301.6 0.2 308.1 308.6 0.5 
 
5. Conclusions  
 
In this work, a blockage transient has been investigated considering two reactor power 
operations (100 and 250 kW) in the IPR-R1 research reactor. To perform the calculations a 
validated model in RELAP5/MOD3.3 was considered. The simulated transients are related to 
total obstruction of cooling channels of seven central thermal hydraulic channels of the 
reactor core characterizing a LOFA type transient. In the simulation, the channels were 
blockaded using valve type components in the outlet of the channels. After the transient, it 
was observed a slight increase in the blocked channel coolant temperature. In spite of this, 
the reactor presented a safe behaviour after the transient reaching a new stead state, as it 
was expected in an actual situation. The cross flow modelling to the channels of core was of 
fundamental importance in the coolant redistribution after the channels blockage avoiding 
dangerous heating of the obstructed channels.     
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ABSTRACT 
 

A model for simulation of the IPR-R1 TRIGA research reactor as a contribution to the 
assessment of RELAP5/MOD3.3 was developed. Steady-state and transient 
calculation were performed at 100 kilowatts (kW) of power operation. Experimental 
data were considered in the process of the RELAP5 model validation. The results 
obtained showed that the RELAP5/MOD3.3 model for the IPR-R1 TRIGA reactor 
reproduces the actual steady-state reactor behaviour in good agreement with the 
available data. Now, the aim is to incorporate three-dimensional (3D) neutron 
modelling of the reactor core into the RELAP5-3D system code to simulate transients 
involving asymmetric core spatial power distributions and reactivity feedback effects 
between neutronics and reactor thermal-hydraulics. Experimental steady-state and 
transient data obtained at 100 kW were compared with the results of the RELAP5-3D 
calculation. The first results are presented in this paper and they are related only to 
the point reactor kinetics model.  

 
1. Introduction 
 
Some years ago, simulations using three-dimensional (3D) transport core calculations were 
an expensive and an arduous work. Recently, the development of the computer technology 
and new calculations methodology make possible to perform transport calculation schemes 
providing efficiently accurate solutions. In this way, simulations of complex scenarios in 
NPPs have been improved by the utilization of coupled thermal-hydraulic (TH) and neutron 
kinetics (NK) system codes. This technique consists in incorporating three-dimensional (3D) 
neutron modelling of the reactor core into system codes mainly to simulate transients that 
involve asymmetric core spatial power distributions and strong feedback effects between 
neutronics and reactor thermal-hydraulics [1].  
 
The TH-NK coupling technique was initially developed and used to simulate the behaviour of 
power reactors. However, several coupling methodologies are now being applied for 
research reactors, mainly for TRIGA type, as can be verified for example in [2, 3, 4]. TRIGA 
(Training, Research, Isotope, General Atomic) research reactors are constructed in a variety 
of configurations and capabilities, with steady-state power levels ranging from 20 kW up to 
16 MW offering true “inherent safety”. In spite of this, some situations may occur disturbing 
the normal reactor operation. In the present work, the IPR-R1 TRIGA reactor installed in 
Brazil (in operation since 1960) has been modelled for RELAP5-MOD3.3 and RELAP5-3D 
codes with the aim of to reproduce the measured steady-state as well as transient 
conditions. 
 



1.1 TRIGA IPR-R1 Research Reactor 
 
The IPR-R1 is a reactor type TRIGA of Mark-I model. It is installed at Nuclear Technology 
Development Centre (CDTN) of Brazilian Nuclear Energy Commission (CNEN), in Belo 
Horizonte, Brazil. The reactor is housed in a 6.625 meters deep pool with 1.92 meters of 
internal diameter and filled with light water which has function of cooling, moderator, neutron 
reflector and radioactive shielding. The reactor cooling occurs predominantly by natural 
convection, with the circulation forces governed by the water density differences. To perform 
the heat removal generated in the core, the water of the pool is pumped through a heat 
exchanger.  
 
IPR-R1 works at 100 kW but it will be briefly licensed to operate at 250 kW. It presents low 
power, low pressure, for application in research, training and radioisotopes production. The 
core has a radial cylindrical configuration with six concentric rings (A, B, C, D, E, F) with 91 
channels able to host either fuel rods or other components like control rods, reflectors and 
irradiator channels. All the 63 fuel elements are constituted by a cylindrical metal cladding 
filled with a homogeneous mixture of zirconium hydride and Uranium 20% enriched in 235U 
isotope. There are 59 fuel elements covered with aluminum and 4 fuel elements with 
stainless steel. The main thermal-hydraulic and kinetic characteristics of the IPR-R1 core are 
listed in [5]. The radial relative power distribution (Fig. 1) was calculated in preceding works 
using the WIMSD4C and CITATION codes and also experimental data [6]. The radial factor is 
defined as the ratio of the average linear power density in the element to the average linear 
power density in the core. Fig. 1 shows also the six core concentric rings (A, B, C, D, E, F). 

 
 

 
 

Fig. 1. Radial relative power distribution. 
 

1.2 RELAP5-3D 
 
The most prominent attribute that distinguishes the RELAP5-3D code from the previous 
versions is the fully integrated, multi-dimensional TH (Thermal-Hydraulic) and NK (Neutron-
Kinetic) modelling capability [7].  
 
There are two options for the computation of the reactor power in the RELAP5-3D code. The 
first option is the point reactor kinetics model that was implemented in previous versions of 
RELAP5. The second option is a multi-dimensional neutron kinetics model based on the 
NESTLE code developed at North Carolina State University [7]. RELAP5-3D was modified to 
call the appropriate NESTLE subroutines depending upon the options chosen by the user. 



The neutron kinetics model in NESTLE and RELAP5-3D uses the few-group neutron 
diffusion equations. Two or four energy groups can be utilized, with all groups being thermal 
groups if desired. Core geometries modelling include Cartesian and hexagonal. Core 
symmetry options are available, including quarter, half and full core for Cartesian geometry 
and one-sixth, one-third and full core for hexagonal geometry. 
 
2. Nodalization 
 
The reactor pool was modelled using two pipe components, each one composed by ten 
volumes. The volumes of each pipe of the pool are equivalently connected between them by 
single junctions (SJ) characterizing a pool cross-flow model, as it can be verified in the 
nodalization represented in a general way in the Fig. 2. A time dependent volume (TDV) was 
used to simulate the atmospheric pressure on the pool surface (identifier 500). The natural 
convection system and the primary loop circulation have been modelled. The secondary 
loop, composed mainly by the external cooling tower was not modelled in the present 
nodalization because the primary circuit was sufficient to guaranty the heat removal of the 
coolant. 
 
To simulate the forced circulation, the pipe 132 was connected in the first volume of the pool 
using a single junction. The water returns to the pool coming into the volume 6 through the 
pipe 266. The pump 300 supplies the water circulation.  

 

 
Fig. 2. IPR-R1 – Modelling using the RELAP5. 

 
Each of the 63 fuel elements was modelled separately and 63 heat structure (HS) 
components were associated with 13 corresponding hydrodynamic pipe components 
constituting 13 hydrodynamic channels (201–213), as can be seen in the planar core 
representation at Fig. 3.  
 

 
 

Fig. 3. Core nodalization in RELAP5. 



3. Steady State Results 
 
The RELAP5/MOD3.3 and the RELAP5-3D steady state calculations have been performed 
for the IPR-R1 operating at 100 kW. The point kinetics model was used in both simulations. 
The axial power distribution was calculated considering a cosine profile. The temperature 
values at the outlet of the TH channels at channels 3, 8 and 13 were calculated and 
compared with the experimental data provided in a previous work. Chromel-alumel calibrated 
thermocouples were used to collect the coolant temperature data and the measured values 
have a maximum error of ±1 °C.  
 
As it can be verified in the Table 1, considering operation at 100 kW, the results obtained with 
the RELAP5-3D are in good agreement with the experimental data and the also with the 
results obtained with the RELAP5/MOD3.3. The error obtained in the both calculations is a 
few overestimated related to the maximum acceptable error suggested for coolant 
temperature (0.5 %) by the RELAP5 users. However, RELAP5-3D presented results slightly 
worse than the RELAP5/MOD3.3. Moreover, considering that the experimental error can 
reach the value of  ±1 °C, the results obtained from the calculations are perfectly acceptable.   
 

Tab 1. Experimental and calculated results at 100 kW of power operation. 
TH 
Channel 

Outlet Channel Temperature (K)
Experimental Calculation

RELAP5/MOD3.3 
Error 
(%)* 

Calculation 
RELAP5-3D 

Error 
(%)* 

3 304.0 301.3 0.9 300.7 1.1 
8 300.5 298.8 0.8 297.8 0.9 
13 301.5 298.8 1.1 297.8 1.2 

*Error = 100 X (Calculation – Experimental)/Experimental 
 

4. Transient Results 
 
In spite of the IPR-R1 to be inherently safe, situations that can disturb the normal reactor 
operation are possible to occur. A transient event was investigated using the codes and the 
results have been compared with available experimental data of the forced recirculation off. 
The transient may be caused by the recirculation pump failure, bringing the reactor to 
operate in natural circulation conditions.  

 
In the experiment, the reactor operated during about 2.5 hours with the forced cooling 
system switched off and with an indication of 100 kW at the linear neutronic channel. The 
measurements have demonstrated an average temperature-rise rate of (4.8 ± 0.2) °C/h [8].  
 
To perform the simulation using the RELAP5, the valve 600 (in the nodalization) of the 
primary system was closed at 3000 s of calculation after the system to reach steady-state 
condition. After the beginning of the transient, the core temperature increases as 
consequence of no heat removal from the pool since the primary was off. The coolant 
temperature increases with a rate of 4.74°C/h (RELAP5/MOD3.3) demonstrating very good 
agreement with the experimental available data. Transient data from RELAP5-3D could not 
be obtained due problems during the calculation. Efforts have been performed to investigate 
the nature of such problems that are connected with time step processing.  
 
The presence of the cross flow model in the pool nodalization makes possible better removal 
of heat from the core during natural circulation condition due improvement on the coolant 
flow between the pool pipe volumes. The curves of the Fig. 4 show clearly that the model 
using cross flow presents a temperature-rise rate (4.9°C/h) much more approximated to the 
experimental rate (4.8°C/h) than the model without cross flow model (30.0°C/h).  



 
Fig 4. RELP5/MOD3.3 - forced recirculation off transient prediction using  

two types of pool nodalization.  
 
5. Conclusion and Future Activities 
 
In this work, a nodalization for the IPR-R1 TRIGA research reactor performed using the 
RELAP5/MOD3.3 and RELAP5-3D codes has been presented as a contribution to the 
assessment of these codes for research reactor safety analysis. The nodalization was 
validated against experimental data from steady-state conditions at 100 kW of power 
operation. The steady state results of both codes showed good agreement with experimental 
data. Good result has been obtained for transient simulation using RELAP5/MOD3.3 in 
comparison with experimental data. However, problems during the transient calculation using 
RELAP5-3D demonstrated the necessity of a careful investigation to find a more adequate 
model for RELAP5-3D. Other future activity is the application of the multi-dimensional 
neutron kinetics model present in RELAP5-3D to verify the reactivity feedback effects for 
transient cases.  
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ABSTRACT 
Indonesia Multi Purpose Research Reactor (MPR) G.A. Siwabessy 30 MW will 
be 25 years old in 2011. Series of Non Destructive Test (NDT) were done to 
understand the current condition such as Eddy Current test for Heat 
Exchangers, water immersed camera for understanding the tank liner condition, 
ultrasonic for secondary piping etc. Some deteorization was observed because 
of ageing and some changing was done. One of them is changing some part of 
secondary pipe lines because of leaking, with the local ones. For having another 
25 years operation life, a proper water quality for secondary cooling water is 
needed towards corrosion prevention. The main objectives of this experiment is 
to understand the current water quality of secondary cooling water of RSG-GAS 
from the aspect of corrosion induced by chemicals and bacteria, and establish 
procedure for managing the secondary cooling water quality. Methodologies 
applied are surveillance corrosion by immersing coupon into water observed 
and followed by visual analyses, corrosion rate determination by 
electrochemical method with various chemical conditions and total bacteria 
determination by using test kit. The results show visually that the crevice, 
galvanic and homogeny corrosion with the current water quality easily be 
observed for carbon steel represented secondary pipelines at the condition of 
none oxy bio agent addition. This corrosion is being suppressed by adding the 
oxy bio agent. The orientation of coupon, vertically and horizontally, gives 
slightly different effect. The closely corrosion rate was obtained by separately 
experiment, electrochemical, at the concentration of inhibitor 100ppm is 0.13 ± 
0.02, which is lower than in the raw water of 0.20 ± 0.01 mpy. The total bacteria 
detected is around 107 cfu/ml at none reactor operation and without any anti 
bacteria added. The oxi bio agent chemical addition suppresses the numbers 
becomes 103 cfu/ml. The SRB bacteria is detected as >106 cfu/ml at one 
position and one time without any oxi bio agent added and none detected with 
oxi bio agent addition. From these results the recommendation could be made 
for better Safety Analyses Report (SAR). 

 
 
I. INTRODUCTION 
 
Research Reactor 30MW GA SIWABESSY have played in 24 years old and continue to play 
a key role in multipurpose domains of research as, fundamental and applied science, industry, 
human health care and environmental studies, as well as nuclear energy applications and the 
development of nuclear science and technology related human resources. Since then, to 
continue operation has to be carefully assessed, especially from the structural materials point 
of view.[1,2] 
 
Secondary cooling pipe is the one part which grabs the attention because some part of them 
has shown deteorization and has been changed with the new pipe. For having another 25 
years operation life, a proper water quality for secondary cooling water is needed towards 
corrosion prevention. Therefore, some activities were done from its water quality 
management coolant point of view and will be described in this paper. 
 
The overall objective of this work is to gain practical experiences and maintenance on 
supporting ageing management programs related to the material issues. The specific 



objective is to understand the current water quality management for secondary cooling water 
of RSG-GAS from the aspect of corrosion induced by chemicals and bacteria and to establish 
its procedure. 
 
Methodologies applied are 1) surveillance corrosion by immersing coupon disc into water 
observed and followed by visual analyses, 2) corrosion rate determination by 
electrochemically and 3) total bacteria determination by using test kit. 
 
 
II. METHODOLOGY 
 
2.1. Analytical, monitoring and specification for water cooling system. 
 
The objective of these analyses is to understand the effectivity of current water quality 
management.  The parameter analyzed can be seen in previous paper.[3] 
  
2.2. Coupon Racks 
 
The coupon rack design is written in the previous paper [3, 4]. The materiasl used are carbon 
steel and stainless steel. The objective is to study the effect of secondary water chemistry 
quality on homogeny, galvanic and crevice corrosion and to provide technical guidelines for 
managing the secondary cooling water quality. The cooling tower water basin and raw water 
basin are chosen to be the subject of study.  The exposure duration is planned for 3 years 
started on 2009, the first visual analyses was done after 4 months immersing time and will be 
described in this paper. 
 
2.3. Bacteria 
 
The bacteria analyses was done to understand the effectivity of adding the oxi and non oxi-
bio agent for reducing the total bacteria microbe which may induce the bio-corrosion of the 
inner secondary pipelines. 
 
The analyses was done by using test kit (Fig. 1.) for counting the total bacteria-Yeast and 
Mold (Fig. 1.a.), Aerobe Bacteria (Fig. 1.b.)  and Sulphate Reduction Bacteria (SRB) (Fig. 
1.c.).  
 

   
(a)            (b) (c) 

Figure 1. Kit for counting the total bacteria, Yeast and Mold (a), Aerobe Bacteria (b) and SRB (c). 
 

For counting total bacteria, paddle is immersed into sample for 2-3 seconds so both surfaces 
are covered with liquid. Drain the excess fluid from paddle by touching the tip to an absorbant 
of paper.  Then, screw back and incubate it in an upright position between 25 and 31oC for 
about 24-36 hours. Compare the growth on paddle to the conversion chart available for 
quantitatively results. 
 
The Aerobe Bacteria is counted by dipping the pad end of strip into the sample for 5 seconds.  
Then, remove strip from sample, gently shaking excess fluid back into sample container.  
Open transparent incubation pouch and insert test strip, then sealed top of pouch.  Labelling 
each transparant and incubate between 25-30oC for 24-36 hours.  After incubation, compare 
strip in pouch to interpretation chart available. 



 
The designation SRB stands for Sulphate Reducing Bacteria. These are organisms which 
reduce sulphate to sulphide in the absence of oxygen that causes the environment become 
acid. Low pH will contribute more H+ that initiate a suitable environment for corrosion process.  
When sulphide is liberated, it reacts with iron in the tubed culture medium to form iron 
sulphide, a black black color growing started from the wick. The degree, to which the medium 
blackens, along with the length of time it takes to change color, allows for an estimated count 
of sulphate reducers to be made.  Incubate between 25-30oC for 24-36 hours.  After 
incubation, compare the degree to which the medium blackens with the chart available. The 
completely black color appearance notices the number SRB >106 cfu/ml, and black color only 
in a wick notices SRB >105 cfu/ml.   If a black color doesn’t appear at the day 5, it means that 
SRB < 10. This bacteria is very potential to reduce sulphate become sulphide  
 
2.4. Corrosion Rate  
 
The purpose is to understand the effectivity of inhibitor added into the secondary cooling 
water and to obtain the optimum concentration that should be added into secondary water,  
based on electrochemical process. The variation concentration of inhibitor is 0 – 150 ppm.  
The experimental data is calculated by using the equation below (equation 1) to extract 
corrosion rate in Mpy. 

R mpy = 0,13  I corr   
ρ
e

            (1) 

R mpy  : corrosion rate (mili inch/year) 
Icorr  : corrosion current density ( μ A/cm2) 
e : material mass equivalent 
ρ  : material density (g/cm3) 

 
 
III. RESULTS and DISCUSSIONS 
 
Corrosion 
 
The secondary water coolant of RSG GAS that originally coming from PUSPIPTEK water, is 
having pH, conductivity and TDS as written in Table 1.  

 
 Temp/C pH Cond TDS 
Raw Water 28.3 6.60 146.7 73.3 
 28.4 6.47 145.7 72.6 
     
Cooling Tower 33.2 8.1 945 473 

 

Table 1. pH, Conductivity and TDS for secondary cooling water. 
 

From the surveillance corrosion coupon result, carbon steel of secondary pipe lines clearly 
shows homogeny, crevice and galvanic corrosion with stainless steel for both immersing in 
raw water basin and cooling tower water basin. The red precipitation formed for the one 
which is immersed in raw water basin thicker than the one immersed in cooling tower water 
basin. It is considered because of the effect of inhibitor added in the cooling tower water 
basin that suppresed the corrosion process, for both vertically and horizontally coupon racks 
(Fig. 2). 
 
From these results, it is known that distance between 2 materials becomes a caution that 
should be taken in designing installation for not causing crevice and galvanic corrosion in 



secondary system. Based on the precipitation/scale formed from the homogeny corrosion 
coupon result, the inspection for the secondary pipe lines is advised to be scheduled 
periodically for maintenance. The water circulation should be applied in the cooling tower 
water basin to minimize contact duration between water and material that may accelerate 
corrosion. 
 
 

  
(a) (b) (c) (d) 

 
Figure 2. Series of coupon disc that already been immersed for 4 months in raw water basin 

and cooling tower. 
a) vertically and b) horizontally coupon disc after exposuring in raw water basin 
c) vertically and d) horizontally coupon disc after exposuring in cooling tower 

 
The corrosion rate of carbon steel of secondary pipe lines in raw water is determined as 0.2 ~ 
0.25 Mpy, and after being added the inhibitor as 60-100 ppm, becomes 0.14 ~ 0.16 Mpy (Fig. 
3). 

 

 
 

Figure 3. Correlation between concentration of inhibitor and corrosion rate of carbon steel. 
 
One thing that should be considered is the real corrosion rate in the cooling tower water 
basin should be a bit different than that value, because there are other chemicals added, 
anti-scale and microbe and also water circulation applied. From this fact, it is considered that 
the corrosion rate must be lower than the value obtained in the experimental laboratory and 
should be solved in the near future experiment. The increasing temperature in the cooling 
tower which not more than 10oC is considered may not give a significant effect, even with the 
activation energy of 3.5 kCal.  
 
Bacteria 
 



Almost no bacteria detected in the raw water basin which is far different compare with in the 
in the cooling tower as ~107 cfu/ml at the condition of not operated and without any chemicals 
added.  This is because of the sun shine and water temperature that around 30-35oC which 
let bacteria grow freely in the cooling tower. Since the oxi and non oxi bio agent with 
concentration of 60~100 ppm, the total bacteria becomes ~103 cfu/ml.  However, different 
sampling area causes different total number of bacteria. It can be concluded that the 
homogeneity of anti bacteria chemicals addition is not good.  The better water circulation may 
need to be applied for better homogeneity in shorter time laps after adding the chemicals.   
 
The number of total bacteria does not change in the sampling line before and after heat 
exchangers.  It can be considered that the effective place to kill the bacteria is in the cooling 
tower basin.  The homogeneity that related with the stirring method, is holding a main role for 
suppressing the totalbacteria numbers. 
 
SRB is detected in the cooling tower basin at the condition not operated, but at different 
sampling area produces different result of the SRB existence.  This notices that homogeneity 
is the main cause.  At the operation condition, no SRB is detected. However, the indication of 
SRB’s existence is clearly shown. Therefore, SRB should be taken into caution, because the 
bio corrosion may take place.  
 
Aerobe bacteria lives depend on dissolved oxygen concentration. From the results, after 
substracting the number of total bacteria and aerobe bacteria, it can be concluded that the 
total bacteria lives in the secondary water is mostly aerobe bacteria. 
 
From all of these results, it can be proposed a better procedure as recommendation for 
managing the secondary cooling water quality in the near future, after all the observation 
planned completely done. 
 
 
V. CONCLUSION 
 
Visually that the crevice, galvanic and homogeny corrosion with the current water quality 
easily be observed for carbon steel represented secondary pipelines at the condition of none 
oxy bio agent addition. The corrosion rate obtained for secondary water coolant is 0.13 ± 
0.02, which is lower than in the raw water of 0.20 ± 0.01 mpy. The total bacteria detected is 
around 107 cfu/ml at none reactor operation and without any anti bacteria added. The oxi bio 
agent chemical addition suppresses the numbers becomes  103 cfu/ml. The SRB bacteria is 
detected as >106 cfu/ml at one position and one time without any oxi bio agent added and 
none detected with oxi bio agent addition. From these results the recommendation could be 
made for better Safety Analyses Report (SAR). 
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ABSTRACT 
 

RELAP5 code is widely used for thermal hydraulic studies of commercial nuclear power 
plants. However, several current investigations have shown that RELAP5 can be also 
applied for thermal hydraulic analysis of nuclear research systems with good 
predictions. This work presents initial calculations of steady state operation of 
Multipurpose Brazilian Reactor (RMB) reactor using the RELAP5 model. The RMB will 
be an open pool multipurpose research reactor, using low enriched uranium fuel, and it 
will be maximum thermal flux not less than 2 x 1014 n/cm2/s. The reactor core will be 
compact, using MTR fuel assembly type, with planar plates and will be cooled and 
moderated by light water, using beryllium and heavy water as reflectors. Its power is 
still to be defined and it will be around 30 MW. The Osiris, Julio Horowitz and mainly 
the Opal reactors are being used as initial references for the RMB project. This paper 
presents the first RMB nodalization using the RELAP5 code and the thermal hydraulic 
results of steady state and loss of coolant accident (LOCA) transient. 

    
1. Introduction 
 
Comissão Nacional de Energia Nuclear – CNEN is leading the project of Multipurpose 
Brazilian Reactor (RMB) envisaged to be projected, constructed and operated to attend the 
present Brazilian necessity of a multipurpose neutron source, which will be able to supply the 
demand of radioisotopes, carry out material tests, and develop scientific, commercial, and 
medical applications with the use of neutron beams. RMB will have three main functions: 
radioisotope production (mainly molybdenum); fuel and material irradiation testing to support 
the Brazilian nuclear energy program; and it will provide neutron beams for scientific and 
applied research.  
 
Among the different types of research nuclear reactors, the open pool reactors are the most 
common and the most used, because of their great versatility, easy operation and safety. 
The reactors Osiris and Julio Horowitz in France, and mainly the OPAL reactor projected by 
Argentina and built in Australia are being used as initial references for the RMB project. 
 
The thermal hydraulic system code RELAP5 has been developed for best estimate transient 
simulation of light water power reactor systems during postulated accidents. Recent works 
have demonstrated that the code can be also used with good results for thermal hydraulic 
analysis of research reactors as it can be verified in the present literature [1 - 9].  
 
The loss of coolant accident (LOCA) is one of the most important design basis accidents. In 
spite of the probability of large break accident in research reactors is very low it may cause 



core damages in the case of its occurrence. In this way, loss of coolant accident must be 
also considered in the safety research reactors analyses.  
 
In the present work, a nodalization for the RMB core using the RELAP5/MOD3.3 and the 
most important components of the pool loop and core loop circuits are presented. Steady 
state simulation has been performed. After that, the loss of coolant accident in RMB research 
reactor was simulated and analyzed. 
 
2. RMB reactor 

 
The RMB reactor will have geometric characteristics close to the OPAL reactor. The RMB 
pool has cylindrical form with 13.8 m of high and 5.6 m of diameter, as shown in the Fig. 1 
[10]. The reactor cooling has four circuits: hot layer, primary (core), secondary (pool) and 
heavy water (D20).  
 

 
 

Fig. 1. RMB - General schema of the reactor [10]. 
 

The water injection (3.8 kg/s and 318 K) from the hot layer occurs at 1.5 m from the top and 
the suction at 0.1 m. The heavy water is contained in a tank that surrounds the core, being 
one of its faces composed by reflector of beryllium. The water injection (150 kg/s and 306 K) 
from the pool circuit is provided in a point of the lateral side while the suction is made through 
the bottom of the pool. The primary circuit (750 kg/s and 311 K) provides the heat exchanger 
from the core elements and its injection occurs through two piping system at 7 m from the 
bottom. The suction occurs through the chimney avoiding ascending of the water from the 
core. The general schema of the reactor is shown in the Fig. 1 [10] and details of the core 
are illustrated in the Fig. 2 [10]. 

 
3. Thermal hydraulic model 
 
For the thermal hydraulic RELAP5 modelling, many design and dimensions information of 
the OPAL reactor has been used in the conception of the RMB nodalization. Initially, the D2O 
proprieties were considered as being the same of the light water. Fig. 3 shows the first 
RELAP5 nodalization developed to simulate RMB. The pool was modeled using two pipes 
components composed by twenty volumes each one. These pipes are connected by cross 
junctions to allow water circulation inside the pool. Volume 140 is a branch component that 
represents the upper pool surface, which is in contact with the atmosphere. Volume 190 is a 
time dependent volume that simulates the atmosphere on the top of pool surface. 



 

 
 

Fig. 2. RMB - Core details [10]. 
 
The pool cooling loop is simulated using a heat exchanger (210 and 710), a pipe (200) and 
two single volumes (206, 220). Due the insufficient design information, some data of the pool 
cooling loop were estimated using available data.  
 

 
 

 Fig. 3. RMB nodalization for RELAP5. 
 

The whole core structure is placed inside a squared section piping that is part of core cooling 
loop and this structure is surrounded by the pool. In normal operation, the water is pumped 
through pipes into a heat exchanger where it is cooled, and then returns to the core where it 
is heated. In the RELAP5 nodalization the core cooling circuit components in outside of the 
pool are represented by the volumes from 400 up to 470 while those within the pool are 
simulated by volumes from 300 up to 340. Component 410 represents the pumps of the 
reactor cooling system and components 430 and 810 represent the heat exchangers. 
Component 300 is the core inlet lower plenum which conducts the water to the core (pipe 
316). The heated water goes through the components 320 and 330 where it is mixed with a 



small downward flow coming from the pool through the chimney (pipe 340). There is a 
connection between the reactor and the pool cooling loop that is modelled by the branch 440, 
where the mass of water taken from the pool through the chimney is returned to the pool 
circuit, injected in the component 206. Four valves (463, 464, 467 and 468) provide the 
cooling through natural circulation (NC) when needed. The point kinetics model was used to 
estimate the fuel power in the presented simulations. 
 
4. Methodology for LOCA analyses 
 
Several incidents such as pipes and valves ruptures of the primary system, ruptures of beam 
tubes and breaks at the pool wall caused by severe accidents like strong earthquakes can 
lead to the loss of coolant accident in research reactors.  
 
The present study investigates the LOCA induced by a tube rupture during operation. The 
pipe 400 (in the nodalization) was chosen to simulate the LOCA. This component is a square 
horizontal pipe and it is 7.0 m above the pool bottom. It has 0.510 m and 0.550 m of faces 
and 0.2572 m2 of cross-section area. The mass flow rate in this component is almost 833 
kg/s, because it receives the sum of the mass water that comes from the core plus the water 
coming from the chimney. 
 
For LOCA simulation it was necessary to do some modification in the RELAP5 nodalization. 
As it can be seen in the Fig. 4, the pipe 400 was divided and it was introduced a single-
junction component (401) to do the connection with the pipe 402. It was introduced a time 
dependent volume (404) with atmospheric pressure to receive the water of the rupture. This 
component was connected to a valve trip (403). This valve was connected in the last volume 
in the pipe 400.  

 

 
 

Fig. 4. LOCA nodalization for RELAP5. 
 
A system (logical trip) was used to shut down the reactor if the level of the pool decrease 
more than 2.75 m. This was used because an emergency system to complete the water of 
the pool in case of an accident of this magnitude was not simulated.  
 
To simulate the accident the trip valve 403 was opened and the natural circulation valves 
(463 and 467) were opened using a logical trip in the RELAP5 input deck. The valves 464 
and 468 are of type check valve. It was necessary to isolate the primary circuit closing two 
valves (425 and 455).  
 
5. Results and discussion 
 
The LOCA evolution during the first 80 hours can be separated basically in two different 
phases. In the first phase the accident presents a fast loss of coolant and the coolant level in 
pool begins to reduce until it reaches the level of the tube rupture. The coolant flow rate in 
the core decreases very fast in this phase. In the second phase the coolant temperature in 
the pool begins to increase until it reaches a saturation point. The transient begins at 1,000 s 
of calculation after the reactor reaches steady state at 30 MW of power operation. As it can 
be seen in the Fig. 5, the power decreases slightly after the transient. At about 1,028 s of 
calculation, the reactor was automatically shut down when the coolant level reached 11.05 m 
(Fig. 6). The reactor was shut down inserting 10 dollars of negative reactivity.  
 



 
 

Fig. 5. Total power evolution during the LOCA transient simulation in the RMB. 
 

 
 

Fig. 6. Pool coolant level evolution during the LOCA transient simulation on the RMB. 
 
The water level reached the saturation point in the core at 200,000 s. It was not verified void 
formation. The water expansion caused increase in the water level and, consequently, 
decrease in the water temperature returning to a point below the saturation point (Fig. 7). 

 

 
 
Fig. 7. Core coolant temperature evolution during the LOCA transient simulation on the RMB. 
 



6. Conclusions 
 
The Multipurpose Brazilian Reactor (RMB) will have many functions with the main utilization 
for production of radioisotopes to medical applications. Several characteristics of the OPAL 
reactor have been used in the initial project of the RMB. The development of the Brazilian 
reactor is on phase of theoretical calculations.  
 
The RMB thermal hydraulic system has been analised firstly simulating it with the RELAP5 
code. The TH model is presented in this work. After several tests the steady state operation 
condition was reached at 30 MW with all thermal hydraulic parameters in stable behaviour. 
Therefore, a LOCA transient was simulated.  
 
After the transient, the power decrease slightly before the reactor is shut down when the 
coolant level reached 11.05 m. The reactor was shut down inserting 10 dollars of negative 
reactivity. The water level reached the saturation point in the core at 200,000 s but it was not 
observed void formation. The water expansion caused increase in the water level in the core 
and consequently there was decreasing in the water temperature returning to a point below 
the saturation point. The nodalization demonstrated to reproduce the RMB behaviour 
adequately. Some improvements and simulations will be performed before to obtain the 
definitive model.   
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ABSTRACT 
 

The Admiral Álvaro Alberto Nuclear Power Station (CNAAA), located at Angra dos 
Reis, is Brazil’s only nuclear power plant (NPP). It consists of two Pressurized 
Water Reactors, Angra 1 and Angra 2 with a net output of 657 MWe and 
1,350 MWe, respectively. A third unit, Angra 3, is under construction. As part of 
training of the CNAAA reactors operators, the Nuclear Technology Development 
Center (CDTN), a research institute of the Brazilian Nuclear Energy Commission 
(CNEN) offers the Operator Training Course on Research Reactors (CTORP) 
which was designed as an integral part of the first phase of the reactor operators 
training. Most of the NPP reactor operators and other technical staff have been 
trained on the IPR-R1 reactor, a 100 kW Mark I TRIGA reactor. So far, more than 
250 workers were certificated by CTORP. It is a three-week course and is 
inherently practical. The experiments are divided into three categories: Reactor 
Experiments, Laboratory Experiments and Radiological Protection Experiments. 
This paper presents a brief review of the CTORP history, its goals, methods and 
materials. The efficiency and success of the course have been confirmed over the 
years by the good performance of the workers in the later stages of the training 
program. The experience of the CTORP certifies that it is possible to provide an 
effective training on research reactors using only elementary mathematics. 
 
 

1. Introduction 

At present, in the Admiral Álvaro Alberto Nuclear Power Station – CNAAA (FIG 1), located at 
Angra dos Reis, Rio de Janeiro, Brazil, are operating two Nuclear Power Plants, Angra 1 and 
Angra 2, with generating capacity of 657 and 1350 MWe, respectively. A third plant, Angra 3, 
is under construction, scheduled to come on line in 2013, and it is also planned to generate 
1350 MWe. 

In the middle seventies, the Operator Training Course on Research Reactors CTORP [1] 
was structured with the aim of filling in part of the reactor operators training of the Nuclear 
Power Plant Angra 1, which started its commercial operation  in 1985. Since then, CTORP 
has been given 25 times and has certified around 250 professionals for the Brazilian nuclear 
sector.  

This paper describes the Brazilian experience of CTORP, presenting a brief historical review, 
the goals, methods, materials, and results of the course. 

 



 

 
Figure 1: A: Admiral Álvaro Alberto Nuclear Power Station;  

B: Nuclear Power Plant Angra 1; C: Nuclear Power Plant Angra 2 

 

2. History 

One of the requirements for the commissioning of the Angra 1 Power Station, the first 
Nuclear Power Plant in Brazil, was the training program for future nuclear reactor operators 
[2]. In general, training programs in countries with experience in the nuclear area included 
training in research reactors operation or in reactor simulators [3], [4]. At that time, Brazil had 
three research reactors in operation The IEA-R1 located in São Paulo, reached its first 
criticality in 1957, while the Argonauta, in Rio de Janeiro, reached it in 1965. The IPR-R1 at 

A

B C



Nuclear Technology Development Center (CDTN) situated at Belo Horizonte, state of Minas 
Gerais, reached its first criticality on November 11th, 1960.  

The IPR-R1 TRIGA (Training, Research, Isotopes, General Atomic) is a Mark I type, cooling 
by light water, open-pool design and having as fuel an alloy of zirconium hydride and 
uranium enriched at 20% in 235U, which has a large, prompt negative temperature reactivity 
coefficient, meaning that as the temperature of the core increases, the reactivity rapidly 
decreases. A reactor with a negative temperature coefficient of reactivity is therefore 
inherently self-controlling and safe. The possibility of using the reactor IPR-R1 TRIGA in the 
training of CNAAA operators was one of the factors which stimulated the creation of CTORP. 

The content of this training program was first drawn by experts from the NUS – Nuclear 
Utilities Services Corporation, an American Company, working in behalf of FURNAS, the 
Reactor Operator, together with Brazilian staff from the Radioactive Research Institute – IPR 
(later its name changed to Nuclear Technology Development Center – CDTN). During 
several days, the requirements for the training program were quoted with the experimental 
installations available at CDTN, and adaptations were provided, either to adjust the texts to 
the existing equipment or to make them match the practical character intended for the 
training. 

Additional requirements of the program for the first applications were that the Operators had 
some experience in the operation of thermal power stations and that they should get in 
advance the written description of the experiments to be made at the TRIGA Research 
Reactor existing at CDTN.  

 

3. Methodology 

The CTORP is structured as a three-week intensive course. It is inherently practical and the 
experiments are divided into three categories: Reactor Experiments, Laboratory Experiments 
and Radiological Protection Experiments. 

The CTORP is applied indiscriminately to professionals with high school and also with higher 
levels. For this reason, this course avoids the application of differential and integral calculus, 
using only elementary mathematics. This approach does not diminish the level of the course. 
The physical concepts which could be masked by a more elaborate mathematical treatment 
are better understood and assimilated by the trainees.  

The material for this course is divided into two volumes. The experiments in each volume are 
divided into two categories: Reactor Experiments and Laboratory Experiments. The Reactor 
Experiments cover topics related to reactor kinetics and operation while the Laboratory 
Experiments cover subjects as health physics (radiological protection) and reactor 
instrumentation. Volumes 1 deal with the basic theoretical training and a facility description 
section. This material should prove very helpful to the trainees and should be read before the 
start of the course. This way, this volume is sent in advance to the trainees. Each experiment 
described in Volume 2 is further divided into several sections. These sections are: purpose, 
discussion, procedure, questions, and references. In order to obtain maximum benefit from 
the program, it is important that the student read the experiment before performing it. Tables 
1 and 2 present the summaries of the Volume 1 and 2, respectively. 



Table 1: Summary of CTORP PART 1. 

CTORP - PART 1: INTRODUCTION TO EXPERIMENTS 

Chapter I:  Revision of Fundamental Topics 

I.1 Nuclear Radiations – Radioactive Decay - Activity 

I.2 Interaction of Radiation with Matter 

I.3 Radiaction Detection 

Chapter II:  Introduction to Reactor Experiments 

II.1 Introduction to IPR TRIGA Reactor Mark1 

II.2 Instruments Response – Instruments Reliability 

II.3 Subcritical Approach – 1/M curves 

II.4 Inhour Equations – Period and DPM 

II.5 Critical Mass Determination 

II.6 Control Rods Worth 

II.7 Temperature and Void Coefficients 

II.8 Flux Mapping 

II.9 Full Power Operation – Recovery Startup 

II.10 Blind Startup – Automatic Control – Control Rods Permutation 

II.11 Xenon and Samarium Poisoning 

Chapter III: Introduction to Laboratory Experiments 

III.1 Reactor Instrumentation: Startup Channel 

III.2 Reactor Instrumentation: LogN and Power Channels 

III.3 Geiger Müller Tubes – Radioactive Decay 

III.4 Radiation Shielding 

III.5 Neutron Activation Analysis 

III.6 Ion Exchangers 

Chapter IV: Radiation Protection 

IV.1 Introduction 

IV.2 Biological Effects of Radiations 

IV.3 Radiation Protection Standard Rules 

IV.4 Radiation Protection Instruments 

Chapter V: Introduction to Radiation Protection Experiments 

V.1 Characteristics and Operation of Radiation Protection Instruments 

V.2 Radiometrics Survey 

V.3 Decontamination 

V.4 Distance Effect for Point and Liner Sources 

 



 

Table 2: Summary of CTORP PART 2. 

CTORP - PART 2: EXPERIMENTAL PRODEDURES 

Chapter I:  Startup, Operation and Shutdown Procedures for IPR-R1 Reator 

Chapter II:  Reactor Experiments 

II.1 Introduction to IPR TRIGA Reactor Mark1 

II.2 Instruments Response – Instruments Reliability 

II.3 Subcritical Approach – 1/M Curves 

II.4 Inhour Equation – Period and DPM 

II.5 Critical Mass Determination 

II.6 Control Rods Worth 

II.7 Temperature and Void Coefficients 

II.8 Flux Mapping 

II.9 Full Power Operation – Recovery Startup 

II.10 Blind Startup – Automatic Control – Control Rods Permutation 

II.11 Xenon and Samarium Poisoning 

Chapter III:  Laboratory Experiments 

III.1 Startup Channel 

III.2 Reactor Instrumentation: LogN and Power Channels 

III.3 Geiger Müller Tubes – Radioactive Decay 

III.4 Radiation Shielding 

III.5 Neutron Activation Analysis 

III.6 Ion Exchangers 

Chapter IV: Radiation Protection Experiments 

IV.1 Characteristics and Operation of Radiation Protection Instruments 

IV.2 Radiometrics Survey 

IV.3 Decontamination 

IV.4 Distance Effect for Point and Linear Sources 

 

 

The application methodology of the course consists of: 

I. The trainees are divided into two groups. The first one conducts the reactor 
experiments in the morning, and the laboratory and radioprotection experiments in 
the afternoon, while the other group performs the training in inverse order; 

II. Each practical class is preceded by a presentation, which last approximately thirty 
minutes, and in order to give a basic theoretical background about it with particular 



emphasis on the Purpose and Discussion. With a thorough understanding of these 
sections, the student will be in a better position to pay full attention to the dynamics of 
the experiment and obtain the data necessary to write it up; 

III. Finished the oral presentation, students follow the teachers in implementing the 
proposed experiments; 

IV. After the practice, the students write up a report together, which should contain the 
experimental data, graphs and analysis of the results; 

V. Finally, questions about the experiments must be answered individually by the 
students. 

 

During the practical classes, special attention is given to each trainee to participate 
effectively in the experiment, and everyone in the class is expected to participate in the 
discussions. 

After the first week and the second one, the trainees do written tests to measure their 
progress in learning the fundamental principles. At the end of the three week course a written 
and an oral examination will be administrate to each student to evaluated the overall 
knowledge of the student at the end of the program. The practical test is necessarily applied 
by two experts who did not teach in the course. This procedure aims to avoid any 
prejudgment that could occur due to the student-teacher interaction during the course. 

The final evaluation of the trainees is done on the basis of individual questionnaires, partial 
tests and final exams. Approval is given to trainees who obtain final grade equal or greater 
than 70 %. 

Another important point in the philosophy of this course is the student-instructor relationship. 
It is our intention to treat all students as equals, regardless of their company position or 
academic background. Further, although the students will perform many startups and other 
operations on the Reactor Control Console, it is essential to remember that the licensed 
Reactor Senior Operator is fully responsible for the reactor at all times and no action 
affecting the reactor shall be performed without his knowledge and consent.  

 

4. Results 

The CTORP so far has been applied 25 times, and about 250 trainees received Research 
Reactor Operator certificates.  

The efficiency and success of the course have been confirmed over the years by the good 
performance of the workers in the later stages of the training program. The experience of the 
CTORP certifies that it is possible to provide an effective training on research reactors using 
only elementary mathematics. 

It is worth saying that the good results of the cooperation were instrumental, in later times, to 
the establishment of other areas of cooperation between CDTN and ELETRONUCLEAR 
(formerly FURNAS), notably in the area of Radioactive Waste.  



5. In Memorian 

This paper was written in memory of João Bosco de Siqueira, Arísio Nunes dos Santos and 
Maurício Mendes Campos, the first two involved in discussing with FURNAS the contents of 
the initial applications of CTORP and the third responsible for the elaboration and revision of 
the major part of the written texts of the Course, still in use. And also in memory of Sergio 
Roberto Felicio Guimarães, head of the first class of trainees, who took the course and had 
an excellent result. The performance and behavior of this group established a kind of pattern 
to be followed.  
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ABSTRACT 
 

Thermal-mechanical studies of LEU foil targets with annular and plate 
geometries are currently underway.  The primary goal of the studies is to 
establish that such targets can be irradiated safely.  The two geometries are 
based on current low volume production targets developed by Argonne 
National Lab and the current high volume production dispersion targets.  In 
both cases, it is assumed that the targets will be disassembled and the LEU 
foil removed after irradiation to be dissolved.  This strategy reduces the 
amount of liquid waste generated. 
 
Analytic and numeric models for both geometry types are developed.  The 
rationale for using analytic models is that they clearly show the parameters 
that govern physical behavior.  Unfortunately, analytic models can be 
obtained for only simple shapes and boundary conditions.  Numeric models 
developed using the finite element code Abaqus allow more complicated 
conditions to be explored.  In this paper, we show that the annular target 
design has a relatively low risk to thermal-mechanical failure.  At the same 
time, we provide target design trends for a flat plate geometry. 

 
1. Introduction 
One of the most commonly practiced radio-medical diagnostic techniques in the world today 
is technetium-99m (Tc-99m) diagnostic therapy.  Radioactive Tc-99m is the short lived 
daughter isotope of molybdenum-99 (Mo-99).  Current global Mo-99 production is 
predominantly based on the fissioning of highly enriched uranium (HEU) in a reactor.  In 
accordance with the Global Threat Reduction Initiative of the U.S. Department of Energy - 
National Nuclear Security Administration, production conversion from HEU material to low 
enriched uranium (LEU) is a top priority. 
 
Conventional HEU and LEU dispersion targets for fission-product applications have superior 
thermal/mechanical properties.  However, they have inherently low uranium densities.  For 
HEU based dispersion targets the uranium density is about 1.6 g/cm3.  In order to have an 
equivalent mass of U-235 for a similar sized LEU target, the uranium density would have to 
increase to about 8 g/cm3.  To achieve that level of uranium density such that LEU based 
production is economically viable a new, high uranium density target is needed.  By utilizing 
an LEU foil meat, as opposed to a dispersion meat, the uranium density can be increased to 
about 18.5 g/cm3.  Such a target design has been developed by Argonne National 
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Laboratory [1], and successfully used in test irradiations in various international reactors.  
One of the features of the Argonne target approach is that the LEU foil meat can be removed 
from the target after irradiation, reducing the amount of liquid waste [2]. 
 
A challenge with using 
an LEU foil based 
target is that the 
thermal/mechanical 
integrity of the interface 
between the foil and the 
cladding material is not 
clearly understood.  
The target life cycle 
illustrated in Figure 1 
identifies the process 
steps where the target 
needs to function by 
containing all fission 
products and providing 
a means to cool the 
LEU.  A significant 
effort is underway to characterize the thermal/mechanical response of foil based targets and 
to assess the risk of failure.  The analysis is being conducted recognizing that in a high 
volume production environment, the overall cost of the target and processing must be 
minimized. 
 
2. Annular Model Development 
2.1 Analytic Model 
The annular target described by Conner, et al [1 ] is comprised of two concentric aluminum 
tubes that sandwich the LEU foil as suggested in Figure 1.  The ends of the tubes are sealed 
to ensure that any fission products are contained between the aluminum tube cladding.  To 
assess the risk of a gap opening between the LEU foil and either of the aluminum tubes, a 
thermal-mechanical model was created, and is described in more detail elsewhere [3].  The 
general approach is to write the equation of static equilibrium for a cylindrical tube and to 
evaluate the stress within the tube wall.  If the internal stress at the interfacial region is in 
compression, then one can safely assume that no gap will develop between the LEU and the 
cladding.  If there is a tensile stress, then there is a risk of a gap opening. 
 
For a cylinder that can expand freely in the axial direction, the radial stress is [4]: 
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where E is Young’s modulus, ν is Poisson’s ratio, α is the coefficient of thermal expansion, a 
is the tube inner diameter, and T is the radial temperature distribution.  The constants of 
integration are 
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where b is the tube outer diameter. 
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The temperature distribution through the tube depends upon the heat transfer direction.  The 
outer tube experiences a heat flux on its inner surface and convective heat transfer on its 
outer surface.  The temperature integral for such heat transfer is: 
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where T is the coolant temperature, Q is the heat flow, k is the thermal conductivity of the 
tube, and h is the heat transfer coefficient. 
 
The inner tube experiences heat flow in the opposite direction, with applied heat flux on its 
outer surface and convective heat transfer on its inner surface.  The temperature integral for 
this case is: 
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2.2 Numeric Model 
A finite element model of an annular target was calibrated against the analytic model 
described above in Turner, et. al [3].  The model was then used to evaluate the internal 
stress state for the heating conditions illustrated in Figure 2. 

Interfacial Heating Internal Heating External Heating  
Figure 2.  Heating Conditions Evaluated using Finite Element Model 

 
3. Plate Model Development 
3.1 Analytic Model 
The plate target geometry is modeled in a similar way as the annular geometry.  The 
thermal-mechanical equilibrium equations for a single plate are written to determine the out 
of plane deflection of the cladding that can be expected during heating from the LEU.  The 
general plate bending equation to be solved is [5]: 
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The form of the solution for the out of plane deflection can be written as: 
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The detailed expressions for the constants, wmn, αm, and βn, can be found in [6]. 
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3.2 Numeric Model 
A finite element model was 
created using Abaqus.  Both clad 
plates were modeled with internal 
heating applied to each plate and 
external convective cooling 
applied on the opposite plate 
surface.  The influence of edge 
holding condition was explored.  
Figure 3 illustrates the different 
conditions.  In all cases it is 
assumed that the edges are 
welded together, but the 
remainder of the plate may 
‘pillow’. 
 
4. Modeling Results 
The plot in Figure 4 shows 
the radial stress 
distribution within the 
cladding of an annular 
tube as described by 
eqns. 1-4.  It can be seen 
that when a tube is heated 
externally, there is a 
tendency for the tube to 
be in tension.  This 
suggests that for the 
annular target, the inner 
tube will be in tension.  
The opposite trend is 
observed for the outer 
tube.  When the numeric model is used to simulate heating at the interface, where the LEU 
would be located, it can be seen that indeed the inner tube experiences tensile stress while 
the outer tube is in compression.  From a design perspective, it becomes obvious that 
controlling the distribution of heat transfer to the inner tube and the outer tube will ensure 
that the interface be in compression, and have a low risk of a gap developing.  This analysis 
of course ignores any residual stress that might be present from the assembly process. 
 
Figure 5 shows a 
comparison of the 
maximum plate deflection 
for the three boundary 
conditions identified in 
figure 3. The plot shows 
that as the thermal load 
increases, the amount of 
deflection increases. This 
trend is consistent when 
understanding that a higher 
thermal load induces a 
larger temperature 
difference across the 
aluminum plate, and hence 
increases the difference in 
surface thermal expansion.  

Figure 3.  Edge Boundary Conditions Studied with Numeric Model

Figure 4.  Radial Stress Distribution for Annular Target. 
Target Length = 20.5cm, Inner Radius = 1.321cm, and Outer Radius = 1.5cm
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The figure also shows that the greatest amount of deflection takes place for the fully 
constrained boundary condition, followed closely by the deflection for the partially 
constrained boundary condition. The fully constrained boundary condition produces that 
greatest amount of deflection because the edges are not allowed to translate thus forcing the 
free central part of the plate to bow outward. 
 
5. Conclusions 
It has been shown that the thermal-mechanical behavior of the annular target proposed by 
Argonne National Lab is robust relative to the potential of a gap opening during irradiation.  
However, it was observed that there is an opportunity to manage the state of the interface by 
controlling the heat transfer split between the inner and outer tubes. 
 
For the flat plate geometry, it is seen that there will be ‘pillowing’, dependent on the edge 
boundary condition and the level of heat dissipated through the cladding.  The magnitude of 
the plate deflection is on the order of micro-meters, which may be tolerable.  Further studies 
on the plate aspect ratio, plate thickness, plate curvature, and residual manufacturing stress 
will provide further design rules for developing a satisfactory plate target.  For both 
geometries, experimental measurements are needed to validate the model results. 
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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, addition of Si into Al matrix or Si 
coating on a surface of U-Mo powder has been tested for the efficacy as a barrier of 
U-Mo/Al interdiffusion in KAERI. We suggested a Si coating methods by annealing 
U-Mo on a Si bed, and made a Si coated U-Mo/Al dispersion fuel. With this Si coated 
U-Mo/Al fuels, we conducted KOMO-4 irradiation test in HANARO. The results 
showed suppressing effect for the U-Mo/Al interdiffusion.  
In this study, we introduce a Si coating methods of homogeneous thickness using 

mechanical mixing on U-Mo powder. Using this technique, we could make a uniform 

thick Si coating layers, such as  ~5 μm, ~10 μm, and ~ 15 μm. Annealing tests were 

done at 600 ℃ for 1, 3, 5 hours to compare the thickness changes of the interaction 

layers for these specimens. As the results of this study, there was not much 
difference among three kinds of specimens, so we suggest the thinnest Si 

pre-coating layer such as ~ 5 μm thick would be best for the next KOMO-5 test Si 

pre-coating atomized U-Mo/Al dispersion fuel. 
 

 

 

1. Introduction  
 

In order to overcome the interaction problem between the U-Mo and Al matrix of U-Mo 
dispersion fuels for a research reactor, there were several suggestions such as addition of Si 
into matrix, multi-wire monolithic fuels.[1, 2] Adding Si into matrix resulted in very good 
irradiation performance due to the suppressing effect of interdiffusion when adding at least 
over 5wt% of Si into matrix.[3] As the Si content in the matrix increases, the interaction layer 
growth was progressively reduced. But too much Si in the Al matrix would be harmful to the 
subsequent reprocessing of spent fuel.[4] So, Si coating on surface of U-Mo powder instead of 
addition of Si into matrix have been investigated. We have already presented the irradiation 
result of the Si coated U-7Mo/Al-5Si fuel of KOMO-4 irradiation test in HANARO.[3] The 
thickness of pre-interaction layer of the Si coated U-7Mo/Al-5Si fuel of KOMO-4 irradiation test 

during fabrication ranged ~ 10 μm. That fuel showed suppressing effect for the U-Mo/Al 

interdiffusion in KOMO-4 test. 
Ryu[4] showed that Si coating was an effective way to prevent the severe interaction between 

U-Mo and Al using diffusion couples test. In his paper, there was irregular Si coating layer due 
to the oxidation layer of U-Mo powder during atomization.  
The objective of this study is to examine the Si pre-coating effect as a barrier of U-Mo/Al 

interdiffusion according to variation of coating thickness with three kinds of specimens in the 
annealing test. We tried to make a uniform layer of coating thickness by introducing 
mechanical-ball mixing technique. Using this technique, we could make three kinds of 

specimens with a uniform thickness of Si coating layers, such as  ~5 μm, ~10 μm, and ~ 15 μm 

respectively. With these Si coated powders, the annealing test specimens were fabricated 
following the same procedures of extrusion as HANARO rod type fuel making. Annealing tests 

were done at 600 ℃ for 1, 3, 5 hours to compare the thickness changes of the interaction 

layers for these specimens. 
 



2. Si coating methods on U-Mo powder
33 weight % U-7Mo atomized powder and 66.7 weight % pure Si powder were charged into 

ball mixer and mixed for 7 hours, 15 hours or 24 hours. As the mixing time is increased, there 
might be more Si content on the U-Mo surface as shown in Table 1.

Fig. 1. SEM image of atomized U-Mo powder

Table. 1 The composition of surface of U-Mo powder by EDX 

Element U7Mo
(at%)

U7Mo after                
ball- mill  for 15 hours

(at%)

U7Mo after  ball- 
mill  for 24 hours

(at%)

O 35.41 29 29.49

Si 1.32 3.79 6.87

Mo 3.61 3.58 3.22

U 24.02 24.77 22.73

For making Si coating on U-Mo powder, we tried preliminary annealing at 900, 960, 1000 ℃ 1

hour for the powders. Fig. 2 shows that coating layer seems to be irregular without ball mixing, 
but more uniform layer with ball mixing. We found optimum mixing conditions to get a uniform 

thickness of coating layers after preliminary test as in Fig. 3. So the coating condition for 5 μm

is such that the annealing temperature is 960 ℃, 1 hr after 7 hour ball mixing. 

Fig. 2. Coating thickness changes and shape variations with 
annealing temperature and applying with mixing or not.



Fig. 3. Coating thickness changes with annealing temperature and mixing time.

Fig. 4 shows the Si content variation of coating layer by EDX. In the outmost layer, due to the 
oxidation, the Si content is less than the inner layer, and the Si content of B layer is highest 42
at%. Fig. 5 shows XRD pattern which shows the phase change during the coating process: the 
bottom pattern is for U-Mo atomized powder whose phase is gamma U and the middle is after 
ball mixing which shows Si peak, and the upper pattern is for Si coated U-Mo powder whose 
phase is gamma U, U3Si, decomposed alpha U phase.

Fig. 4. Composition of Si-rich coating layer of 15 μm coating thickness.



Fig. 5 Phase change by XRD

For making the annealing test specimens, compaction following extrusion process were 
applied as the same process as HANARO rod type fuel making process. For extrusion, the 

compaction specimens of Si-coated U-Mo powder and Al powder were preheated at 400 ℃ 30

min were extruded in rods whose diameter was 6.5 mm. For annealing test, the specimens 
were processed vacuum tubing with quartz tubes. 

Fig. 6 is the results of annealing test of extruded Si-coated U-Mo/Al dispersion fuels. The 

thickness range of interaction layer of 5 μm, 10 μm, 15 μm specimens between U-Mo and Al 

were about 15 ~ 30 μm. There is no significant difference of interaction layer thickness among 

the specimens. 

Fig. 6 Cross-sectional SEM image after annealing tests of 
extruded Si-coated U-Mo/Al dispersion fuels.

Fig. 7 shows the x-ray patterns of Si-coated U-Mo/Al whose phase are gamma U, uranium 
aluminide, Si and Al. There is no difference of the XRD patterns according to annealing time in 
this experiment.



Fig. 7. XRD patterns of Si-coated specimens 
after annealing test.

3. Conclusion

In order to overcome the interaction problem between the U-Mo and Al matrix of U-Mo 
dispersion fuels for a research reactor, we have suggested a Si coating methods by annealing 
U-Mo on a Si bed.

In this study, we developed a Si coating methods of homogeneous thickness using 
mechanical mixing on U-Mo powder. Using this technique, we could make a uniform thick Si 

coating layers, such as  ~5 μm, ~10 μm, and ~ 15 μm. Annealing tests were done at 600 ℃ for 

1, 3, 5 hours to compare the thickness changes of the interaction layers for these specimens. 
This study demonstrated that there is no significant difference among three kinds of specimens, 

so we suggest the thinnest Si pre-coating layer such as ~ 5 μm thick would be best for the next 

KOMO-5 test Si pre-coating atomized U-Mo/Al dispersion fuel.
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SUMMARY 
 

One of the most important factors limiting a life-time of fuel elements in high-
flux research reactors are a corrosion rate of fuel cladding material and a 
formation rate of oxide film. 
This study presents the results of the corrosion tests with and without 
irradiation.  The aluminum alloys systems Al-Fe-Ni, Al-Fe-Ni-Cu-Mg and  
Al-Mg-Si-Cu were irradiated in the water flow of a velocity from 1.3 to 
14.2m/s at 200 оС for time within 570 to 2000 hours. 

 
1. Introduction 

A safe operation of high-flux research reactors is determined by the fuel elements, operation 
ability of whose is limited by a corrosion resistance of fuel cladding materials. Aluminum 
and its alloys are used as the basic material for the fuel claddings in research reactors.  
A notion of the corrosion resistance of the fuel cladding materials is the set of three 
interrelated characteristics as follows: a material corrosion rate, an oxide formation rate and a 
release rate of a corrosion (dissolved and un-dissolved) products into water. One of the main 
factors that influence the value of these characteristics is a water flow velocity.  
This study presents the results of the corrosion tests on 5 aluminum alloys of Al-Fe-Ni,  
Al-Fe-Ni-Cu-Mg and Al-Mg-Si-Cu placed into the reactor loop, where the water flow 
velocity was from 1.3 to 14.2 m/s and duration up to 2000 hours.   

2. Materials and test procedures 

Two groups of aluminum alloys were the test materials: the unhardenable by heat-treatment 
alloys B1T, 807 and 807A and the heat-hardenable ones – 99, SAV6. Alloys B1T, 807 and 
807A are referred to the system Al-Ni-Fe-Cu-Mg, alloy 99 is to the system Al-Ni-Fe-Cu-Mg, 
alloy SAV6 is to the system Al-Mg-Si-Cu. Alloys 99 and SAV6 were tested  as-hardened in 
water (with the hold up before the hardening at 520 оС for 2 hours) and the consequent aging 
at room temperature during 15 days. Alloys B1T, 807 and 807А were tested as-aged with the 
following cooling in air: alloy B1T were tested after aging at 400 оС for 1 hour, alloys 807 
and 807А - after aging at 420 оС for 2 hours.  
For the corrosion tests the plate samples of 40x10x1,2 mm cut from the sheets in the direction 
of a rolling were used.   
The corrosion tests were performed in water at 200 оС and pressure of 1.6-1.8 MPa in the 
experimental reactor loop “KVPP-1M” whose Fe-1.1Cr-0.3Mn-0.2V-0.12C and Fe-18Cr-
10Ni-0.7Ti-0.14C steels surfaces have squares ratio equal to 55:45 respectively. From 3 to 18 
samples were placed into the special cassettes to provide different water rates at the samples 
surfaces (from 1.3 to 14.2 m/s) keeping the equal spaces between the samples. Three samples 
were used for each time point. The tests were performed in 2 stages. At the first stage the 
simultaneous tests were conducted in the water under irradiation (with φ=3.3·1016 n·m-2·s-1) 
and without irradiation at the water velocities from 1.3 to 5.1 m/s and exposures equal to 570, 



1210 and 2000 hours. The tests without irradiation were performed at four water velocities of 
1.3, 1.7, 3.1 and 5.1 m/s and in the core at the water velocities of 1.3 and 5.1 m/s. At the 
second stage at  exposures of 1000 h the simultaneous tests were performed in the water 
under irradiation and without irradiation at a single flow velocity of 14.2 m/s. Mean values of 
water quality of the first test stage were as follows: рН=7.4, [Al]=77 µg/kg, [Fe]=36 µg/kg; 
[SiO3

-2]=25 µg/kg; [О2]=102 µg/kg; [Cl-]<3 µg/kg; χ=1.85 µS/cm; at the second stage - 
рН=6,1, [Al]=30 µg/kg, [Fe]=22  µg/kg; [SiO3

-2]<5 µg/kg; [О2]=370 µg/kg; [Cl-]<3 µg/kg; 
χ=0,94 µS/cm.  
The corrosion resistance can be judged by a sample appearance, corrosion depth h, oxide film 
thickness d and aluminum quantity W in water. The corrosion depth and thickness and quality 
of the forming oxide films were determined on the metallographic cross sections. The 
thicknesses of the metal and oxide film were measured in the center of the samples with 
instrumental microscope with an accuracy of ±1 µm. It was made not less than 20 
measurements on each of the samples. Half of the difference of the sample thicknesses 
(measured before and after the tests) stands for the value of the uniform corrosion depth (h). 
The aluminum quantity released into the water W (in g/m2) was calculated by the formula:  

d
M

nAhW окAl ⋅⋅−= ρρ , 

where  ρAl and ρок –density of aluminum and corrosion products respectively, g/cm3;  
h – corrosion depth, µm; A –atom mass of Al; n – Al atoms quantity in the formula of the Al 
corrosion product; M – molecular mass of Al corrosion product; d – corrosion product 
thickness, µm.   
 
3. Experimental results 
 
Figure 1 shows the corrosion test results as plots of the variations of oxide films thickness d 
and the corrosion depth of Al alloys h as a function of test duration t and water velocity V.  
On the sample surfaces of all the aluminum alloys tested in the loop, the black oxide films 
were formed. There are no significant differences in the samples appearance between the 
alloys of one and the same group.  
An oxide film on the samples of heat-unhardenable aluminum alloys B1T, 807 and 807A is 
adhered well to the metal’s surface, and a cleavage was observed only on the sample edges 
after 2000 h of testing at a water velocity more than 3.1 m/s.  
At the same time such damages of the heat-hardenable alloys 99 and SAV6 occurred after 
1210 h and also on the separate samples of alloy SAV6 - after 570 h.    
A rise in a water velocity to 5.1 m/s increases an oxide film cleavage; that is specially 
observed on the heat-hardenable alloys 99 and SAV6. The further water velocity increasing 
up to 14.2 m/s during 1000 h of tests leads to a considerable cleavage of oxide films in the 
unhardenable alloys B1T, 807 and 807А. In the same conditions of the heat-hardenable alloys 
99 and SAV6 (Fig. 1.a,d) there is an erosive wear of oxide film mostly developed on the 
samples of alloy SAV6 (Fig. 1.a).  

After 1210 and 2000 hours the dark-brown corrosion products precipitation of circuit were 
observed on the sample surfaces of all the alloys.  

A condition of sample surfaces tested under irradiation was significantly better; 
flaking/scaling and cleavage of oxide film were not observed during irradiation at the water 
velocities studied here. 
A cross section analysis of the samples showed that the dense defect-free oxide films formed 
on the sample surfaces of all the alloys. 
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Test parameters: 1, 5 – t=1000 h; 2, 6 – t=1210 h, 3, 7 - t=2000 h; 4 - t=570 h;  
solid lines – without irradiation; dashed lines – with irradiation, where φ=3.3·1016 n·m-2·s-1 

 
Fig. 1: Test duration and water velocity effects on the variations of oxide film thickness and 

corrosion depth of Al alloy SAV6 (a-c), 99 (d-f), B1T (g-i), 807 (j-l) and 807А (m-o) 
 
An oxide film thickness grows with both test duration and water velocity (Fig.1), with the 
exception of heat-hardenable alloys 99 and SAV6 where the erosive wear occurred after  
1000 h at a water rate of 14.2 m/s.  



The oxide film thickness of all the Al alloys samples tested under irradiation is approximately 
2-3 times smaller than that in the tests without irradiation (Fig.1).  
According to the data showed in Fig.1 the corrosion process is characterized by the gradual 
decrease of the corrosion rate with time. This peculiarity of corrosion kinetics of the Al alloys 
studied reveals at all water velocities under consideration; time-variations of the corrosion 
depth obey to a parabolic law in all the alloys (Fig.1). 
A fraction of the corrosion products W released into water at small water velocities (to 2 m/s) 
and short exposures (to 1000 hours) makes ~40 %. With water velocity increased to 5.1 m/s 
and test duration to 2000 h the W value increases to ~50 %. It is typical for all the alloys and 
test conditions with and without irradiation. A further increase in the water velocity to  
14.2 m/s with a test duration of 1000 h leads to a W-value growth to ~50-60 % for all the 
alloys under irradiation and heat-unhardenable alloys tested without irradiation. So, the W-
value for heat-hardenable alloys 99 and SAV6 under these conditions without irradiation at a 
water velocity of 14.2 m/s is ~90 %.  
Analyzing the corrosion characteristics of all the alloys at each water velocity one can note 
that there are practically no differences in the corrosion behavior of the Al alloys until the 
velocity reaches 5.1 m/s. However, in accordance with the data in Fig.1 the water velocity 
increasing to 14.2 m/s influence more significantly the corrosion rate of the samples made of 
heat-hardenable alloys 99 and SAV6 than that of unhardenable ones B1T, 807 and 807A. 
Thus the corrosion depth is 90÷124 µm for the former ones (Fig. 1.c and 1.f), and is  
60-66 µm for the latter ones (Fig. 1.i and 1.l). Such difference in the behavior of these groups 
of alloys can be explained by the erosive wear of oxide films on the samples of the heat-
hardenable alloys 99 and SAV6. Indeed, the fraction of corrosion products released into 
water (in terms of Al) for the heat-hardenable alloys 99 and SAV6 in these conditions is  
~90 % while for the unhardenable alloys B1T, 807 and 807A the fraction is ~50÷60 % of the 
total corrosion losses.  
The water velocity increase intensifies the corrosion process. Thus, the water velocity 
increase from 1.2 to 5.1 m/s leads to the corrosion rate increasing 2-2.2 times for all the 
alloys. A further increase in the water velocity to 14.2 m/s makes the corrosion depth of heat-
hardenable alloys 6-9 times higher and unhardenable ones approximately 5-6 times higher. 
The results obtained in this study are in agreement with the literature data [1-4].   
The obtained experimental data showed the corrosion resistance of all the aluminum alloys 
tested in the reactor radiation zone is 2-3 times higher than those tested without irradiation at 
both water rates: 1.3 and 5.1 m/s.  
A dependence of corrosion depth changes on time t and water velocity V can be expressed as:  

h = a·tn + b·tn·Vm = (a + b·Vm)·tn.        (1) 

The similar kinds of dependences were assumed for the oxide film thickness d and corrosion 
products release W, and based on this assumption the experimental data were subjected to 
mathematical treatment and the results of which are given in Table 1.   

According to the data in Table 1 all the corrosion characteristics (h, d and W) of the heat-
hardenable alloys 99 and SAV6 under conditions without irradiation depend as the square of 
the water velocity, while those of heat-unhardenable Al alloys grow linearly with the water 
rate increase. However, the corrosion characteristics (h, d and W) of all the Al alloys under 
irradiation have a power dependence on the water velocity with exponent equal to 2.5-3.0.  

 The calculated values of h, d, W give a good fit with the experimental data. In the conditions 
without irradiation the difference between the experimental and calculated values is not more 
than 15 % for h, 20 % - for d and 30 % - for W. The difference between experimental and 
calculated values for all the characteristics is not more than 10% under irradiation conditions. 



 Alloy  Characteristics Parameters in the expression (1) R2 
Designation   Dimension a b m n 

For conditions without irradiation 
99 h µm 1.34·10-2 0.43 2.1 0.5 0.99 

d µm 0.20·10-2 0.59 2.0 0.5 0.96 
W g/m2 4.44·10-2 0.25 2.0 0.5 0.99 

SAV6 h µm 1.19·10-2 0.46 2.0 0.5 0.99 
d µm 0.87·10-2 0.64 2.0 0.5 0.98 
W g/m2 3.16·10-2 0.42 2.0 0.5 0.99 

B1T h µm 5.78·10-2 0.26 1.3 0.5 0.99 
d µm 4.78·10-2 0.48 1.3 0.5 0.97 
W g/m2 0.10 0.15 1.3 0.5 0.98 

807 h µm 0.12 0.20 1.0 0.5 0.99 
d µm 0.14 0.30 1.0 0.5 0.99 
W g/m2 0.17 0.19 1.0 0.5 0.97 

807A h µm 0.088 0.29 1.0 0.5 0.98 
d µm 0.12 0.40 1.0 0.5 0.97 
W g/m2 0.10 0.32 1.0 0.5 0.92 

For conditions with irradiation 
99 h µm 8.9·10-4 0.18 2.5 0.5 0.99 

d µm 8.5·10-4 0.25 2.5 0.5 0.99 
W g/m2 1.42·10-3 0.22 2.5 0.5 0.99 

SAV6 h µm 9.0·10-4 0.15 2.5 0.5 0.99 
d µm 3.44·10-3 0.18 2.0 0.5 0.99 
W g/m2 3.7·10-4 0.19 3.0 0.5 0.99 

B1T h µm 8.3·10-4 0.15 2.5 0.5 0.99 
d µm 8.8·10-4 0.12 2.5 0.5 0.99 
W g/m2 1.32·10-3 0.20 2.5 0.5 0.99 

807 h µm 2.0·10-4 0.17 3.0 0.5 0.99 
d µm 2.0·10-4 0.27 3.0 0.5 0.99 
W g/m2 3.1·10-4 0.15 3.0 0.5 0.99 

807A h µm 3.5·10-4 0.17 3.0 0.5 0.96 
d µm 4.6·10-4 0.24 3.0 0.5 0.95 
W g/m2 4.3·10-4 0.18 3.0 0.5 0.92 

Tab. 1: Calculated values of constants from expression (1) 
 
4. Conclusion 
 
At the experimental reactor loop “KVPP-1M” with the large surfaces of perlite steel Fe-
1.1Cr-0.3Mn-0.2V-0.12C the kinetics of corrosion of Al alloys 99, SAV6, B1T, 807 and 
807A were studied in a neutral water regime with the parameters: water temperature of  
200 °С, pressure 1.6-1.8 MPa; water velocity -1.3; 1.7; 3.1; 5.1 and 14.2 m/s and test duration 
to 2000 h both without and with irradiation in the core.  
The obtained experimental data permit to make conclusions as follows:  

1. The Al alloys showed a high erosive-corrosive resistance at all the water velocities 
under irradiation. The corrosive losses were 2-3 times less than those without 
irradiation. The erosive-corrosive damages of oxide films were not observed after 
testing for 2000 hours.  

2. The corrosion kinetics of Al alloys studied obeys to the parabolic law at all the water 
velocities.  



3.  The increase in the water velocity in both conditions with and without irradiation 
leads to the increasing of the corrosion losses for the alloys under consideration. Thus, 
variations in the water velocity from 1.3 to 5.1 m/s without irradiation make the 
corrosion rate of all the alloys 2-2.22 times higher. A further increase of the water 
velocity up to 14.2 m/s makes the corrosion rate of heat-hardenable alloys 99 and 
SAV6 6-9 times higher, and that of unhardenable ones B1T, 807 and 807A are 5-6 
times higher.  

4. The oxide film on the heat-unhardenable alloys is not subjected to the erosive wear 
without irradiation during 1000 hours at a water velocity to 14.2 m/s; while such 
damages are determined at velocities higher than 5 m/s for the heat-hardenable alloys.  

5. During the testing the best erosive-corrosive characteristics were showed by the heat-
unhardenable aluminum alloys.  

6.   The analytical expressions were obtained; they permit to estimate the corrosion depth, 
oxide film thickness and corrosion products release into water as the dependence on 
the duration of the test on the water flow velocity.  
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ABSTRACT 
 

Post-irradiation examination data of rod-type U-Mo dispersion fuel have been obtained 
from a series of KOMO irradiation tests at the HANARO reactor. In particular, the KOMO-3 
and KOMO-4 irradiation tests have been performed using the U-Mo dispersion fuel with Si-
containing Al matrices. In order to develop a fuel performance evaluation code for rod-type 
U-Mo dispersion fuel, major fuel performance correlations have been updated by 
considering the post-irradiation examination results from all the KOMO irradiation tests. 
Among the performance models used for thermal conductivity of fuel meat, interaction 
layer growth, oxide layer growth, and fuel particle swelling, the correlation of the interaction 
layer thickness has been significantly updated because of the effect of Si on the interaction 
layer growth. The performance of dispersion fuel with coated U-Mo particles has also been 
evaluated. 

 
1. Introduction 
 
Dispersion fuels such as U-Mo/Al are being developed as high-uranium-density fuels for 
research reactors because U-Mo alloys have a higher uranium density than existing fuels 
such as U3Si and U3Si2. Several irradiation tests have been performed on U-Mo/Al dispersion 
fuel to evaluate its performance [1-2]. While plate-type fuel is more commonly used in 
research reactors, the HANARO reactor uses rod-type U3Si/Al dispersion fuel. Rod-type fuel 
has a higher fuel centerline temperature and axisymmetric mechanical constraints than plate-
type fuel. Recently, the fuel performance of rod-type U-Mo/Al dispersion fuel was estimated 
using a combination of empirical models obtained from post-irradiation examination (PIE) 
data [3]. It was found that the interaction between U-Mo fuel and Al matrix is one of the 
dominant factors affecting fuel temperature, and the use of coarse U-Mo fuel particles larger 
than 200 μm is expected to be a remedy for interaction-related problems in rod-type 
dispersion fuel with a high uranium loading density. 
 
Meanwhile, the addition of Si into the Al matrix in U-Mo/Al dispersion fuel has been adopted 
as a solution to the interaction occurring during irradiation. Irradiation tests of U-Mo/Al-Si 
dispersion fuel, such as RERTR-6, IRIS-3 and KOMO-3 and -4 have shown the effectiveness 
of Si addition[4-6]. New performance models are being developed using the post-irradiation 
examination(PIE) results of Si-added dispersion fuel [7]. In addition, the coating of a diffusion 
barrier onto the U-Mo particles is expected to be another alternative interaction retardant [8]. 
To develop a fuel performance code for rod-type U-Mo dispersion fuel, including advanced 
fuel using Si-added matrices or coated fuel particles, models for the material properties and 
irradiation behaviors are updated and the calculation results are compared with the PIE 
results of the KOMO irradiation tests. The basic structures and functions of the fuel 
performance code are also described.  
 
2. Models of Material Properties and Irradiation Behavior 
 



 
 

Material properties are basic parameters used to calculate the fuel performance during 
irradiation. Data and models for the materials properties used in fuel performance 
calculations are listed in Table 1. Many of them are available in Ref. 9-11. However, there is 
not enough data available on the evolution of material properties during irradiation because 
of the difficulties encountered in in-pile measurements. Most of the data listed in Table 1 are 
out-of-pile data. In particular, the thermal conductivity and density of the interaction layer, 
(U,Mo)Alx, have not yet been measured. Therefore, the thermal conductivity was obtained 
from the lower bound of the UAlx data, and the density model of (U,Mo)Alx was formulated by 
fitting the out-of-pile data[9].  
 
Materials Properties Models or Values Remark 
Thermal Conductivity of 
Al1060 (km) 

224 (W/mK)  

Thermal Conductivity of  
U-7wt%Mo  (kUMo)  

0.032 T(K) + 2.2 (W/mK)  

Thermal Conductivity of 
(UMo)Alx (kIL)  

6 (W/mK) UAlx: 5~15 W/mK 

Density of Al1060 2.7 (g/cm3).  
Density of U-7wt%Mo 17.0 (g/cm3)  
Density of (UMo)Alx xAlxMoU /1.117.2),( +=ρ   (g/cm3) This study 

Effective thermal conductivity 
of a U-Mo/interaction layer 
composite particle (kc) 
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Y is the thickness 
of the interaction 
layer;  
R is the radius of 
the composite 
particle. 
 

Thermal conductivity of the 
dispersion fuel meat 4

323 mcmccc kVkkVkk −++−
=  

4
)323(8 2

mcmcccmc kVkkVkkk +−−+
+  

Vc is the volume 
fraction of the 
composite particle

Table 1. Data and models for material properties 
 
 
The models used for irradiation behavior are listed in Table 2. Most of these models have 
been developed empirically in the RERTR irradiation test program and have been adopted 
into the PLATE code[12]. Because of some differences in the experimental conditions 
between plate- and rod-type fuels, there may be certain models specific to rod-type fuel. A 
higher temperature gradient and mechanical constraint might be the main reasons why rod-
type fuel has shown distinct irradiation behavior. Models for the interaction layer thickness, x 
value in (U,Mo)Alx and the reduction factor for Y2 obtained by adding Si into the Al matrix, 
have been developed for rod-type fuel only, as listed in Table 3.  
 
The fuel temperature of a U-Mo/Al dispersion fuel rod was calculated by solving the 
cylindrical heat transfer equation. The fuel temperature was calculated using the thermal 
conductivities of the components obtained from the calculation. The fuel rod was simulated 
as four concentric rings of equal thickness with thermal conductivities that differed according 
to the volume fraction of the interaction layer because a different volume fraction for an 
interaction layer along the radial direction results in an axisymmetric variation in the thermal 
conductivities. The boundary conditions of the cylindrical heat transfer equation, which are 
the characteristics of the HANARO cooling system are listed in Table 4. 
 
 
Materials Properties Models or Values Remark 



 
 

Thermal Conductivity 
degradation by fission gas  

)14.2exp(100 PkkP ⋅−⋅=  P:  porosity 
fraction 

Solid Fission Product  
Swelling in U-Mo Particle df

V
V

⋅×=
Δ −23

0

105.3  
fd: fission 
density 

 
Fission Gas Swelling in U-
Mo Particle df

V
V

⋅×=
Δ −23

0

108.1  
 

Table 2. Models for irradiation behaviors 
 
 

Materials Properties Models or Values Remark 
Interaction Layer thickness 

⎟
⎠
⎞

⎜
⎝
⎛ −⋅Δ⋅⋅×= −

RT
molkJtfY / 32exp103.2 2/1162 &   f& is fission 

rate 
x value in (U,Mo)Alx x = 6.2 – 0.0125 (T-273) This study 
Reduction factor for Y2 by 
adding Si in Al matrix 

SiSi fR ⋅−−= 09462.060308.0log  fsi is Si 
content(at%) 

Table 3. Some irradiation models specific to rod-type fuel 
  
 

Items Conditions 

Coolant H2O 

Core inlet temperature 35oC 

Core outlet temperature 45oC 

Core inlet pressure 0.409 MPa 

Core outlet pressure 0.2 MPa 

Core flow velocity 7.3 m/s 
Table 4. Operating conditions of HANARO reactor 

 
 

The flow chart shown in Fig. 1 explains the procedure used for finding the proper constants 
in the interaction layer thickness correlation. Because the final interaction layer thicknesses 
are known from the PIE data, the proper constant sets of the pre-exponential coefficient (A) 
and activation energy (Q) in the correlation can be obtained by matching the calculation 
results with the measured results. The more measured data available, the less the 
uncertainty that exists in the correlation. In particular, Q can be estimated by comparing 
several data obtained within different fuel temperature regimes. One of the features in the 
performance estimation of rod-type fuel may be the radial temperature gradient, which 
results in varying interaction layer thicknesses across the radius of the fuel meat. Studying 
the thickness variation may contribute toward the production of a more reliable Q value in the 
correlation of the interaction layer thickness.  
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Fig. 1 A flow chart for finding proper constants and activation energy in the correlation of 
interaction layer thickness based on iteration.[3] 

 
 

Because a certain amount of experimental uncertainty is associated with the irradiation test, 
not all measured data can be fitted with the calculated results. A comparison of the 
measured and calculated thicknesses for KOMO-1, -2, -3 and -4 reveals the existence of 
outlying data, as shown in Fig. 2(a). Linear power histories estimated using neutronic 
calculations may be another source of uncertainty. A comparison of the measured and 
calculated volume fractions of the interaction layer is also given in Fig. 2(b). The volume 
fractions of the U-Mo, interaction layer, and Al matrix are important parameters for checking 
the soundness of the fuel performance evaluation and are very critical in calculating fuel 
temperatures. 
  
Fig. 3 shows the linear power history and the calculation results for the centerline 
temperature history of U-Mo/Al dispersion fuel elements during the KOMO-4 irradiation tests. 
Although the linear power decreases as the fuel burns during irradiation, the fuel temperature 
stays relatively constant or increases because of temperature increases resulting from a 
decrease in thermal conductivity attributable to the growing oxide and interaction layers.  
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Fig. 2 Comparison of interaction layer thicknesses of U-Mo/Al dispersion fuel between the 
calculated and measured values for KOMO-3 and KOMO-4.  
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Fig. 3. (a) The linear power history and (b) the calculation results for centerline temperature 
histories of a U-Mo/Al rod in the KOMO-4 irradiation test.  

 
The KOMO-4 test was performed to determine the effects of Si content in the Al matrix on 
the interaction layer thickness. When 2~8 wt% Si was added into the Al matrix, the 
interaction layer thickness after irradiation was reduced as the Si content increased. 
Although similar results were reported for the RERTR irradiation tests, the reducing factors 
do not converge, as shown in Fig. 4. Once again, this mismatch can be attributed to 
differences in the fuel temperatures. The temperature during the KOMO test were generally 
higher than those during the RERTR tests with the exception of some of the high-power 
RERTR tests. Changes in diffusion kinetics with temperature, or the dilution of Si content 
with interaction layer growth, need to be considered as the major mechanisms behind this 
difference.  
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Fig. 4. Comparison of reducing factor as a function of added Si content. 

 
If a coating applied onto a U-Mo particle is found to be effective in limiting interaction layer 
growth, the potential benefit can be estimated using a preliminary calculation. Assuming that 
no interaction layer grows due to the diffusion barrier coating, the fuel temperature will be 
reduced, as shown in Fig. 5, because the heat conducting media, the Al matrix, will be 
retained throughout the irradiation test period.  



 
 

0 10 20 30 40 50 60
0

50

100

150

200

250

KOMO-4 
 Uncoated U-Mo 
 Coated U-Mo

 

 

Fu
el

 C
en

te
r T

em
pe

ra
tu

re
 (o C

)

Burnup (% LEU)

 
Fig. 5. Effects of diffusion barrier coating on temperature. 

 
The fuel performance code for the rod-type dispersion fuel now being developed at KAERI is 
called RODIS. As some performance parameters of the KOMO tests appear to deviate from 
the estimated values, a future KOMO-5 irradiation test and its PIE will be very critical in 
validating the RODIS code. In order to reduce uncertainty in the performance evaluation, 
further international collaboration on the U-Mo dispersion fuel performance evaluation is 
necessary.  
 
 
4. Conclusions  
 
For the development of a fuel performance evaluation code for rod-type U-Mo dispersion fuel, 
major fuel performance correlations have been updated by considering the PIE results from 
each of the KOMO irradiation tests performed. The fuel performance models have been 
updated, and the effects of Si on the interaction layer growth have been incorporated as a 
reducing factor. The basic structures and functions of the fuel performance code for a rod-
type dispersion fuel, RODIS, have been designed. 
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TXLFNO\�DQG�V\VWHPDWLFDOO\��7KH�SULQFLSDO�IHDVLELOLW\�RI�WKH�PHWKRG�KDV�DOUHDG\�
EHHQ�GHPRQVWUDWHG�DQG�ZLOO�EH�SUHVHQWHG��/DWHVW�SURJUHVV�LQ�WKLV�ILHOG�ZLOO�EH�
VKRZQ��

�
�

���,QWURGXFWLRQ�
�

7KH�IRUPDWLRQ�RI�LQWHUDFWLRQ�GLIIXVLRQ�OD\HUV��,'/��VWDUWV�DW�WKH�LQWHUIDFH�UHJLRQ�EHWZHHQ�8�0R�
IXHO�DQG�$O�FODGGLQJ�GXULQJ�LQ�SLOH�LUUDGLDWLRQ��,'/�KDYH�SURYHQ�WR�EH�WKH�PDLQ�UHDVRQ�IRU�
XQGHVLUHG�SKHQRPHQD�OLNH�EUHDNDZD\�VZHOOLQJ��IXHO�FODGGLQJ�GHODPLQDWLRQ�DQG�WKH�
DSSHDUDQFH�RI�KRW�VSRWV�>�@��7KXV�,'/�IRUPDWLRQ�LV�DQ�XQGHVLUHG�HIIHFW�WKDW�KDV�WR�EH�UHGXFHG�
RU�DYRLGHG�LQ�WKH�8�0R�$O�V\VWHP��7ZR�RSWLRQV�IRU�,'/�SUHYHQWLRQ�DUH�FXUUHQWO\�XQGHU�
LQYHVWLJDWLRQ��ILUVW��WKH�DGGLWLRQ�RI�FHUWDLQ�HOHPHQWV�WR�8�0R�IXHO�DQG�RU�$O�FODGGLQJ�WKDW�DUH�
VXSSRVHG�WR�IRUP�VWDEOH�LQWHUDFWLRQ�SURGXFWV�DQG�WKXV�WR�VORZ�GRZQ�RU�VWDOO�,'/�IRUPDWLRQ��
DQG�VHFRQG��WKH�LQWURGXFWLRQ�RI�D�EDUULHU�OD\HU�EHWZHHQ�IXHO�DQG�FODGGLQJ��ZKLFK�LV�VXSSRVHG�
WR�VHSDUDWH�8�0R�IURP�$O�DQG�WKXV�WR�FRPSOHWHO\�DYRLG�DQ\�LQWHUDFWLRQ�EHWZHHQ�WKHP��%RWK�
RSWLRQV�KDYH�EHHQ�WHVWHG�LQ�YDULRXV�H[SHULPHQWV�DQG�VHHP�SURPLVLQJ�>���@��6\VWHPDWLF�
VWXGLHV�RQ�WKH�HIIHFW�RI�GLIIHUHQW�DGGLWLRQV�KDYH�EHHQ�PDGH�DQG�DUH�VWLOO�JRLQJ�RQ�>�@��8S�WR�
QRZ��QR�DSSURDFK�KDV�EHHQ�PDGH�KRZHYHU�WR�VFUHHQ�WKH�HIILFLHQF\�RI�GLIIXVLRQ�EDUULHU�OD\HUV�
V\VWHPDWLFDOO\��6XFK�DQ�DSSURDFK�LV�VXJJHVWHG�KHUH��
�

���%DVLF�VFUHHQLQJ�FRQFHSW�
�
$�V\VWHPDWLF�VFUHHQLQJ�WR�LGHQWLI\�WKH�GLIIXVLRQ�SUHYHQWLYH�HIIHFW�RI�OD\HUV�IURP�GLIIHUHQW�
PDWHULDOV�LQ�GLIIHUHQW�WKLFNQHVVHV�RQ�,'/�IRUPDWLRQ�LQ�WKH�8�0R�$O�V\VWHP�UHTXLUHV�WKH�
IDEULFDWLRQ�RI�ZHOO�GHILQHG�VDPSOHV�DQG�WKHLU�LUUDGLDWLRQ�DW�ZHOO�GHILQHG�FRQGLWLRQV��,I�ERWK�
SUHUHTXLVLWHV�DUH�JLYHQ��LW�LV�SRVVLEOH�WR�PHDVXUH�WKH�UDWH�RI�,'/�IRUPDWLRQ�GHSHQGLQJ�RQ�RQO\�
PDWHULDO�W\SH�DQG�EDUULHU�OD\HU�WKLFNQHVV�DQG�WKXV�WR�LGHQWLI\�WKH�RSWLPXP�EDUULHU�PDWHULDO�DQG�
WKH�RSWLPXP�EDUULHU�WKLFNQHVV���
�
�
�



�����,UUDGLDWLRQ�PHWKRG�
�
7KH�XVXDO�PHWKRG�WR�VWXG\�,'/�IRUPDWLRQ�LV�WKH�LQ�SLOH�LUUDGLDWLRQ��,,��RI�8�0R�$O�VDPSOHV�ZLWK�
VXEVHTXHQW�SRVW�LUUDGLDWLRQ�H[DPLQDWLRQ��3,(��>�@��7KLV�ZD\�RI�WHVWLQJ�KDV�WKH�DGYDQWDJH�WKDW�
WKH�VDPSOHV�IDFH�FRQGLWLRQV�GXULQJ�LUUDGLDWLRQ�WKDW�DUH�YHU\�VLPLODU�WR�WKH�FRQGLWLRQV�D�
TXDOLILHG�IXHO�V\VWHP�KDV�WR�ZLWKVWDQG�ODWHU�RQ��7KH�3,(�UHVXOWV�RI�,,�WHVWV�DUH�WKXV�YHU\�
VLJQLILFDQW�DQG�SUHGLFWLYH�IRU�WKH�EHKDYLRXU�RI�D�IXOO�VL]H�IXHO�SODWH�GXULQJ�UHDFWRU�RSHUDWLRQ��
7KH�,,�PHWKRG�LV�KRZHYHU�TXLWH�WLPH�FRQVXPLQJ�DQG�H[WHQVLYH��HVSHFLDOO\�EHFDXVH�WKH�
VDPSOHV�KDYH�WR�EH�LUUDGLDWHG�IRU�WLPHVFDOHV�RI�PRQWKV�DQG�DUH�KLJKO\�DFWLYDWHG�DQG�GLIILFXOW�
WR�KDQGOH�DIWHUZDUGV��$�V\VWHPDWLF�VFUHHQLQJ�RI�D�VHW�RI�VDPSOHV�UHSUHVHQWLQJ�D�YDULHW\�RI�
GLIIHUHQW�EDUULHU�PDWHULDOV�LQ�GLIIHUHQW�EDUULHU�WKLFNQHVVHV�ZLWK�WKH�,,�PHWKRG�ZRXOG�WKHUHIRUH�
UHTXLUH�HQRUPRXV�HIIRUW��7KLV�PLJKW�EH�WKH�UHDVRQ�ZK\�D�VFUHHQLQJ�RI�WKDW�NLQG�KDVQ�W�EHHQ�
FRQGXFWHG�XS�WR�QRZ��
$Q�DOWHUQDWLYH�DQG�PXFK�TXLFNHU�ZD\�RI�,'/�LQYHVWLJDWLRQ�LV�WKH�¶RXW�RI�SLOH¶�KHDY\�LRQ�
LUUDGLDWLRQ��+,,��RI�8�0R�$O�VDPSOHV�LQ�D�SDUWLFOH�DFFHOHUDWRU��7KH�+,,�PHWKRG�KDV�SURYHQ�WR�
SURGXFH�,'/�YHU\�VLPLODU�WR�WKRVH�SURGXFHG�GXULQJ�,,�IRU�FRPSDUDEOH�LUUDGLDWLRQ�WHPSHUDWXUHV�
>���@��)XUWKHUPRUH�+,,�UHGXFHV�LUUDGLDWLRQ�WLPHV�WR�VHYHUDO�KRXUV�SHU�VDPSOH�DQG�FRPSOHWHO\�
DYRLGV�VDPSOH�DFWLYDWLRQ��6XEVHTXHQW�3,(�RI�WKH�+,,�VDPSOHV�FDQ�WKHUHIRUH�EH�FRQGXFWHG�
HDVLO\�DQG�LPPHGLDWHO\��,Q�WKDW�ZD\�WKH�+,,�PHWKRG�RSHQV�WKH�SRVVLELOLW\�WR�VFUHHQ�D�ODUJH�
QXPEHU�RI�VDPSOHV�ZLWK�FRPSDUDEO\�VPDOO�HIIRUW���
,W�KDV�WR�EH�QRWHG�KRZHYHU��WKDW�WKH�+,,�3,(�UHVXOWV�DUH�QRW�DV�SUHGLFWLYH�DV�WKH�,,�3,(�UHVXOWV��
DV�WKH�+,,�JHQHUDWHG�,'/�LV�QRW�DEVROXWHO\�LGHQWLFDO�WR�WKH�,,�JHQHUDWHG�,'/��)XUWKHU��QR�QREOH�
JDVHV�DUH�FUHDWHG�GXULQJ�LUUDGLDWLRQ��7KH�WZR�,'/�DUH�QHYHUWKHOHVV�FRPSDUDEOH��ZKLFK�
PHDQV�WKDW�WKH�DSSHDUDQFH�RI�,'/�GXULQJ�+,,�FDQ�EH�VHHQ�DV�D�VWURQJ�LQGLFDWLRQ�WKDW�,'/�
IRUPDWLRQ�XQGHU�,,�FDQ�DOVR�EH�H[SHFWHG��7KLV�LV�VXIILFLHQW�WR�DOORZ�D�URXJK�PDWHULDO�VFUHHQLQJ�
SULRU�WR�,,�WHVWV���
�
�����6DPSOHV�DQG�PRGHO�V\VWHPV�
�
7KH�GHVFULEHG�LUUDGLDWLRQ�H[SHULPHQWV�DUH�DLPHG�WR�TXDQWLI\�WKH�HIIHFW�RI�EDUULHU�OD\HUV�IURP�
GLIIHUHQW�PDWHULDOV�LQ�GLIIHUHQW�WKLFNQHVVHV�RQ�,'/�IRUPDWLRQ��7R�GLVWLQJXLVK�WKLV�SDUWLFXODU�
HIIHFW�IURP�RWKHU�LQIOXHQFHV�WKH�XVHG�LUUDGLDWLRQ�VDPSOHV�VKRXOG�EH�ZHOO�GHILQHG��:HOO�GHILQHG�
IRU�WKLV�SDUWLFXODU�SXUSRVH�PHDQV��

�� $�FOHDU�LQWHUIDFH�WRSRJUDSK\�EHWZHHQ�8�0R��$O�DQG�EDUULHU�PDWHULDO�WR�DYRLG�
JHRPHWULF�LQIOXHQFHV��3ODLQ�LQWHUIDFHV�VHHP�RSWLPDO�LQ�WKLV�FRQWH[W���

�� $�VXIILFLHQW�KRPRJHQHLW\�RI�WKH�XVHG�PDWHULDOV�WR�DYRLG�ORFDO�FRPSRVLWLRQ�
JUDGLHQWV��

�� $�VXIILFLHQWO\�ORZ�FRQWHQW�RI�XQGHVLUHG�LPSXULWLHV�LQ�WKH�XVHG�PDWHULDOV�IRU�WKH�
VDPH�UHDVRQ��

�� 'HILQHG�FU\VWDOORJUDSKLF�SKDVHV�RI�DOO�FRQVWLWXHQW�PDWHULDOV�SULRU�WR�LUUDGLDWLRQ�WR�
GHWHFW�DQG�TXDQWLI\�SRVVLEOH�SKDVH�FKDQJHV�GXULQJ�LUUDGLDWLRQ��

�� 7KH�DEVHQFH�RI�,'/�FUHDWHG�SULRU�WR�LUUDGLDWLRQ��IRU�H[DPSOH�E\�VDPSOH�IDEULFDWLRQ�
RU�SUH�WUHDWPHQW��

$�WHFKQLTXH�WKDW�DOORZV�WKH�SURGXFWLRQ�RI�VDPSOHV�RI�WKDW�TXDOLW\�LV�VSXWWHU�GHSRVLWLRQ���
�� 6\VWHPV�RI�YHU\�SODLQ�DQG�KRPRJHQRXV�OD\HUV�RI�DUELWUDU\�PDWHULDOV�FDQ�EH�

GHSRVLWHG�RQ�DUELWUDU\�VXEVWUDWHV�E\�VSXWWHULQJ��DQG�WKXV�SURYLGH�D�FOHDU�PDWHULDO�
GLVWULEXWLRQ�ZLWK�SODLQ�LQWHUIDFHV���

�� 7KH�FRPSRVLWLRQ�RI�VSXWWHU�GHSRVLWHG�PDWHULDO�LV�LGHQWLFDO�WR�WKH�FRPSRVLWLRQ�RI�WKH�
VWDUWLQJ�PDWHULDO�LQ�WKH�VSXWWHULQJ�WDUJHW��7KH�VSXWWHU�GHSRVLWLRQ�SURFHVV�KRZHYHU�
PL[HV�DOO�FRQVWLWXHQWV�RI�WKH�VWDUWLQJ�PDWHULDO��ZKLFK�PHDQV�LW�EOXUV�WKH�
LQKRPRJHQHLWLHV�DQG�GLVSHUVHV�WKH�LPSXULWLHV��6SXWWHU�GHSRVLWHG�PDWHULDO�WKXV�KDV�
WKH�VDPH�RYHUDOO�FRPSRVLWLRQ��EXW�DOO�FRQVWLWXHQWV�DUH�PXFK�PRUH�KRPRJHQRXVO\�
GLVWULEXWHG��

�� 7KH�VSXWWHULQJ�SURFHVV�DOORZV�GHSRVLWLQJ�PDWHULDO�ZLWK�GHILQHG�FU\VWDOORJUDSKLF�
SKDVHV��7KHVH�SKDVHV�FDQ�EH�FRQWUROOHG�YLD�WKH�SURFHVVLQJ�SDUDPHWHUV��



�� ,I�WKH�VXEVWUDWH�WHPSHUDWXUH�GXULQJ�WKH�VSXWWHU�GHSRVLWLRQ�LV�NHSW�ORZ�HQRXJK��H�J��
DW�URRP�WHPSHUDWXUH���QR�,'/�IURP�WKHUPDO�GLIIXVLRQ�ZLOO�DSSHDU��

7R�RXU�RSLQLRQ��VSXWWHU�GHSRVLWHG�DUUDQJHPHQWV�RI�8�0R��$O�DQG�RWKHU�PDWHULDOV�WKXV�
UHSUHVHQW�LGHDO�PRGHO�V\VWHPV�WR�VWXG\�,'/�IRUPDWLRQ�GXULQJ�LUUDGLDWLRQ���
�

���)HDVLELOLW\�WHVW�
�
7R�WHVW�WKH�IHDVLELOLW\�RI�RXU�VFUHHQLQJ�FRQFHSW��ZH�KDG�WR�FODULI\�LI�ZH�FRXOG�DFWXDOO\�REVHUYH�
,'/�IRUPDWLRQ�LQ�VSXWWHU�GHSRVLWHG�PRGHO�V\VWHPV��:H�WKXV�IDEULFDWHG�VHYHUDO�8�0R�$O�
PRGHO�V\VWHPV�E\�VSXWWHU�GHSRVLWLRQ�DQG�LUUDGLDWHG�WKHP�LQ�WKH�0$),$�VHWXS�DW�WKH�WDQGHP�
DFFHOHUDWRU�RI�WKH�0DLHU�/HLEQLW]�/DERU�LQ�*DUFKLQJ�*HUPDQ\���
�
�����6DPSOH�IDEULFDWLRQ�
�
7R�NHHS�WKH�ILUVW�WHVW�DV�VLPSOH�DV�SRVVLEOH��ZH�GHFLGHG�WR�SURGXFH�D�VHW�RI�8��0R�$O�PRGHO�
V\VWHPV�ZLWKRXW�DQ\�EDUULHU�OD\HU��$V�VXEVWUDWHV�IRU�WKHVH�PRGHO�V\VWHPV�ZH�XVHG�SLHFHV�RI�
SXUH�$O�IRLO�LQ�VL]H����PP�[����PP��+DOI�RI�WKH�VXEVWUDWHV�ZHUH�SROLVKHG�DQG�KDG�D�VXUIDFH�
URXJKQHVV������µP��WKH�RWKHU�KDOI�ZHUH�QRW�SROLVKHG�DQG�KDG�D�URXJKQHVV�RI�a�������µP��$�

OD\HU�RI�8��0R�ZDV�GHSRVLWHG�RQ�WKH�VXEVWUDWHV�E\�'&�VSXWWHULQJ��)RU�VDPSOH�IDEULFDWLRQ�ZH�
XVHG�WKH�WDEOHWRS�VSXWWHULQJ�UHDFWRU�GHVFULEHG�LQ�>�@��)LJXUH���VKRZV�WKH�FURVV�VHFWLRQ�RI�RQH�
RI�WKH�PRGHO�V\VWHPV�SURGXFHG�LQ�WKDW�ZD\���
�

�
)LJXUH����IURP�>��@���%6'�SLFWXUH�RI�WKH�FURVV�VHFWLRQ�RI�D�8��0R�$O�PRGHO�V\VWHP�ZLWK�QRQ�SROLVKHG�$O�VXEVWUDWH���

�
$OO�VDPSOHV�VKRZHG�D�YHU\�JRRG�VXEVWUDWH�DGKHVLRQ��ZKLFK�ZDV�DOVR�YHULILHG�E\�WHQVLOH�WHVWV�
>�@��;5'�PHDVXUHPHQWV�VKRZHG��WKDW�WKH�8��0R�LQ�WKH�V\VWHPV�LV�SUHVHQW�LQ�WKH�γ¶�SKDVH��

,QKRPRJHQHLWLHV�LQ�WKH�PDWHULDO�FRPSRVLWLRQ�RU�LPSXULWLHV�FRXOG�QRW�EH�UHVROYHG�E\�(';�DQG�
DUH�WKXV�FRQVLGHUHG�DV�PLQLPDO��
�
�����+,,�WHVW�
�
:H�LUUDGLDWHG�LQ�WRWDO�VL[�PRGHO�V\VWHPV�ZLWK����,�LRQV�DW�D�NLQHWLF�HQHUJ\�RI����0H9�WR�D�
IOXHQFH�RI��������LRQV�FP���ZKLFK�FRUUHVSRQGV�WR�DSSUR[������EXUQXS�LQ�,,��7KH�WHPSHUDWXUH�
RI�PRVW�RI�WKH�PRGHO�V\VWHPV�ZDV�NHSW�FRQVWDQW�DW�����&�GXULQJ�LUUDGLDWLRQ��7ZR�ZHUH�
LUUDGLDWHG�DW�ORZHU�WHPSHUDWXUHV��7KH�VSXWWHU�GHSRVLWHG�8��0R�OD\HU�GLG�QRW�VHSDUDWH�IURP�
DQ\�RI�WKH�V\VWHPV��VHH�ILJXUH���OHIW����



�
)LJXUH����/HIW��3LFWXUH�RI�8��0R�$O�PRGHO�V\VWHP�DIWHU�+,,��7KH�]RQH�ZKLFK�ZDV�DOWHUHG�E\�WKH�KHDY\�LRQ�EHDP�LV�
FOHDUO\�YLVLEOH��5LJKW��IURP�>��@���6(0�SLFWXUH�RI�D�FURVV�VHFWLRQ�RI�WKH�PRGHO�V\VWHP��$Q�,'/�RI�FRQVWDQW�WKLFNQHVV�

IRUPHG�EHWZHHQ�8��0R�OD\HU�DQG�$O�VXEVWUDWH��

�
�����([DPLQDWLRQ�
�
7KH�VL[�LUUDGLDWHG�8��0R�$O�PRGHO�V\VWHPV�ZHUH�FXW�LQ�KDOI�DQG�WKH�FURVV�VHFWLRQV�ZHUH�
H[DPLQHG�E\�6(0��,'/�IRUPDWLRQ�FRXOG�EH�REVHUYHG�LQ�IRXU�RI�WKH�VL[�VDPSOHV��VHH�ILJXUH���
ULJKW���7DEOH���OLVWV�WKH�SDUDPHWHUV�WKDW�YDULHG�EHWZHHQ�WKH�GLIIHUHQW�V\VWHPV��VXEVWUDWH�
WRSRJUDSK\��8�0R�WKLFNQHVV��V\VWHP�WHPSHUDWXUH��DQG�WKH�PHDVXUHG�,'/�WKLFNQHVVHV��
�

FRPSRVLWLRQ� $O�VXEVWUDWH�
WRSRJUDSK\�

8�0R�WKLFNQHVV�
>µP@�

WHPSHUDWXUH��
>�&@�

,'/�WKLFNQHVV�
>µP@�

SROLVKHG� ���� ���� ��

SROLVKHG� ���� ���� ����

QRW�SROLVKHG� ���� ���� ����

QRW�SROLVKHG� ���� ���� ����

QRW�SROLVKHG� ���� ���� ����

8��0R�$O�
�

QRW�SROLVKHG� ���� ���� ��
�

7DEOH����8��0R�$O�V\VWHPV�DIWHU�+,,��
���

7KH�FRPSDULVRQ�RI�V\VWHPV�ZLWK�SROLVKHG�DQG�XQSROLVKHG�VXEVWUDWHV�JLYHV�HYLGHQFH�WKDW�WKH�
VXEVWUDWH�WRSRJUDSK\�DIIHFWV�,'/�IRUPDWLRQ��,QFUHDVHG�VXUIDFH�URXJKQHVVHV�LQFUHDVH�WKH�UDWH�
RI�,'/�IRUPDWLRQ��7KLV�EHKDYLRXU�ZDV�H[SHFWHG��DV�WKH�VXEVWUDWH�WRSRJUDSK\�GLUHFWO\�
GHWHUPLQHV�WKH�LQWHUIDFH�DUHD�EHWZHHQ�WKH�GLIIHUHQW�PDWHULDOV��DQG�DQ�LQFUHDVHG�LQWHUIDFH�
SURPRWHV�WKH�8�$O�UHDFWLRQ��
$�FRPSDULVRQ�RI�V\VWHPV�LUUDGLDWHG�DW�����&�DQG�����&��VHH�ILJXUH����JLYHV�HYLGHQFH��WKDW�
WKH�SURFHVV�RI�,'/�IRUPDWLRQ�VKRZV�D�WHPSHUDWXUH�GHSHQGHQF\�DQG�PD\�DOVR�KDYH�D�
WKUHVKROG�WHPSHUDWXUH�YDOXH�EHWZHHQ�����&�DQG�����&��$�VLPLODU�REVHUYDWLRQ�ZDV�PDGH�E\�
RXU�FROOHDJXH�=ZHLIHO�IRU�WKH�,'/�IRUPDWLRQ�LQ�GLVSHUVHG�8�0R�$O�V\VWHPV��DOWKRXJK�KH�JDYH�
WKH�WKUHVKROG�WHPSHUDWXUH�DV������&�>��@���
�

� �
)LJXUH����IURP�>��@���%6'�SLFWXUHV�RI�WKH�FURVV�VHFWLRQV�RI�8��0R�$O�PRGHO�V\VWHPV�ZLWK�SROLVKHG�$O�VXEVWUDWH�

DIWHU�+,,��/HIW��6DPSOH�LUUDGLDWHG�DW�����&��7KH�,'/�LV�FOHDUO\�YLVLEOH��5LJKW��6DPSOH�LUUDGLDWHG�DW�����&��1R�,'/�LV�
YLVLEOH���

�
�

�



���7DLORUHG�PRGHO�V\VWHPV�
�
6SXWWHU�GHSRVLWLRQ�DOORZV�WKH�TXLFN��HDV\�DQG�UHOLDEOH�IDEULFDWLRQ�RI�PRGHO�V\VWHPV�IRU�WKH�
SURSRVHG�VFUHHQLQJ�H[SHULPHQWV��7KH�V\VWHPV�FDQ�EH�WDLORUHG�WR�WKH�UHTXLUHPHQWV�RI�WKH�
H[SHULPHQWHU�ERWK�LQ�PDWHULDO�FRPSRVLWLRQ�DQG�GLPHQVLRQV���
,Q�FDVH�RI�WKH�+,,�ZH�FRQGXFWHG�LQ�WKH�0$),$�VHWXS��WKH�V\VWHP�GLPHQVLRQV�ZHUH�PRWLYDWHG�
E\�WKH�JLYHQ�LUUDGLDWLRQ�FRQGLWLRQV��7KH�VL]H�RI�WKH�V\VWHPV�ZDV�FKRVHQ�DFFRUGLQJ�WR�WKH�
GLDPHWHU�RI�WKH�KHDY\�LRQ�EHDP�VSRW��WKH�WKLFNQHVV�RI�WKH�GHSRVLWHG�OD\HUV�ZDV�DGDSWHG�WR�
WKH�UDQJH�RI�WKH�XVHG�LRQ�W\SH�����,����0H9��LQ�PDWWHU��VHH�WDEOH������
�

PDWHULDO� PHDQ�LRQ�UDQJH�
>µP@�

� PHDQ�LRQ�UDQJH��LQ�PP��DIWHU�SDVVLQJ�D���������������
8��0R�OD\HU�ZLWK�OD\HU�WKLFNQHVV�RI�

8��0R� ����� � PDWHULDO� ��PP� ��PP� ��PP� ��PP�

7L� ����� � 7L� ����� ����� ����� �����

=U� ����� � =U� ����� ����� ����� �����

=U\��� ����� � =U\��� ����� ����� ����� �����

%L� ����� � %L� ����� ����� ����� �����

$O� ����� � $O� ����� ����� ����� �����
�

7DEOH����IURP�>��@���/HIW��0HDQ�UDQJHV�RI�
���
,�LRQV�ZLWK�D�NLQHWLF�HQHUJ\�RI����0H9�LQ�GLIIHUHQW�PDWHULDOV��5LJKW���

0HDQ�UDQJHV�RI�WKH�VDPH�LRQV�LQ�GLIIHUHQW�SRVVLEOH�EDUULHU�PDWHULDOV�DIWHU�SDVVLQJ�D�WRS�OD\HU�RI�8��0R�ZLWK�
YDU\LQJ�WKLFNQHVV��ERWK�FDOFXODWHG�E\�65,0����

�
:H�SURGXFHG�VHYHUDO�VHWV�RI�PRGHO�V\VWHPV�IRU�+,,�ZLWK�GLIIHUHQW�PDWHULDOV�WKDW�VHHP�WR�EH�
DSSURSULDWH�EDUULHU�PDWHULDO�FDQGLGDWHV�DFFRUGLQJ�WR�>��@��VHH�ILJXUH�����7KH�VWUXFWXUH�RI�WKH�
V\VWHPV�ZDV�8��0R�;�$O��ZKHUH�;�ZDV�7L��=U��=U\���DQG�%L��DQG�ZH�XVHG�SROLVKHG�IRLOV�RI�
SXUH�$O�DV�VXEVWUDWHV��
�

�

�
)LJXUH����IURP�>��@���%6'�SLFWXUHV�RI�WKH�FURVV�VHFWLRQV�RI�8��0R�;�$O�PRGHO�V\VWHPV�ZLWK�;� �7L��WRS�OHIW���=U��WRS�
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ABSTRACT 

Nuclear medicine radiodiagnosis requires production of 99Mo-99mTc irradiation 
targets made either using pure uranium foil or using UAlx alloy produced from 
metallic uranium. There are several possibilities to produce metallic uranium. 
Magnesiothermic reduction of UF4 is known process since early 1940’s. IPEN 
decided to use this route in 1970’s for production of natural uranium up to 100kg 
ingots. LEU U-production, due to possible criticality hazards, it is necessary to 
handle safe mass (<2.2kgU). IPEN presently produces around of 1000g ingots via 
magnesiothermic process and in future may produce 2000g or more. This range of 
U-weight is rather small if compared to big productions of natural uranium. Metallic 
uranium is reported to be produced in hundreds of kilograms ingots with metallic 
yield reaching levels of 94%. The magnesiothermic process downscaling to 
produce LEU has small possibilities to achieve this higher metallic yield, which in 
IPEN routine is around 85%. This is due to the design of small crucibles, with 
relatively high proportion of surrounding area to the reaction body, which is prone 
to withdraw more evolved heat from the exothermic reaction during uranium 
reduction. In this work, in order to understand better the metallic yield loss, two 
possible causes are analyzed: (a) less reactivity by UF4 powder contaminated with 
unreduced UO2F2 and for UF4 tapped density variation; (b) entrapment of uranium 
and UF4 in slag projected (MgF2) on crucible wall or during slag deposition above 
the ingot. The projected uranium over the wall happens due to magnesiothermic 
reaction blast that lasts around 800ms. 

1. Introduction 

The irradiation targets to produce radioisotopes for nuclear medicine are made with ei-
ther pure uranium or by using UAlx alloy produced from metallic uranium. There are 
several possibilities to produce metallic uranium (1; 2). Magnesiothermic reduction of 
UF4 is known process since early 1940’s (3; 4). IPEN decided to use this route in 1970-
80’s for production 100kg ingots of natural uranium. For LEU U-production, it is neces-
sary to handle safe mass (less than 2.2 kg U), to avoid possible criticality hazards. IP-
EN presently produces around of 1000g LEU ingots via magnesiothermic process and 
in future may produce 2000g or more. This range of LEU U weight is rather small if 
compared to big productions of natural uranium. Metallic uranium is reported (5) to be 
produced with 94% metallic yield when producing bigger quantities. The magnesio-
thermic process downscaling to produce LEU has small possibilities to achieve this 
higher metallic yield. This is due to the design of crucibles, with relatively high propor-
tion of surrounding area, which is more prone to withdraw evolved heat from the exo-
thermic reaction during uranium reduction. Normally, calciothermic reduction of UF4 is 



 
 

preferred worldwide, since the exothermic heat is -109.7 kcal/mol compared to  smaller 
amount of -49.85 kcal/mol using magnesium as the reducer (6). Nevertheless, IPEN 
chose magnesiothermic because it is easier to be done avoiding no handling of toxic 
and pyrophoric calcium. Moreover, the magnesiothermic process is cheaper, so, it 
brings economical compensation for its worse metallic yield than calcium reduction 
process. In addition, the recycling of slag and operational rejects is highly efficient and 
virtually insignificant LEU uranium is lost (7). 

The magnesiothermic reaction is given by: 

UF4 + 2Mg = U + 2MgF2  ∆H= - 49.85 kcal/mol (at 640°C)       ...   1 

As magnesium thermodynamics is less prompt to ignite than calcium, the batch reactor 
is heated up to the temperature around 640°C. The routine shows that this ignition 
normally happens some degrees bellow this temperature (5). Nevertheless, several re-
actions may occur during heating of the UF4+Mg load. Moisture is normally present in 
the charge, either caught during UF4 handling after drying or during crucible charging. 
During heating, as the temperature crosses the water boiling point (>100°C), all mois-
ture becomes water vapor. This vapor not only bores its passage through the load but 
easily oxidize the reactants in this pathway by the following reactions (1): 

 UF4 + 2H2O → UO2 + 4HF       ...   2 

 2UF4 + 2H2O → 2UO2F2 + 4HF  (via UF3(OH) and UOF2 steps)       ...   3 

As the loading of the charge is not fully sealed to avoid atmosphere contact, some O2 is 
entrapped in the system, leading also to reactants oxidation by: 

2UF4 + O2  → UF6 + UO2F2       ...   4 

Producing some UF6 that transforms into UO2F2 by the following reaction: 

UF6 +2H2O  → UO2F2 + 4HF       ...   5 

and magnesium oxidation (very fast above 620°C) by:  

2Mg + O2  → 2MgO       ...   6 

The presence of the UO2 and UO2F2 in the produced UF4 accumulates with previous 
oxidized ones during the dehydration. All these compounds formation worsens the me-
tallic yield of uranium production. 

In this work, it is discussed the effect of LEU UF4 precipitated via hydrolyzed UF6 and 
its potential variability in reactivity. The chemical UO2F2 residual content in dried UF4 is 
also analyzed for its potential relevance in the uranium production. The tapped density 
of dehydrated and loaded UF4 is also commented as affecting the reactivity process of 
uranium production. The magnesiothermic ignition is also analyzed since the heating 
time of the charge may affect the reactivity of the load. The reaction sequence after ig-
nition is theoretically proposed as a possible sequence of chemical and physical 
events. The evidences in the slag solidification on crucible wall, during the reaction 
process to reduce UF4 towards U°, is very enlightening to guide towards t he interpreta-
tion of the reaction blast. 

2. Experimental and Results 

IPEN’s UF4 production is made through a wet route (8). In the period 2008-2010, 32 
batches of LEU UF4 precipitation were made under HF hydrolysis using SnCl2 as 
reducing agent, with a strict precipitation temperature at 92 ± 3°C.  This lot is 
considered the experimental basis for uranium production analysis in this article. 

For the hydrolysis of UF6, the UO2F2 solution was kept constant in volume at 37L with 
additions of 2.7kg SnCl2, 6L HF (50%) and complementary water to 50L. This 
arrangement produces around 3kg of UF4 precipitate in each batch. The precipitate is 



 
 

then collected in the bottom of the reactor after 24h. The precipitated mass is filtrated, 
washed and dehydrated at 400°C for 1h under argon a tmosphere. After dehydration, 
the UF4 powder, in lots of 1540g, was supplied to produce metallic uranium by UF4 

reduction by magnesiothermic setting (9).  

  

 

The microstructure appearance of UF4 produced is presented in Figure 1 a-b, which is 
a typical representation of the UF4 morphology produced by the wet route. As could be 
noticed in Figure 1a, there are crystallites of different sizes and morphologies. 

The IPEN’s magnesiothermic reduction process of UF4 to metallic uranium (in the 
range of 1000g) could be synthesized as: 

1. In preparation for the mass reduction of a single batch, it is used with a 
standard charge of reactants of 1815 ± 5g of the mixture Mg + UF4 
(1540 ± 1g LEU UF4) containing 15% excess of stoichiometric Mg content. 
For purpose of homogenization, the charge of UF4 + Mg is divided into 10 
layers, which are tapped one by one inside the crucible. All this operation is 
carried out inside a glovebox to prevent nuclear contamination. This 
sequence is illustrated in Figure 2. 

2. After placing the reactants inside the graphite crucible, a variable amount of 
CaF2 is tapped over the UF4+Mg load in the crucible to fully complete the 
reaction volume. This amount is dependent on tapped density and UF4+Mg 
blending, which varies in function to UF4 fabrication. The crucible is made of 
fully machined graphite volume with enough resistance to produce safe 
nuclear uranium amount around 1000g. This crucible was designed to 
withstand the blast impact of metallothermic reaction, as well as thermal 
cycles of heating and cooling without excessive wear in order to be used in 
several batches. 

3. After closed with the top cover, the crucible is inserted inside a stainless steel  
cylindrical reactor vessel, made of ABNT/ANSI 310, which allows argon 
fluxing during batch processing (1 L/min with 2 kgf/cm2 of pressure). As 
shown in Figure 3 (a-b), the whole crucible + reactor is placed in resistor pit 
furnace with four programmable zones having the possibility of raising the 
temperature up to 1200°C.  

 

 
(a) 

 
(b) 

Figure 1- UF4 produced by IPEN’s wet route, using SnCl2 as precipation agent. (a) SEM Microstructure; 
(b) Optical microscopy of UF4 powder   

 



 
 

4. The reaction vessel is set 
up to heated up to 620°C. 
At this level, the reaction 
ignition is expected. The 
total heating time and 
waiting for ignition is about 
180 minutes from heat 
time to temperature setting 
point. 

5. The reaction of UF4 with 
Mg produces an intense 
exothermic heat release 
inside the crucible. It is 
considered as an adiabatic 
reaction. It produces 
metallic uranium and MgF2 
slag in liquid form. Both 
products deposit in the 
crucible bottom are easily 
taken apart after opening 
the crucible. Some 
products project over the 
crucicle wall. 

6. This full reaction happens 
in an noticeable time 
between 800-1200ms from 
ignition to final deposit. 
This control is measured 
by sound waves, using an 
accelerometer. 

7. After the reaction, 10 
minutes is awaited for full 
solidification of reaction 
products inside the 
furnace. Then the furnace 
is turned off and the 
reactor vessel is lifted out 
of the furnace. There is a 
16 hours for cooling before 
its opening. This avoids 
firing of metallic uranium in 
contact with atmosphere. 

8. The unassembling of 
reduction set is performed 
inside a glove box. The top and bottom covers of the crucible are removed. 
By means of rubber soft hammering, it is able to withdraw the uranium ingot. 
The MgF2 slag is removed by mechanical cleaning. The metallic uranium is 
pickled in nitric acid 65%vol and the final mass of metallic uranium is 
measured and its density evaluated by Archimedes' method. 

 
(a) 

 
(b) 

 
(c) 

Figure 2 – Sequence of UF4+Mg charging in IPEN’s 
magnesiothermic method to produce metallic uranium. 
(a) 10 layer preparation of UF4 (green) and Mg (metallic 

bright); (b) blending of material; (c) full charge after 
tapping the 10 layers. 



 
 

 

 

In Figure 4a-d, there are four graphs displaying relevant variables of UF4 fabrication 
and U-reduction reaction. It is considered in these graphs the relation of the variables 
against the metallic uranium yield, since this is the main indicator of magnesiothermic 
reaction accomplishment.  

The metallic uranium yield data were categorized in subsets of dependent variable con-
taining the mean and the sample standard error inside the box, with whiskers repre-
senting the non-outliers range. In the graphs, there are dotted arrows giving indication 
of trend of averages, which should not be understood as a correlation law, since the 
range of standard error around the average for some clusters are especially big for a 
significant statistical regression.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3 – (a) Schematic drawing of pit furnace, reactor vessel and crucible; (b) Charging of the reactor 
vessel inside the pit furnace; (c) Raw metallic uranium and upper deposited slag after removing from 

the crucible; (d) Metallic uranium after cleaning. 



 
 

In Figure 4a, the UO2F2 content in dried UF4 reveals the main source of oxidized 
products that would not be reduced by magnesiothermic reaction, so it is one of the 
potential sources of metallic yield loss. UO2 presence was also identified by chemical 
analysis, but it was very dispersed in content (0.02-0.2%), giving unrelated statistical 
indication for metallic uranium yield. Probably, the UO2 formation did not originate only 
from the UF4 precipitation but by unpredicted air contact during drying treatment and 
handling. 

In Figure 4b-c, the tapped density of dehydrated UF4 and the amount of 
complementary loading of CaF2 inside the crucible give an indication of reaction 
volume variability inside the crucible terms of UF4+Mg blending with a constant weight. 
Indirectly, these two parameters reveal the importance of physical nearness of the 
reactants and their reactivity during magnesiothermic reaction.  

In Figure 4d, the ignition time is presented. This variable is important since the 
reactants reactivity is linked to it. The longer is the heating time, the lesser is the 
reaction promptness. 

3. Discussions 

The UF4 microstructure, shown in Figure 1, displayed several crystallites structures. As 
this figure represents the most prevalent microstructure of produced UF4, it may be de-
ducted that the variation of tapped density may be correlated with this structural evi-
dence.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4 – UF4 and U production variables versus metallothermic metallic yield:  
(a) UO2F2 content in dried UF4 , (b) tapped density of dehydrated UF4,  (e) loaded CaF2 over the 

reactants inside the crucible (d) reaction ignition time. 



 
 

The experimental batches of UF6>UO2F2>UF4 precipitation under HF hydrolysis, using 
SnCl2 as reduction agent, could not be said as strictly reproducible process. 

From Figure 4a, it is noticeable that UO2F2 presence in dehydrated UF4 seems to be 
relevant in magnesiothermic reaction, since it leads to have less U-production caused 
by no reactivity of U-oxides and Mg in this reaction process. This evidence impacts 
directly in the metallic yield performance. Probably, previous precipitation UO2F2 

crystals will be also anchors, which may help nucleation to form more UO2F2 and UO2 
during magnesiothermic heating when moisture (at 100°C) and crystallization water (> 
400°C) evolves. Reactions 2 to 6 show that this oxi dation is very prone to happen 
under moisture presence with high temperature (around 600ºC) with relative long time 
residence (around 180 min) inside a confined vessel. These indications, in Figure 4a, 
leads to evidence that the higher is the amount of previous UO2F2 content in the 
charge, the lower is the metallic yield.  

It was noticeable that UF4 powder density variation occurred in several UF4 

precipitation batches and influenced the final magnesiothermic result, as accounted in 
Figure 4b-c. These results in the graphs had a clear indication that tapped density of 
UF4+Mg loadings and indirectly by CaF2 charged as complementary load in reaction 
chamber tend to decrease the yield.  

As shown in Figure 4d, the magnesiothermic metallic yield is strictly linked to heating 
time to ignite the reactants UF4 + Mg. The longer is the time, the lower is the yield. This 
ignition time is not a controlled variable itself, but it is dependent on the reactivity of the 
system. Once kept setting up the magnesiothermic parameters in constant way, the 
main dependence and yield variability come from UF4 precipitation and drying 
conditions, which lead to a non-constant production of different morphologies of UF4, 
associated with issues of potential oxidation.  

The reaction moment (ignition), as a closed and not directly manageable event, brings 
important issues, as far as metallic yield is concerned. There is a practical limitation of 
improving performance since great amount of finely and not fully reacted uranium is 
lost inside the projected slag against the walls. These slag and metal mass freeze at 
this region during the very tiny moment after ignition starts. 

The experimental mixtures used UF4+15% excess Mg. They are manually blended, 
segmented in 10 fractions before charging. Each fraction is carefully charged and 
tapped inside the crucible with roughly constant pressure forming a load volume with 
10 homogeneous layers. This practice tries to avoid segregation of UF4 (heavier) from 
Mg (lighter). Nevertheless, the production routine showed that the load density varies 
from batch to batch, probably due to morphology variations in UF4 particles, which 
leads to variations in blending and aliquot charging.  

At the top of the load, the complementary amount of CaF2 fills completely the whole re-
action chamber in the magnesiothermic crucible. Nevertheless, when charging in big 
amounts it is also a point of concern. The CaF2 loading affects not only the compres-
sion of reactants, but it is chemically a charge of inert component that will also with-
draw heat from the exothermic reaction of UF4 reduction towards metallic uranium.  

An important consideration, normally cited in the literature, is that the more 
compressed are the reactants, the better would be the yield. This did not presented as 
fully reliable in this work, since, as shown in Figure 4b-c, the reactivity of charge ran in 
the opposite direction. It may be speculated that, in small scale magnesiothermic 
reactor, the efficiency of magnesium vapor to reach the reaction spot with the UF4 
crystallites is more efficient than in a denser charge. Very loose contact also goes in 
the worst yield as suggested by Figure 4c when lower charging of CaF2 (<350g) repre-
sents a quite big fall of yield. In this case, it is thought that magnesium vapor would 
drew it trail between the UF4 crystallites towards the top of reaction chamber without 
reacting properly with them. 



 
 

Magnesiothermic process, following the present route of IPEN, gave 80-85% of metallic 
uranium yield, although the potential improvements in UF4 morphology, better blending 
with Mg and more reactivity, it is a novelty for this chemical-metallurgical way to pro-
duce LEU metallic uranium in small 1000 g batches. 

4. Conclusions  

It was developed a suitable route to produce UF4 by chemical reduction and precipita-
tion from hydrolyzed solution of UF6, in the form of UO2F2, using reducing agent SnCl2 
and fluoridric acid addition. This chemical process produces UO2F2 contaminations to 
UF4 to be used as raw material to magnesiothermic reaction. This contamination tends 
to decrease metallic uranium yield in a significant way. The UO2 presence in UF4 
chemical analysis did not indicate the same trend. 

There was variation of tapped density of produced UF4 and CaF2 amount charged over 
the UF4+Mg to complement the reaction chamber. Both variables indicated that higher 
is the amount of these two variables, the lower is the yield. The ignition time indirectly 
showed the global reactivity of system and revealed that the longer the ignition time to 
happen the lower would be the metallic yield. 

Magnesiothermic process gave 80-85% range for metallic yield, which is a novelty of 
this chemical-metallurgical way to produce LEU metallic uranium in 1000 g batches. 
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ABSTRACT 
 

The IRIS3 experiment is the very first in-pile experiment which demonstrated, on full size 
plates, the real benefit of Si addition to Al matrix. Four plates made of atomized U-7.3wt%Mo 
particles dispersed in Al matrix containing or not 2.1%Si have been tested in the OSIRIS 
reactor at medium irradiation conditions. 
This paper is a synthetic review of the whole results and knowledge deduced from this 
experiment. 
In the first part, the post-fabrication and post-irradiation examinations of the plates with and 
without Si are compared. They show, among other conclusions, that Si has reduced the 
formation of the interaction layer between U-Mo particles and Al matrix.  
In the second part, the physico-chemical measurements performed on some samples of the 
plates with and without Si are compared with the calculations of these characteristics by the 
thermo-mechanical MAIA code. On this base, a modelling for this kind of dispersion fuel plates 
is proposed.  

 
1.  Introduction  
 
Past in-pile experiments such as IRIS2 [1] and FUTURE full size plates [2] and RERTR 4-5 
miniplates [3] irradiations have shown that dispersed atomised UMo fuel in a pure Al matrix 
does not withstand high operating conditions. Extensive porosity is formed in the reaction 
layer, at the fuel/matrix interface, resulting in an unacceptable swelling of the fuel plate. Out-
of-pile experiments have shown the positive effect of silicon addition to the Al matrix to 
reduce this fuel/matrix interaction [4, 5]. The IRIS3 irradiation in OSIRIS reactor has been 
defined by the CEA, with a specific collaboration with AREVA-CERCA for manufacturing 
aspects, to evaluate the influence of adding silicon (0.3 or 2.1 wt % Si) to the Al matrix on the 
full size UMo dispersed fuel plates behaviour. This paper gathers and synthesizes the whole 
results and knowledge deduced from the IRIS3 irradiation. 
 
2.  Plates characteristics 
 
A set of four full size AG3-NE cladded fuel plates were fabricated by AREVA-CERCA, using 
a classical hot rolling process. The fuel loading of plates is about 8 gU.cm-3 with a 19.75 % 
235U enrichment. The meat is made of U-7.3wt%Mo atomized particles (gamma phase 
particles) dispersed in either an Al0.3wt%Si matrix (plates 8011 and 8013) or an Al2.1wt%Si 
matrix (plates 8021 and 8024). 



The main characteristics of the IRIS3 fuel plates are summarized in Tab 1. The dimensions 
(length x width x thickness) of the fissile meat, respectively full size plate, are close to 596.5 
x 55.0 x 0.51 mm3, respectively 641.9 x 73.3 x 1.30 mm3 to fit in the IRIS device designed for 
the OSIRIS MTR [6]. The as-fabricated porosity varies between 0.8 to 2.4% while the fuel 
volume fraction is close to 50%. 
The fuel plate inspections, such as metallographic examinations, X-ray diffraction, blister 
tests, indicated that the plates met the usual OSIRIS specifications. 
 

Plate number U7MV8011 U7MV8013 U7MV8021 U7MV8024 

Si in Al content (wt%) 0.3 0.3 2.1 2.1 
Mo/UMo (wt%) 7.2 7.2 7.3 7.3 
U density (gU.cm-3) 7.98 7.85 7.99 8.02 
U total (g) 133.4 133.3 133.6 133.7 
Plate thickness (mm) 1.30 1.30 1.29 1.29 
Porosity (vol.%) 0.8 2.4 2.2 1.9 

Tab 1: Fabrication characteristics of the IRIS3 plates 
 
3.  Post Fabrication Examinations 
 
After fabrication, two twin plates with Al0.3wt%Si and Al2.1wt%Si matrices have been 
characterized. Microstructural examinations have evidenced a Si Rich (almost 50 atomic %) 
Diffusion Layer (SiRDL) between UMo particles and Al2.1%Si matrix (Fig 1). This SiRDL, 
induced by the blister test operated at the end of plate’s manufacturing, is relatively thin 
(about 1 µm thickness), irregular and discontinuous around the UMo particles [7]. Micro XRD 
analysis has identified U(Al,Si)3 and U3Si5 phases in such sample [8].  
Almost no SiRDL has been observed in the Al0.3%Si sample.  
 

  
Fig 1: SEM images (left) and X-ray maps (right) of as fabricated sample of UMo/Al2.1%Si 

IRIS3 twin plate 
 
4.  Irradiation history and thickness measurements 
 
As described in our previous communications [9] [10], the irradiation of the four plates has 
been carried out from January 2005 until February 2006, in the IRIS device loaded in the 
core position 14 of the OSIRIS reactor. The plates have been irradiated at the maximal heat 
flux authorized by the French Nuclear Safety Authority for such a fuel [11]. The irradiation 
history of the four plates is illustrated by the Fig 2 (left). 
The IRIS device is associated to an in-pool plate thickness measurements device [6]. Five 
axial and one transverse profiles have been collected at the Maximal Flux Plane (MFP), at 
each reactor intercycle.  



As can be seen in Tab 2, where are gathered the main features of the IRIS3 irradiation, the 
plates 8013 and 8024 have been removed respectively at the end of the 5th and the 2nd 
cycles independently of their irradiation behaviour.  
The irradiation of the plate 8011 (Al0.3wt%Si) was stopped because pillowing occurred at a 
maximum fission density of about 2.9 1021 f.cm-3 (end of the 5th cycle). The maximal 
thickness increase was about 1 mm, much higher than the admissible limit of 250 µm in the 
OSIRIS reactor. 
On the opposite, the thickness of the plate 8021 (Al2.1wt%Si) increased progressively as 
irradiation proceeded, as shown by Fig 2 (right). Its maximal thickness increase was about 
90 µm at 4.1 1021 f.cm-3. The objective of 50 % average Burn Up (BU) was almost reached at 
the end of the IRIS3 experiment for this plate (peak BU of 59.3 %235U). 
This different in-pile behaviour of these two plates (8011 and 8021) illustrates the positive 
effect of Si addition to the Al matrix of the atomised dispersed UMo fuel. 
 

 U7MV8011 U7MV8013 U7MV8021 U7MV8024 
Number of cycles 5 5 7 2 
Duration (EFPD) 88,2 88,2 130,6 41,9 
Max clad surface temp. (°C): 
Beginning Of Life (BOL) 
End Of Life (EOL) 

 
80 
71 

 
76 
67 

 
83 
68 

 
77 
73 

Max heat flux at BOL (W/cm2) 183 163 201 167 
Burn up at EOL (%235U) 

Mean plate 
Mean at Max Flux Plane (MFP) 
Max 

 
33,9 
40,2 
42,6 

 
30,7 
36,5 
38,9 

 
48,8 
56,5 
59,3 

 
15,1 
18,5 
19,8 

Fission density at EOL (f/cm3
UMo) 

Mean plate 
Mean at MFP 
Max 

 
2,3 1021 

2,8 1021 
2,9 1021 

 
2,1 1021 

2,5 1021 
2,7 1021 

 
3,4 1021 

3,9 1021 
4,1 1021 

 
1,0 1021 

1,3 1021 
1,4 1021 

Max thickness increase (µm) 1056 40 90 Not valid 
Tab 2: Main features of the irradiation of the IRIS3 plates 
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Fig 2: IRIS3 Irradiation history (left) and plate thickness increase vs. fission density (right) 
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5.  Post Irradiation Examinations 
 
Two samples taken at the MFP of the plates 8011 (Al0.3wt%Si) and 8021 (Al2.1wt%Si) were 
examined at the hot laboratory of SCK.CEN in Mol (Belgium) by optical and scanning 
electron microscopy and electron probe microanalysis [12].  
As can be seen on the optical macrographs (Fig 3), the classical Interaction Layer (IL) has 
grown around fuel particles, but in the case of plate 8011 (Al0.3wt%Si) large lenticular 
porosities resulting of incorporation of Fission Gases (FG) in this amorphous IL phase [13] 
are observed in the pillowed region. Such porosity is never seen in the sample of plate 8021 
(Al2.1wt%Si) (Fig 3 right).  
Post-irradiation XRD analyses were carried out at the LECA-STAR hot laboratory of CEA in 
Cadarache. IL was shown to be amorphous for both plates 8011 and 8021. 

  
Fig 3: Micrographs of UMo/Al0.3%Si (left) and UMo/Al2.1%Si (right) IRIS3 plates at MFP 

 
As shown by the measurements performed on SE images, gathered in Tab 3, this IL appears 
to be slightly thinner in the case of plate 8021 (Al2.1wt%Si) than for the plate 8011 (5.5 
instead of 6.5 µm mean thickness). 
The ratio (Al+Si)/(U+Mo) is also given in Tab 3. It has been calculated through quantitative 
line scans as illustrated by Fig 4 and Fig 5. These line scans show the accumulation of Si 
around UMo particles in the plate 8021, as already observed after fabrication (cf. §3). The 
presence of such an accumulation of Si appears to be related to the reduction of the IL 
around UMo particles [12]. 
 

Plate Si in Al 
content (wt%) 

Mean fission density at 
MFP (f.cmUMo

-3) 
Mean IL 

thickness (µm) 
(Al+Si)/(U+Mo) 

ratio 
8011 0.3 2.8 1021 6.5 6 
8021 2.1 3.9 1021 5.5 3 
Tab 3: Mean IL thickness and (Al+Si)/(U+Mo) ratio deducted from the IRIS3 PIEs’ 

 

 
Fig 4: Quantitative line scans over a fuel particle of 8011 (UMo/Al0.3%Si) plate at MFP 



 
Fig 5: Quantitative line scans over a fuel particle of 8021 (UMo/Al2.1%Si) plate at MFP 

 
One of the main conclusions of this set of examinations is that Si appears to delay or reduce 
the formation of an IL between UMo particles and Al matrix, when it exists as small 
precipitates dispersed in the Al matrix or as a layer more or less uniform around UMo 
particles. As seen through the (Al+Si)/(U+Mo) ratio (which varies from 6 to 3), the 
composition of this IL is quite different and it is probably the same for its thermo-mechanical 
properties. The presence of Si seems to delay or reduce the IL thickness and the 
accumulation of FG at the interface between IL/Al matrix. The Si particles might also act as 
‘pinning points’ between IL/Al matrix delaying the appearance of large porosities at this 
interface that leaded to the break away swelling and pillowing of the 8011 plate.  
 
6.  MAIA calculations 
 
The 2D version of the MTR fuel plate code MAIA developed by CEA was used to simulate 
the thermo-mechanical behaviour of the IRIS3 plates [14]. 
For the 8021 plate, the interaction layer growth is calculated using the following power law, to 
take into account the presence of the higher quantity of Si: 

t
RT

Q
AFY r 







−= exp5.02  

Where: Y = IL thickness (cm)  A = 1.1x10-16  Fr = fission rate (f/cm3/s) 
T = temperature (K)  t = time (s)  Q = 8000 (cal/mol) 

 
It is derived from the law used for a U-7Mo dispersion mini-plate with Al-3.5Si matrix [15]. As 
the Si content in the matrix of the 8021 plate is only 2.1wt%, the pre-exponential factor A has 
been modified to take into account this difference.  
The temperatures calculated at the MFP are given in Fig 6. Due to the irradiation history, 
they remain lower than 100°C all along the irradiat ion. 
 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160

Time (days)

T
em

pé
ra

tu
re

 (
°C

)

Meat centre Meat/clad interface Clad/oxide interface Ext. plate

20

30

40

50

60

70

80

90

100

110

120

0 20 40 60 80 100 120 140 160
Time (days)

T
em

pé
ra

tu
re

 (
°C

)

Meat centre Meat/clad interface clad/oxide interface Ext. plate

 
Fig 6: Temperatures of the 8011 UMo/Al0.3%Si (left) and 8021 UMo/Al2.1%Si (right) IRIS3 

plates in the middle of the MFP 



The IL thickness is compared to the measurements collected on SEM images (Fig 7). These 
results, as well as the surface fractions of the different phases present at the end of 
irradiation, are summarized in Tab 4.  
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Fig 7: Comparison of the IL thickness calculated by MAIA and measured at the end of 

irradiation of the 8011 and 8021 IRIS3 plates in the middle of the MFP 
 

Plate 8011 8021 EPI 8011 EPI 8021 
Max external plate T (°C) 78 78   
Max meat plate T (°C) 92 92   
IL thickness (µm) 5.5 5.5 6,5 5.5 
Surf fraction UMo (%) 48 49 46 55 
Surf fraction Al (%) 27 24 27 22 
Surf fraction IL (%) 25 27 25 23 

Tab 4: IL thickness and surface fractions of the different phases calculated by MAIA and 
measured at the end of irradiation of the 8011 and 8021 IRIS3 plates (middle of the MFP) 

 
The MAIA code gives a good estimation of the volume fractions for the 8011 plate.  
The modification of the IL thickness correlation, made to fit with the IRIS3 8021 PIE, will be 
refined, on the basis of the future E-FUTURE PIE, to take into account the Si content. 
 
6.  Conclusion 
 
The IRIS3 irradiation demonstrated, for the very first time on full size plates, the positive 
effect of the addition of 2.1wt%Si to the Al matrix of full size atomized dispersed UMo fuel 
plates irradiated at the OSIRIS experimental conditions. 
The post-fabrication and post-irradiation examinations conducted to the following 
conclusions:  

• Si present in plate 8021, as small precipitates dispersed in the Al matrix or 
dissolved in a more or less uniform layer around UMo particles, delays the 
formation of the IL between UMo particles and Al matrix.  

• Because of the presence of Si, the composition of this IL is quite different. 
This tendency is probably the same regarding the IL thermo-mechanical 
properties and capability to retain FG, thus delaying the FG accumulation at 
the interface between IL and Al matrix. The Si particles seem to act as 
‘pinning points’ between IL and Al matrix. 

• Without Si, the bad mechanical properties of IL during irradiation seem to be 
at the origin of its swelling during irradiation, conducting to the appearance of 
large porosities and the pillowing of the 8011 plate.  



The positive effect of Si in the Al matrix, confirmed for the first time on full size plates by the 
IRIS3 results, is a first step in the validation scheme for the use of such a fuel in MTRs. As 
the IRIS3 irradiation conditions are lower than the operating conditions of some of these 
MTRs (such as JHR), the validation has to be extended at a higher range. With this aim, 
different out of pile and heavy ion irradiation studies have been conducted to characterise 
and optimize the composition and nature of the different phases present in the IL and even 
better understand the role of Si and its influence on the irradiation of UMo/AlSi plates 
They conducted to a proposal of: 

• an optimal content of Si (5%) to be added to the Al matrix, and,  
• a thermal treatment to create a uniform layer enriched in Si all around UMo 

particles before irradiation. 
Full size fuel plates fabricated with these specifications have been tested in the BR2 reactor 
in the frame of the LEONIDAS program [16]. 
 
7.  References 
 
[1] F. Huet, J. Noirot, V. Marelle, S. Dubois, P. Boulcourt, P. Sacristan, S. Naury, P. Lemoine, 
Proc. of the 9th International Topical Meeting on Research Reactor Fuel Management 
(RRFM), Budapest, Hungary, April 10-13, 2005. 
[2] A. Leenaers, S. Van den Berghe, E. Koonen, C. Jarousse, F. Huet, M. Trotabas, M. 
Boyard, S. Guillot, L. Sannen, M. Verwerft, J. Nucl. Mater. 335 (2004) 39-47. 
[3] G. L. Hofman, M. R. Finlay, Y.S. Kim, Trans. of the 26th International Meeting on 
Reduced Enrichment for Research and Test Reactors (RERTR), Vienna, Austria, November 
7-12, 2004. 
[4] M.I. Mirandou, M. Granovsky, M. Ortiz, S. Balart, S. Arico, L. Gribaudo, Trans. of the 26th 
Int. Meeting on RERTR, Vienna, Austria, November 7-12, 2004. 
[5] J.M. Park, H. J. Ryu, G. G. Lee, H.S. Kim, Y. S. Lee, C. K. Kim, Y.S. Kim, G. L. Hofman, 
Trans. of the 27th Int. Meeting on RERTR, Boston, Massachusetts, November 6-11, 2005. 
[6] P. Sacristan, P. Boulcourt, S. Naury, L. Marchand, H. Carcreff, J. Noirot, D. Gallo-Lepage, 
Trans. of the 26th International Meeting on RERTR, Vienna, Austria, November 7-12, 2004. 
[7] X. Iltis, F. Charollais, M.C. Anselmet, P. Lemoine, A. Leenaers, S. Van den Berghe, E. 
Koonen, C. Jarousse, D. Geslin, F. Frery, H. Guyon, Trans. of the 32nd International Meeting 
on RERTR, Lisbon, Portugal, October 10-14, 2010. 
[8] H. Palancher, to be published. 
[9] P. Lemoine, Trans. of the 27th International Meeting on RERTR, Boston, Massachusetts, 
USA, November 6-10, 2005. 
[10] M. Ripert, S. Dubois, P. Boulcourt, S. Naury, P. Lemoine, Proc. of the 10th International 
Topical Meeting on RRFM, Sofia, Bulgaria, April 30-May 3, 2006. 
[11] P. Boulcourt, P. Sacristan, M. Martin, S. Naury, D. Gallo-Lepage, J. M. Chaussy, S. 
Loubiere, A. Chabre, P. Lemoine, Trans. Conf. National Organization of Test, Research, and 
Training Reactors and International Group on Research Reactors (TRTR-IGORR 2005), 
Gaithersburg, Maryland, USA, September 12-16, 2005. 
[12] A. Leenaers, S. Van den Berghe, S. Dubois, J. Noirot, M. Ripert, P. Lemoine, Proc. of 
the 12th International Topical Meeting on RRFM, Hamburg, Germany, March 2-5, 2008. 
[13] S. Van den Berghe, W. Van Renterghem, A. Leenaers, J. Nucl. Mater. 375 (2008) 340-
346. 
[14] V. Marelle, S. Dubois, M. Ripert, J. Noirot, P. Lemoine, Trans. of the 29th International 
Meeting on RERTR, Prague, Czech Republic, September 23-27, 2007. 
[15] P. G. Medvedev, Proc. of the 14th International Topical Meeting on RRFM, Marrakech, 
Morocco, March 22-25, 2010. 
[16] F. Fréry, H. Guyon, E. Koonen, S. Van den Berghe, P. Lemoine, F. Charollais, C. 
Jarousse, D. Geslin, Trans. of the 32nd International Meeting on RERTR, Lisbon, Portugal, 
October 10-14, 2010. 



1 
 

ANALYSIS OF ROD EJECTION ACCIDENT IN A RESEARCH REACTOR 
BY THE COUPLED CODE TECHNIQUE  

 
MARTINA ADORNI, ANIS BOUSBIA-SALAH, FRANCESCO D’AURIA 

m.adorni@ing.unipi.it, b.salah@ing.unipi.it, francesco.dauria@dimnp.ing.unipi.it  
Università di Pisa-GRNSPG, L.go Lucio Lazzarino, 1 - 56126, Pisa, Italy. 

 
TEWFIK HAMIDOUCHE 

thamidouche@comena-dz.org 
Divison de l’Environnement, de la Sûreté et des Déchets Radioactifs, Centre de Recherche Nucléaire 

d’Alger (CRNA).   
 

 
ABSTRACT 

 
Nowadays, extended commercial utilization of research reactor induced new focus on 
their safety aspects by safety authorities and the International Atomic Energy Agency 
(IAEA). Indeed safety concerns are more emphasized since, according to the IAEA 
inventory, more than half of research reactors (RR) in operation are facing ageing 
problems and needs some modifications and/or enhancements to cope with commercial 
efficiency. In this order, accurate safety evaluations, for instance in case of core 
reloading, planned power up-rating, or as part of required analyses of occurred events, 
should be re-considered and relevant chapters of the Safety Analysis Report (SAR) 
updated. However, to date, it has been not yet possible to standardize computer tools 
and procedures for the safety analysis of RR and in general, we can observe great 
development effort of proper tools and codes for each type of RR. This paper is a 
tentative demonstration of the possibility to extend standard computer tools and methods 
commonly used in the safety technology of nuclear power reactors to their application in 
research reactor. 

 
1. Introduction 
To date, it has been difficult to settle down standardized computer tools and procedures for the 
safety analysis of RR. This could be due to the big differences in RR power densities, large 
variety of design and fuels geometries, different modes of operations, purposes of utilization, 
etc. In general, there was a great development effort of proper tools and codes for each RR. 
Furthermore, these dedicated codes are generally based on conservative physical models and 
intended to focus on specific phenomena in the reactor [1–10]. 
 
During our previous works, a demonstration of utilization of best estimate system code (BE) 
such as RELAP5/3.2 has shown great benefits of using standardized computer codes [11-12]. 
The purpose of this paper is a tentative demonstration of the application of coupled code 
techniques to MTR type research reactor safety analysis. 
 
In this light, a 3D-Neutron Kinetics and Thermal Hydraulic Code (3D-NKTH) is developed based 
on coupling the cross section WIMSD5, the 3D NK diffusion code PARCS and the thermal 
hydraulic system code (THSC) RELAP5/3.3 code. The code is applied to the IAEA benchmark 
HEU core and verified by comparison to tabulated results for Steady State and for a 
hypothetical rod ejection accident.  
2. Benchmark problem  
The IAEA-10 MW HEU core is well described in the IAEA-TECDOC 233 and 643. The reactor 
core consist of 5x6 grid core containing 21 Standard Fuel Elements (SFE) and 4 Control Fuel 
Elements (CFE) arranged in the configuration shown in Fig. 1 (a). The core is reflected by 
graphite on two opposite sides and surrounded by light water. The control fuel elements contain 
17 standard plates with special region to receive the 4 fork type absorber blades; each absorber 
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blade is composed of Ag (80%), In (14.6%) and Cd (4.9%) contained in a 4mm layer of nickel 
on each side. 
 
The benchmark problem consists in the determination of the steady state core conditions and its 
behavior under postulated initiating events like RIA and LOFA. For steady state conditions, the 
boundary conditions fixed for this configuration are zero flux at a distance of 3 SFE width in X 
and Y direction as shown in Fig. 1 (b).  
 

 
(a) (b) 

Fig. 1: MTR benchmark core cross section (a) and specified boundary conditions (b). [16] 
 
3. Problem modeling 
3.1. PARCS Model  
The PARCS Code [13] model concerns the representation of each core region with a numerical 
model. This passes through the development of various issues important for reactor kinetics 
calculations such as the core geometry, the cross section representation of each region as well 
as the thermal hydraulic parameters associated as follows.  

 
3.1.1. Geometric and kinetic representation 
The PARCS core model is defined in XYZ geometry where each fuel assembly is represented 
by a homogenized region divided into four (04) nodes in the XY-plan (02 in X direction, two (02) 
nodes in Y direction) and 21 nodes in Z direction. This subdivision allows us to isolate the 
central flux trap which contains only water. The number of fuel plates in the central fuel 
elements besides the flux trap is considered as a half SFE (ie. containing equivalent volume of 
11.5 fuel plates). 
 
The planar nodalization of the active part of the benchmark core for PARCS is shown in Fig. 2. 
Each fuel element is depicted by a set of corresponding cross section for each identified region 
(1 to 7) including burnup and geometry as specified in the benchmark problem. The end boxes 
of the fuel elements are described by a special reflector region consisting of an homogenized 
region of 15.0 cm Al-H2O reflectors at top and bottom (20% Al – 80% H2O volume fractions). 
This region is given a configuration number 6. The number of water elements in the X and Y 
directions is chosen in order to comply with the boundary conditions fixed by the benchmark 
problem (see Fig 1 (b)). 
 
3.1.2. Cross section development 
The macroscopic cross section data were calculated using the WIMS-D5 lattice code [14]. As 
explained above and shown in Fig. 2, set of macroscopic cross section are evaluated for each 
composition. The macroscopic cross-section data were generated according to burn-up, fuel 
temperature and coolant density for a total of 8 compositions. 
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The microscopic cross section library used by WIMS-D5 was an up-to-date library made 
available by the IAEA in the framework of the WIMS library update project [15].  
 

 
Fig. 2: X-Y PARCS model. 

 
3.2. Thermal Hydraulic modeling 
The coupling of the RELAP5/3.3 thermal-hydraulic meshes to the PARCS neutronic nodes is 
done through the assignment of mapping weights which values are comprised between 0 and 1, 
inclusive. This map determines the distribution of neutronic power in the thermal-hydraulic and 
heat structure components in RELAP5 and is also used for the calculation of thermal-hydraulic 
feedback.  This Mapping induced the definition of 416 NK planar (X-Y) nodes coupled with 25 
planar T-H nodes both combined with 23 axial plans. 
 
According to this map, each RELAP5/3.3 T/H channel (pipe) is connected to four PARCS fuel 
assembly.  
 
The RELAP5/3.2 nodalization previously developed [12] was modified (see Fig.3) to comply 
with the coupling scheme with PARCS. In this new nodalization, each of the 25 fuel element is 
represented individually by a RELAP5/3.3 pipe component. To comply with the T/H inner and 
upper boundary conditions, all the pipes are connected to the same upper and lower plenum 
components using ‘‘mutlipljun’’ components. Each pipe is subdivided into 21 axial nodes. The 
water level above the core was set to 8 m. This new nodalization has been successfully 
assessed by comparison to tabulated boundary conditions specified in the benchmark problem. 
 
3.3. Coupling Process 
The coupling between PARCS and the RELAP5 code is achieved by using the inter-process 
communication protocol or parallel virtual machine (PVM). The PVM machine allows the 
PARCS process to transfer the nodal power data to the T-H process and inversely to the T-H 
process RELAP5/3.3 to send back the temperatures (fuel and coolant) and density data to the 
PARCS process.  
 
4. Results and discussions 
4.1. Steady State calculations  
The 3D NKTH model was applied to search for criticality of the benchmark problem. The 
calculated eigenvalues (3D-NKTH) are compared to the results of other diffusion codes [16], 
[17] and to MCNP results [18]. We can notice on Tab. 1, that the keff calculated by the 3D-NKTH 
is in the same range of the previous codes results. The deviation is less than 1% for fresh and 
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BOL cores.  However, large dispersions of keff results are observed for the EOL cores which rely 
on the XS accuracy and their dependence on burnup.  
 

 
Fig. 3: IAEA Benchmark RELAP5 nodalization. 

 
However, we should mention here that it is expected in case of EOL core to find keff at least less 
than the BOL keff. In particular, since the core is at its EOL, the excess reactivity may be very 
small and may tend to zero. This may confirm the rightness of both ANL and ours results. 
 
The thermal flux distribution in x, y and z directions obtained by 3D-NKTH (PARCS/RELAP5) 
present similar trends to flux obtained by ANL using Diff-2D diffusion code [16]. The 
discrepancies observed are induced by differences in the XS set used by each laboratory. 
Furthermore, in our case, the XS used are space dependent (axial and radial) depending then 
on local fuel temperature and coolant density distributions.  
 
4.2. Transient modeling and analysis 
The Fast RIA (FRIA) transients proposed in the benchmark problem is initiated by a super 
prompt ramp positive reactivity addition of $1.5/0.5 s in the cold core. The safety system trip 
point is set at 120% of the nominal power; the shutdown system provides a negative reactivity 
of -$10 in 0.5 sec with a delay time of 0.025 s. In the current study, the RIA transient is modeled 
as a rod ejection of a CFE taking care to provide sufficient rod worth for scram (10$).  
 
Table 2 shows a comparison of main parameters as calculated by 3D NKTH and others 
codes using point kinetics models. Fig. 6 show typical power behavior following a 
positive reactivity insertion as predicted by the 3D NKTH model and other point kinetics 
based codes. The reactivity addition in the core is induced by the CFE withdrawn but 
was not quite linear as specified in the benchmark. Indeed, the reactivity is only 
governed by the control rods motion i.e. by the corresponding cross section. 
 
As a consequence, during the initiation of the REA, the excursion is faster in case of 3D 
NKTH than in point kinetics models but, in reverse, the excursion is slightly slowed at 
the end of insertion due to Doppler feedback effect. The energy released during the 
transient did not alter significantly the power course since the coolant temperature rise 
occurs during the scram phase. We can also notice, even though  the trip time are quite 
similar for all codes, in case of NKTH, feedback contribution evaluated on the base of 
the cross section lookup table, acts to delay slightly the exponential rise of the power. 
This contribution is not noticeable for point kinetics codes. 
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Fig. 4: Planar Neutron fluxes along the X-Y-Z 

axis (BOL). 
Fig. 5: Planar Neutron fluxes along the X-Y 

axis (BOL). 
 

Core FRESH BOL EOL 
PARCS/RELAP5 1.194939 1.030429 1.008631 
MCNP5 (DIMNP) 1.18962± 0.00034 1.05768± 0.00032 1.03959± 0.00031 
DIFF 2D(ANL) 1.1914 1.0351 1.0004 
VIM (MCNP-ANL) 1.20165± 0.00315   
CODIFF (EIR) 1.19394 1.0368 1.0138 
EXTERMINATOR 
(OESGAE) 

1.1966 1.0320 1.0404 

NEPTUNE (CEA) 1.2020 1.0404 1.05337 
ADC (JAERI) 1.18104 1.0420 1.02195 
EXTERMINATOR II 
(CNEA) 

1.20018 1.0377 1.01425 

Tab. 1: Comparison of Criticality Calculations. 
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Fig. 6: Power course during the transient. 

 
The differences are more emphasized for the temperature response (see Fig. 7 and 8). The 
delay observed is mainly due to the quantity of energy produced vs. time and to the coolant 
temperature response. In the current calculation the conservatism connected with the 
consideration of the hot and mean channel is not of concern. Indeed, all the core channels are 
considered in a BE way as they are present in core. As consequence, the high peak coolant 
temperatures observed using the conservative tools (high power density and smaller water gap) 
are not observed.  
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Indeed, analyzing the 3D power distribution during the transient, we can detect the exact 
position where the power density is more important. Using the 3D NKTH output, we notice, from 
transient initiation (t=0 sec) until the trip time (t=0.6 sec), the power rises in all regions of the 
core as a result of the simultaneous ejection of the absorber from the CFE. Due to core 
symmetry and ejection of absorber forks from the four CFE, hot spots appeared in the central 
region of the core and in the periphery of the graphite elements.  
 
After the trip time and initiation of the scram, effect of forks insertion is instantaneous effect of 
reducing the power excursion in the CFE regions. Indeed, 1 sec after the initiation of the 
transient, the CFE region is almost as colder as any water region. Furthermore, during the 
transient hot spot position changes: axially according to the CR positions and in the radial 
direction according to the thermal-hydraulic feedback (fuel and coolant temperature, and the 
flow distribution in the core).  
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Fig. 8. Clad surface Temperature behavior 
during the transient 

Fig. 9. Coolant surface Temperature 
behavior during the transient 

 
Parameter  3D NKTH RELAP5 (UNIPI) PARET (ANL) RETRAC (LAS) 
Trip (s) 0.606 0.609 0.609 0.608 
Power (Mw) 129.87 (0.668)  131.17 (0.655)  129.01 (0.655) 128.44  (0.655) 
Tc max (°C) 153.27 (0.690) 163.31 (0.673) 155.25 (0.672) 162.04 (0.668) 
Tw max (°C) 74.88 (0.880) 80.30 (0.770) 84.32 (0.76) 82.97 (0.745) 

Tab. 2: RIA simulation results. 
 

4.3. Concluding remarks 
The demonstration of the applicability of qualified best-estimate system codes to Research 
Reactor accident analysis, based on the benefits of the experience available from NPP [17], 
constitutes the challenge of this work. With the objective of getting realistic description of 
physical phenomena during accident and transient, the 3D NKTH modeling approach is used 
carried out using the coupling technique of BE 3D neutron kinetics  code and BE thermal 
hydraulic system codes.  
 
The application of the model to a standard benchmark problem emphasizes the occurrence of 
localized phenomenon and disregarded the task of defining the hottest channel. Therefore, 
there is no need of such a work to define any corresponding disadvantage or biased conditions 
to permit a wide broad safety margin that, in general, may reduce the effectiveness of the 
reactor utilization and reduce the range of its safe utilization domain.  
 
As a consequence, such modeling approach may result in a definition of realistic margins owing 
a more stringent and severe validation process. Therefore, this demonstration will open new 
frontiers for efficient RR exploitation allowing better simulation under steady state and transient 
conditions.  
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1. Introduction 

Today the question for operation safety providing of Research Reactors is actual worldwide. 
The same actual is the question of extension of operation time of the Research Reactors and 
Spent Fuel Storages.  

Early and trustworthiness diagnostics and analysis are the key procedures for safety 
operation of Research Reactors.  

To solve the question of extension of operation time and repair-recovery operations planning 
there review required based on complex technical diagnostics of reactor metal constructions 
and other equipment also. Often, diagnostic works are sufficiently complicated by specific 
design of the Reactor, necessity to provide diagnostic works under high radiation influence in 
hardly reachable areas. There application of non–traditional methods required in these cases 
as a result. After diagnostic works and estimation of current technical condition we could say 
about necessity to do recovery works. Usually, these methods are required replacement of 
worst case constructions and installation of new ones to provide prolongation of Research 
Reactor’s operation time. These methods are required significant time spending and extra 
money for recovery and additional expenses caused by Reactor outage. 

DIAKONT company by order of ROSATOM has created alternative technology for efficient 
diagnostic and recovery to minimize operation expenses caused by Reactor outage. 
DIAKONT based on long-term designing and installation experience of special-purpose 
equipment for safety increasing on Energy and Research Nuclear Objects has developed the 
Remote Operated diagnostic and welding complex, which could accurately estimate 
current technical condition of metal constructions, provide repair and recovery works and 
sufficiently decrease expenses for repair and outage. 

The complex is efficiently solving the following tasks:  

Remote-operated diagnostic of reactor and spent fuel storages metal constructions 
(especially in hardly reachable areas) including: 

 Measurement of metal constructions thickness, detection of local thinning and internal 
potential defects using Electromagnetic and acoustic method (EMAT); 

 Cracks and defects revealing using visual inspection by application of Radiation 
Tolerant Cameras. 

Repair and recovery remote-operated procedures including: 

 Cleaning of rusty and organic compound surfaces; 
 Welding operations; 
 On-line TV monitoring. 



 
 

2. Remote operated diagnostic and repair robotic complexes in hardly reachable 
areas 

 
 
 

 

 
 
 
 
 
 
 
 
 

 

 

Pic.1. Diagnostic and cleaning complex: 
 Lighting and visual inspection  

 EMAT gauge 

 Shot blasting for cleaning of surfaces 
 Magnetic suspension 

 

Pic.2. Diagnostic and cleaning complex:  
 Lighting and visual inspection 

 EMAT gauge  
 Grinding head for cleaning of surfaces 

 Magnetic suspension 
 

Pic.4. Remote operated welding complex at work 
 

Pic.3. Welding complex: 
 Precision welding head 

 Lighting and TV monitoring  

 Magnetic suspension 
 
 



 
 

3. Electromagnetic Acoustic (EMA) Technology for thickness estimation and 
defects revealing 

Traditional ultrasonic methods could not provide effective and quick inspection due to 
technical problems: there is additional time required for cleaning of dirty and rusty surfaces, 
application of liquid couplant required, static point by point measurement methodology etc. 
Application of Electromagnetic Acoustic Technology enables to do accurate and convenient 
measurement of thickness through non-conducting coatings in Dynamic mode. There are no 
additional time required for surface preparation and liquid couplant to do the measurements. 
Thanks to new design this method is successfully applied on rusty and dirty surfaces while 
moving along the surfaces, that enables to receive a cross-section view of the item being 
inspected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pic.5. Main principle of EMAT method 
 

Pic.6. Photo of electromagnetic acoustic device in diagnostic complex realized 
 



 
 

4. Visual inspection and TV monitoring under high radiation influence 

Application of ordinary cameras in high radiation areas are not allowed to get image 
formation with good quality. The noises arising due to radiation influence are sufficiently 
decreasing the quality of images and trustworthiness of TV inspection results. Optical 
elements of these cameras are getting brown and optical transparence is getting worse as a 
result. There is no possibility to provide complex and efficient TV monitoring in this case. 
DIAKONT has created state-of-the-art unique TV cameras for operation under high radiation 
influence. To provide the highest radiation tolerance the camera is built on patented modern 
tube and a few electronics. The lenses are made of non-browning glass which withstands up 
to 109 Rad. There are a lot of positive references from customers about efficient application 
of DIAKONT cameras on Energy and Research Reactors all over the world. Mainly, these 
cameras are successfully applied for TV inspection of Rector in-core and fuel conditions, 
spent fuel storages and TV monitoring of fuel handling operations under high radiation 
influence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pic.7. System for TV inspection of hard-to-reach areas: 200 MRad Radiation Tolerance, perfect image 
quality, wide range of viewing heads and lenses for different visual inspection tasks, IP68. 

Pic.8. System for TV monitoring in 
medium radiation areas: 

105 Rad, 120x Zoom system, full 
observation capabilities 

 

Pic.9. System for TV monitoring in high 
radiation areas: 108 Rad, reliable design 

 

Pic.10. Radiation tolerant camera in 
remote operated diagnostic complex 
 



 
 

5. Certified technology of remote operated welding 

DIAKONT company has realized the solutions for preliminary of the surfaces and welding in 
the diagnostic and repair complexes. The preliminary works starts after complex diagnostic 
providing and detection of potential defects locations. At first, the grinding or shot blasting 
methods are applied (depends on surface conditions) for cleaning of the surfaces of the 
object to be repaired. After that, the application of welding deposits is provided. This 
technology was certified by leading Russian material science Institutions. The leakages after 
repair are fully excluded. 

 

 

6. Conclusion 

In conclusion we would like to say, that these well-proven solutions realized in the complexes 
have high level of importance for application on Research Reactors world-wide and have all 
attributes of science and technical priority in this direction. 

There could be the following efficiency factors mentioned: 

1) Safety increasing of Reactor operation thanks to well-proven methods of diagnostic 
2) Cutting time of outage the object to be repaired; 
3) Sufficiently cost reduction compare to traditionally methods (dismounting, 

replacement and installation of new elements); 

Pic.12. X-ray images of defects repaired 
 

Pic.11. Photos of welding deposits 
 



 
 

4) Radiation doses decreasing on operational personnel thanks to remote operated 
works. There is no presence of personnel required near the object to be inspected 
and repaired. 
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Abstract 
 The purpose of this technical paper is to provide status of the United State domestic 
Research Reactor Infrastructure (RRI) Program at the Idaho National Laboratory.  This paper 
states the purpose of the program, lists the universities operating TRIGA reactors that are 
supported by the program, identifies anticipated fresh fuel needs for the reactor facilities, 
discusses spent fuel activities associated with the program, and addresses successes and 
planned activities for the program. 
 
Purpose of Program 

The Research Reactor Infrastructure (RRI) Program at the Idaho National Laboratory (INL) 
supports the United States domestic university research reactor community by providing nuclear 
reactor fuel to university research and training reactor facilities.  The fresh nuclear reactor fuel is 
provided to U.S. universities at no, or low, cost to the university. The title of the fuel remains with 
the U.S. government and when the fuel is no longer needed at the university reactor facility, the 
program provides assistance and reimbursement for safe shipment of irradiated fuel from the 
universities to DOE used fuel receipt facilities located at the Idaho National Laboratory and 
Savannah River Site. University-led research and development (R&D) is important in nuclear 
energy, and the support of research reactors is important for universities if they are to develop 
and improve the technical competencies necessary to participate in and contribute to advanced 
Research and Development (R&D) programs. 

The program also provides project management, technical support, quality engineering, 
quality inspection and nuclear material support to the reactor facilities.  

Currently the Research Reactor Infrastructure program supports 25 U.S. universities which 
operate a total of 26 reactors at their reactor facilities. These facilities consist of: 

• Twelve TRIGA facilities 
• Nine plate fuel facilities 
• Two AGN facilities 
• One Pulstar fuel facility 
• One Critical facility 

Table 1 contains information for the TRIGA reactor facilities that are supported by the 
Research Reactor Infrastructure program. 

 
Table 1. TRIGA Facility Details 

University Facility Rated Power Reactor Type 
University of California - Davis 2 Megawatt TRIGA Mark II 
Oregon State University 1 Megawatt TRIGA Mark II 
University of Texas at Austin 1 Megawatt TRIGA Mark II 
Penn State University 1 Megawatt TRIGA Mark III 
Texas A&M University 1 Megawatt TRIGA Conversion 
University of Wisconsin 1 Megawatt TRIGA Conversion 



Washington State University 1 Megawatt TRIGA Conversion 
Kansas State University 250 Kilowatt TRIGA Mark II 
Reed College 250 Kilowatt TRIGA Mark I 
University of California at Irvine 250 Kilowatt TRIGA Mark I 
University of Maryland 250 Kilowatt TRIGA Conversion 
University of Utah 100 Kilowatt TRIGA Mark I 
 
Fresh Fuel  

Several of the TRIGA reactor facilities have recurring or future needs for new fuel.  Other 
universities operate life time cores and have no anticipated needs for fuel delivery in future years 
unless an unanticipated event occurs (such as leaking fuel elements).  These are handled on a 
case-by-case basis as they occur.  The universities that have recurring or future fuel needs 
include the University of California – Davis, University of Texas at Austin, Penn State University, 
Texas A&M, Washington State University, Kansas State University, the University of Maryland, 
and the University of Utah. An analysis was performed in March 2010 to identify what anticipated 
fuel needs exist for the supported reactor facilities.  These needs were classified as short term 
needs (next five years) and long term needs (beyond five years). Results of the analysis are 
contained in Table 2. 

 Table 2. TRIGA Fuel Needs 
University Facility Short Term Fresh Fuel 

Needs 
Long term Fresh Fuel 
Needs 

University of California - Davis • 16 Standard Elements 
per year 

• 16 Standard Elements 
per year 

University of Texas at Austin • 3 Standard Fuel 
Elements  

• 3 Instrumented Fuel 
Elements  

• 3 FFCR Fuel Elements  

• 100 Standard Fuel 
Elements 

Penn State University • 4 Standard Fuel 
Elements 

• 1 Fueled Follower 
Control Rod Fuel 
Elements  

 

Texas A&M University • 1 Instrumented Fuel 
Element  

 

Washington State University  • 68  Standard Fuel 
Elements 

Kansas State University  • 20 Standard Fuel 
Elements  

• 5 Instrumented Fuel 
Elements  

• 4 Instrumented Fuel 
Elements  

University of Maryland • 11 Standard Fuel 
Elements  

• 1 Instrumented Fuel 
Elements  

• 36 Standard Fuel 
Elements  

• 1 Instrumented Fuel 
Elements  

University of Utah • 10 Standard Fuel 
Elements 

 



 

Spent Fuel 
Reactor facilities must ship used fuel when either (1) they can no longer store additional 

fuel due to licensing and storage limitations, or (2) they must ship used fuel to continue 
decommissioning activities.  The need for used fuel shipment is determined by the university, 
and this need is submitted to the RRI Program.  The DOE receiving facility determines 
availability for the receipt of the used fuel, and the RRI Program uses this information to develop 
future funding requests and milestone commitments.  In support of these requests, the RRI 
Program will determine if a government-owned used fuel cask, or a leased cask is required to 
complete the shipment. Upon funding receipt, the used fuel shipments are planned, scheduled, 
and executed.  If funding is not provided in accordance with the anticipated shipment schedule, 
then the shipment will be delayed until adequate funding is received. 
 
Spent Fuel Shipment Casks 

Two casks are licensed to ship irradiated TRIGA fuel elements.  These include the BEA 
Research Reactor (BRR) cask (Package ID Number USA/9341/B(U)F-96) and the NAC Legal-
Weight Truck (LWT) cask (Package ID Number USA/9225/B(U)F-96). 
• BEA Research Reactor (BRR) Cask 

The Department of Energy has recently procured a 
new spent fuel shipping cask for shipment of fuel from the 
university facilities to the DOE Receipt and Storage 
Facilities.  The BRR cask was designed and fabricated by 
AREVA Federal Services LLC.  The cask is currently 
licensed for the shipment of four fuel types. These include 
TRIGA, MURR, MIT and ATR fuels (see Figure 1).    

Within the cask, the fuel is contained in basket 
structures specifically designed for each fuel type, and 
that provide for optimum heat rejection and criticality 
control.  The packaging consists of the payload basket, a 
lead-shielded cask body, an upper shield plug, a closure 
lid, and an upper and a lower impact limiter.  The cask is 
of conventional design and utilizes ASTM Type 304 
stainless steel as its primary structural material. 

The BRR cask may be used in a pool or hot cell 
environment.  The cask body is provided with a drain port, 
and is intended for use with a vacuum drying system to 
ensure that water is not present during transport.  The 
cask is designed to be transported singly, with its 
longitudinal axis vertical, by highway truck or by rail in 
exclusive use.  When loaded and prepared for transport, 
the BRR package is 119.5 inches long, 78 inches in diameter (over the impact limiters), and 
weighs 32,000 lbs. 

A total of nineteen TRIGA fuel elements can be shipped per BRR cask load. 
• NAC Legal-Weight Truck (LWT) Cask 

The NAC LWT cask is owned by NAC International and is available for lease for fuel 
shipments from university facilities (see Figure 2). The NAC LWT is a steel-encased, lead-
shielded shipping cask.  The overall dimensions of the package, with impact limiters, are 232 
inches long by 65 inches in diameter.  The cask body is approximately 200 inches in length and 
44 inches in diameter.  The cask cavity is 178 inches long and 13.4 inches in diameter.  The 
volume of the cavity is approximately 14.5 cubic feet. 

Figure 1.  BRR Spent Fuel Cask 



The cask body consists of a 0.75-inch-thick stainless steel inner shell, a 5.75-inch-thick lead 
gamma shield, a 1.2-inch-thick stainless steel outer shell, and a neutron shield tank.  The inner 
and outer shells are welded to a 4-inch-thick stainless steel bottom end forging.  The cask 
bottom consists of a 3-inch-thick, 20.75-inch-diameter lead disk enclosed by a 3.5-inch-thick 
stainless steel plate and bottom end forging.  The cask lid is 11.3-inch-thick stainless steel 
stepped design, secured to a 14.25-inch-thick ring forging with twelve 1-inch diameter bolts.  The 
cask seal is a metallic O-ring.  A second Teflon O-ring and a test port are provided to leak test 
the seal.  Other penetrations in the cask cavity include the fill and drain ports, which are sealed 
with port covers and O-rings. 

The weight of the NAC LWT is 52,000 pounds and the 
maximum weight of the contents and basket is 4,000 pounds. 

The NAC LWT is able to ship up to 120 TRIGA fuel elements 
per shipment load. 
 
Challenges of Shipping Spent Fuel 
 For many of the university reactor facilities, the shipment of 
spent fuel is a non-routine activity.  There are several challenges 
that have been faced by facilities that have recently shipped fuel. 
Some of these challenges include: 
• The university had not shipped fuel since 1968 and as such, 

they had no present procedures for shipping spent fuel. 
• Floor loading rate was unknown. 
• Many interferences had to be removed to allow direct access 

to the reactor tank. 
• Floor space in the reactor cell was very limited. 
• Pavement ended inside the reactor facility fence.  Some of the 

surface was not finished. The truck approach was narrow, 
curving and downhill.  A truck large enough to transport the 
cask could not pull into the lot and then back out (Nearly 
impossible / refused by drivers). 

• A large capacity (100 ton), long boom crane had to be used due to loading dock 
obstructions. 

• Reactor pool surface area was small (the cask could not be lowered into the pool) and 
entrance into the facility was limited. 

• Facility entrance door was 7 feet tall by 5 feet wide. 
• Reactor facility crane limit was 1 ton. 
 
RRI Program Successes 
 The RRI program has experienced many successes associated with the TRIGA reactor 
facilities over the past couple of years.  These successes include: 

• Four university TRIGA reactor facilities have been converted from HEU to LEU fuel 
cores.  Conversion activities were managed by the U.S. RERTR program. 

• All HEU spent fuel has been removed from all university TRIGA reactor facilities and is 
being stored in the DOE receipt facilities 

• Thirty eight TRIGA fuel elements have been procured for four of the reactor facilities. 
• All reactor fuel has been removed from the University of Arizona as part of their 

decommissioning activities. 
• The aluminum clad core at Reed College has been replaced with the stainless steel clad 

core from the University of Arizona. 
• The new BRR spent fuel cask has been licensed and fabricated that includes TRIGA fuel 

as a payload type. 

Figure 2.  NAC LWT Cask 



• The program assisted four reactor facilities with core modeling to address information 
requests received from the Nuclear Regulatory Commission during reactor relicensing 
reviews. 
 

Planned Activities 
 The RRI program has the following activities planned: 
• Identify a strategy to respond to future fuel needs in the event that the TRIGA 

International fuel fabrication facility closes. 
• Design and fabricate a new dry transfer system for the BRR cask. 
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ABSTRACT 
 

Nuclear reactor operators have to monitor the behaviour of different nuclear and 
design parameters that vary in time to ensure the operating safety of the reactor.  
In recent years several operating parameters for the IPR-R1 TRIGA research 
reactor were monitored and indicated in real-time by the data acquisition system 
developed for the reactor, with all the data being stored in a hard disk in the data 
acquisition computer, to build in this way a database.  The goal of this work is to 
insert in the set of parameters already collected the neutron capture cross sections 
for the fuel, from the power and temperature numbers obtained in real-time. The 
experimental data was obtained by using a fuel element instrumented with 
temperature sensors, located in the core of the IPR-R1 TRIGA research reactor at 
the CDTN – Centre for Development of Nuclear. This information is useful for the 
continuous monitoring of the reaction rate in neutron capture. For that, a new 
analytical formulation is used for the Doppler broadening function proposed by 
Palma and Martinez which is free from special functions in its functional form and 
with easy computing implementation. The results obtained were satisfactory from 
the standpoint of accuracy in comparison with the numerical reference method and 
indicate that it is possible to carry out real-time monitoring of the neutron capture 
cross section in the fuel. 
 

 
1. Introduction 
 
The thermal nuclei movement is well represented in the neutron-nuclei interaction through 
the Doppler broadening function. Considering a medium thermal equilibrium at temperature T 
where the target nuclei are in movement and their velocities given by the Maxwell-Boltzmann 
distribution and the expressions for effective absorption cross sections are obtained from the 
Briet-Wigner formalism [1],  
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where the Doppler broadening function are described, as in the Bethe and Plackzec 
approximation, 
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and all the other parameters are well established in the literature [1].  

 
In this work the absorption cross sections are calculated using the new formulation proposed 
by Palma e Martinez [2]: 
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using temperatures measured with the onboard electronics of the TRIGA IPR-R1 Reactor at 
the Nuclear Technology Development Centre.  The goal of this study is to evaluate whether 
the time savings in computing time to calculate the Doppler broadening function with the 
formulation expressed by equation (5) allows the continuous monitoring of the neutron 
absorption rate as it is already done with other important control variables in the TRIGA IPR-
R1 Research Reactor.  
 
2. The IPR-R1 Reactor  
 
The IPR-R1 TRIGA (Instituto de Pesquisas Radiativas - Reactor 1, Training Research 
Isotope General Atomic) reactor, located at the Nuclear Technology Development Center - 
CDTN (Belo Horizonte/Brazil), is a typical TRIGA Mark I light-water and open pool type 
reactor. The fuel elements in the reactor core are cooled by water natural circulation. The 
heat removal capability of this process is great enough for safety reasons at the current 
maximum 250 kW power level configuration. However, a heat removal system is provided for 



removing heat from the reactor pool water. Figure 1 shows two photographs of the pool and 
the core with the reactor in operation. 
 

 
Figure 1.  The IPR-R1 TRIGA nuclear reactor 

 
The IPR-1 TRIGA is used for training, research and neutron activation analysis. The reactor 
core has 58 aluminum-clad fuel elements and 5 stainless steel-clad fuel elements. One of 
these steel-clad fuel elements is instrumented with three thermocouples along its centerline 
(Figure 2). This instrumented fuel element was inserted by Mesquita (2005) in the reactor 
core in order to evaluate the thermal hydraulic performance of the IPR-R1 reactor. The fuel 
rod has about 3.5 cm diameter, the active length is about 37 cm closed by graphite slugs at 
the top and bottom ends which act as axial reflector. Figure 3 shows the diagram of the 
instrumented fuel element.  
 

 
Figure 2.  Instrumented fuel element before and after it was been positioned in the IPR-R1 

reactor core. 
 
 

 
Figure 3. Diagram of the instrumented fuel element. 



The on-line monitoring of fuel temperatures became possible after the data acquisition and 
processing system implementation and the installation of the instrumented fuel rod in the 
reactor core (Figure 4). Several neutronic and thermo-hydraulics parameters are now 
registered. The data acquisition system used in the IPR-R1 reactor consolidates information 
about the reactor status and provides an on-line or off-line data analysis (Mesquita, 2005). 
 
 

 
Figure 4.  TRIGA IPR-R1 data acquisition system. 

 
3. Results 
 
This section presents the results obtained in the calculation of the absorption cross section, 
equation (1), for different reactor operation regimes where the temperatures are measured 
based on the methodology described in Section 2. The graphic in Figure 5 shows the 
behavior of the ξ  parameter, calculated from equation (3) as the temperature within the 
nuclear fuel rises.  
 
 

 
Figure 5: Behaviour recorded for the ξ  parameter during the operation of the TRIGA – 

MARK I reactor for the first three 238U resonances. 
 
Table 1 shows the results for the calculation of the capture cross section for the energy 

0 6.67E eV=  resonance of 238U  during the operation of the TRIGA – MARK I reactor based 
on the method proposed for the determination of the Doppler broadening function, equation 
(5), at different temperatures. The numerical reference method (Gaussian quadrature 
method) was used in the calculation of the Doppler broadening function directly on equation 
(2). Table 2 shows the computer processing times for the calculation of the cross sections as 
a result of the quantity of terms in the expansions of equations (6) and (7).  
 



Table 1: Calculation of the capturing cross section for the E0 = 6.67eV resonance of 238U  
during the operation of the TRIGA – MARK I reactor 

 
Time(s) Temperature (K) ξ  X Reference 

Method 
Proposed 

Method (n=40) 
 

[0,561] 
 

298.55 
 

0.4563 
0 7178.977 7178.977 

10 368.664 368.664 
50 8.732 8.733 

 
708 

 
377.60 

 
0.4057 

0 6544.393 6544.393 
10 458.324 458.324 
50 8.760 8.760 

 
 

Table 2: Computer processing time to calculate the capturing cross section for 0 6.67E eV=  

resonance of  238U, for 298.55T K=  with function ( ),xψ ξ  being calculated from equation 
(5) 

 
Number of terms Average computacional time (s) 

40 0.015 
150 0.094 
250 0.156 
350 0.265 
500 0.406 

 
 
5. Conclusions 
 
A new analytical formulation was used in this paper based on series for the Doppler 
broadening function, in order to predict the absorption cross sections in instrumented fuels of 
the TRIGA – MARK I type. This formulation allows for fast and accurate calculations of the 
absorption cross section that enable the online monitory, with temperature data from the 
instrumented fuel.  A new window is being developed in the data acquisition system used in 
the IPR-R1 reactor to calculate these cross sections and, along with information related to 
the neutrons flux in the region of the fuel and its burnup, to acquire information on the 
reaction rate for absorption in a real-time and continuous manner. 
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ABSTRACT 
 

The Laboratory of Applied Nuclear Energy (LENA) is an Interdepartmental Research Centre of the University of Pavia 
which operates a 250 kW TRIGA Mark II Research Nuclear Reactor, a Cyclotron for the production of radioisotopes 
and other irradiation facilities. The reactor is in operation since 1965 and many home-made upgrading were realized in 
the past years in order to assure a continuous operation of the reactor for the future. The annual reactor operational time 
at nominal power is in the range of 300 - 400 hours depending upon the time schedule of some experiments and 
research activities. The reactor is mainly used for NAA activities, BNCT research, samples irradiation and training. In 
specific, few tens of hours of reactor operation per year are dedicated to training courses for University students and for 
professionals. Besides, the LENA Centre hosts every year more than one thousand high school students in visit. Lately, 
LENA was certified ISO 9001:2008 for the "operation and maintenance of the reactor" and for the "design and delivery 
of the irradiation service". Nowadays the reactor shows a good technical state and, at the moment, there are no political 
or economical reason to consider the reactor shut-down. 
 
1. Introduction. 
The Laboratory of Applied Nuclear Energy (LENA) is an Interdepartmental Research Centre of the 
University of Pavia which operates a 250 kW TRIGA Mark II Research Nuclear Reactor, a Cyclotron for the 
production of radioisotopes and other sources Irradiation facilities. The reactor, operating since 1965, is at 
the disposal of researchers from Pavia University and of other users, both public and private, for research 
activities, training & education and other services. The annual reactor operational time at nominal power is in 
the range of 300 - 400 hours depending upon the time schedule of some experiments and research activities. 
The reactor is mainly used for NAA activities, BNCT research, samples irradiation and training. In specific, 
few tens of hours of reactor operation per year are dedicated to training courses both for University students 
and for professionals. Besides, the LENA Centre hosts every year a large number of high school students in 
visit. This particular activity field, aiming to a wide Nuclear culture diffusion, brought to LENA more than 
1200 student in 2009 and about 1500 in 2010, with educational/training courses held for more than 400 
hours (2009-2010). In October 2010, LENA was certified ISO 9001:2008 for the "Operation and 
maintenance of the reactor" and for the "Design and delivery of the irradiation service". During the past three 
years some home-made upgrading were also realized in order to assure a continuous proper operation of the 
reactor for the future. 
 
2. Status of Main Reactor Systems. 
2.1 Instrumentation & Control System  
After many years of operation, the Instrumentation and Control (I&C) System of the TRIGA reactor of the 
University of Pavia was almost completely refurbished in 2007 with home-made new channels (linear & log 
recorder, percent power channel, fuel and water temperature channel, automatic power demand control, ion 
chambers power supply), showing, since then, a very good operational behaviour and reliability, without any 
relevant component failure or need for reworks.  
Thanks to the utilization of new and up-to-date electronic components and measurement instruments, it was 
possible to couple the reactor I&C System to a digital acquisition board for the operational data collection. 
Data from I&C system are converted into 4-20mA signals and sent to an analogue input PLC board for their 
acquisition and manipulation. Then data are sent, through TCP/IP, to a remote PC for storage and display 
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(see Fig.1). The control program, built on LabVIEW platform, allows the acquisition, storage and display of 
the following parameters: 

• Fuel temperature channel #1 
• Fuel temperature channel #2 
• Water temperature 
• Linear power channel 
• Log power channel 
• Percent Power channel 
• Period channel 

Data collected are continuously analyzed, resulting very useful for research activities, processes performance 
monitoring, predictive maintenance, education & training. In particular, the automatic power control system 
was subject to further parameter adjustments for a more precise power control, using the collected data for 
the simulation of the reactor dynamic response.  

 

 
Fig.1– Snapshot of Reactor data acquisition system   and data displayed on a chart graph 

 
In order to obtain a more accurate and stable fixture of the ion chambers of the reactor power channels, a 
micrometric positioning system was home-made designed and realized. Such a system, based on an endless 
screw transmission mechanism (see Fig.2), fixed above the water surface, allows a precise position 
adjustment. The result is a better position stability (i.e. avoiding cambers movements due to nuts loosening) 
along with efficiency improvement in reactor thermal power calibration operations.   
 

  
Fig. 2 – Ion chamber micrometric-positioning system detail 

 
2.2 Reactor Water-Cooling Circuit 
After many years of utilization, in August 2010, the filling-water demineralization system was completely 
replaced. The new system is a mixed-bed, laboratory-grade demineralizer. In this type of   demineralizer, 
cation and anion resin beds are mixed together, resulting therefore equivalent to a  two-step demineralizers in 
series. In a mixed-bed demineralizer, more impurities are replaced by hydrogen and hydroxyl ions, and the 
water that is produced is extremely pure. The unit is assembled on a stainless steel frame, with a stainless 
steel column containing the mixed bed demineralization resins. Along with all the necessary piping 
installations, an online electronic conductivity indicator was also installed for a better system maintenance. 
The main features of the demineralizer system are summarized in Tab. 1. 
The new system allows a safer and quicker resins replacement avoiding the personnel to deal with resins 
regenerations and acid/basis solution handling. 
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Maximum flow rate Max Pressure Max. water purity Electrical 

consumptio
n 

200 l/h 3 Bar 0.2 μS 50W 
           Tab. 1 – New demineralizer specifications 
 
 
 
 
 
 
 
 
Fig. 3 – Water demineralizer system 
  
2.3 Radiation Area Monitoring System 
The area radiation monitoring system has been completely renewed in 2007, after almost 30 years of 
operation. The new system is basically made with a commercial micro-computer and an home-made software 
developed on Lab-View platform. Since its start-up, the new system showed a very good performance and 
operational behaviour, without significant system failure during the past three years. Just few small 
maintenance operations, due to the normal use, have been carried out. 
 
In 2009, after many years of operation, the reactor off-gas radiation monitoring system was completely 
replaced with a new measurement system based on a NaI scintillation detector. The γ-ray spectrum of reactor 
gaseous effluents is collected continuously using Gamma-Vision software and data are accessible from 
remote (i.e. form reactor control room or form reactor emergency room).  
 
Lately, the environmental air particulate monitoring system was completely upgraded and redesigned for a 
better efficiency and reliability.  The network consists of 5 air-sampling stations that suck air on a paper filter 
for particulate deposition. Four stations are located at 100m from the facility fence, in correspondence of the 
four cardinal directions; the fifth station sucks air from reactor off-gas on a paired paper/active-carbon filters.  
Filters are collected and analyzed daily by means of a γ-spectroscopy using a low-background HPGe 
detector. The system is used for environmental air particulate monitoring on both normal and emergency 
situation. 
 

  
 

Figure 4 – Environmental air particulate monitoring station and air vent (mounted 5m above ground) 
 
 
 
 
2.4 Fuel Elements 
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At the moment, the core is made of 49 Aluminium clad and 34 SST clad TRIGA fuel elements. All the 
aluminium elements occupy the outer rings of the core (Ring E and F) while the SST elements occupy the 
inner rings (Ring B, C and D). 
Only 7 fuel elements (all Al clad) have been permanently removed from the reactor tank and are stored in a 
fuel storage dry pit. Other 7 irradiated fuel elements (6 Al clad and 1 instrumented SST clad) are stored in 
racks inside the reactor tank. Three fresh fuel elements are in storage. 
The fuel elements are controlled periodically for their elongation and/or bowing and until now no elements 
had to be removed permanently for excess elongation or bowing. At the moment no fuel elements present an 
elongation greater than 5 mm and only 4 fuel elements present an elongation greater than 4 mm. 
 
2.5 Implementation of Quality Management System  
From the end of 2008, in order to continuously improve the safety and quality of reactor management and 
the accomplishment of all compulsory requirements, LENA decided to implement a Quality Management 
System (complying with the International Standard ISO 9001:2008) for reactor operation and maintenance 
activities. 
In order to accomplish the implementation of the MS, during the initial processes analysis the path to be 
followed to build up the system was assessed and defined. The main steps for the system implementation 
have been:  

- Project Team identification;  
- budget and schedule development;  
- processes analysis;  
- Quality Policy definition;  
- inventory of existing documentation; 
- system implementation (development of documents and their application); 
- system assessment (Internal audit). 

 
At the end of the implementation process, the reactor documentation system increased by 45% (percentage of 
new documents issued / total number of documents), while 10% of existing documents was reviewed. 
Furthermore, LENA reactor adopted appropriate methods to monitor and, where applicable, measure MS 
processes, in order to demonstrate their ability to effectively provide the planned results and to ensure 
adequate performance in the areas of the MS. One of these methods is the Internal Audit tool. During 2010, 
the Internal Audit process demonstrated the ability to identify opportunities for improvement: in fact Internal 
Audits identified 55% of Non Conformance (NC) detected during planned activities of surveillance and test; 
the Audit process resulted in 5 Corrective Actions (CA) and 5 Preventive Actions (PA). 
All Corrective Actions and Preventive Actions were completed in scheduled time. 
In addition, a documented procedure was established to define the controls along with the related 
responsibilities and authorities for dealing with Non Conformance.  
During 2010, 95% of detected Non Conformance were handled and closed in the scheduled time; on total 
number of NC, 63% were classified as Safety Related (i.e. NC concerned with aspects that may affect reactor 
safety operation or health physics); among Safety Related NC, 42% were detected during planned activities 
of surveillance and test. 
At last, the implementation process took about 2 years and eventually led to a third party Audit and to the 
system certification issued by an independent Certification Body, in October 2010 [1]. As far as financial 
aspects are concerned, the implementation costs can be groped as follows: 75% staff efforts (54% Project 
Team, 21% other staff involved, in work-hours), 5% external staff training, 15% (new equipment 
acquisitions). That means that the implementation process is more a matter of time and staff commitment 
than organization’s financial capabilities. 
 
2.6  Maintenance Program 
All components and systems undergo to ordinary maintenance according to the Technical Prescriptions, to 
Quality Assurance (QA) requirements along with all the pertinent “Good Practice Procedures”. The 
execution of the scheduled controls and of the Preventive (planned) and Corrective (repair) Maintenance of 
the systems and components is registered in dedicated checklists, in maintenance authorization documents, in 
maintenance and reactor  Log-books and in QA books. 
As mentioned above, since 2009, the new QA program implemented at LENA led, through the joint 
application of maintenance program and QA procedures, to a better and safer reactor operation. In particular, 
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in order to give evidence of the results of the activities carried out, a series of performance parameters 
(indicators) have been defined and are periodically updated and assessed in order to get even better 
efficiency and effectiveness from the maintenance service. The following Tab. 2 shows a selection of 
maintenance performance indicators utilized at LENA. The difference between expected and calculated 
values can be perceived as an objective for the continual improvement or for maintaining the high standard 
already reached.  

Process Indicator Expected value Calculated 
value 2010 

Instrumentation 
management 

Failure probability (number of repairs/instruments 
number)  <15% 23% 

N. of  Instruments found out of calibration 0 0 

Maintenance 

MTBF (Mean time before failure, in days) 140 126 
MTTR (Mean time to repair, in days) 5 3
Outsourcing service dependency 
(N° of maintenance operation requiring outsourcing 
assistance / N° of maintenance operation)

<15 % 30% 

Table 2 – Maintenance Service performance indicators 
2.7 Human resources 
As typical of research reactors, the number of personnel units is hardly enough to cover all the tasks / 
functions in the Organization. Currently, the staff on duty at LENA reactor consists of 16 personnel units and 
each section / unit of the Organization should usually be made by a head of section/unit and one or more 
employees. This is made possible by the involvement of staff in more than one task, namely the allocation of 
multiple responsibilities to the same person, of course with care to avoid any conflicts of interest. The 
allocation of LENA personnel units according the different functions is reported in the following tables:   
 

LICENCED REACTOR 
OPERATION AND 

MANAGEMENT STAFF  

Technical Direction 3 

Reactor Supervisors 6 

Reactor Operators 6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: LENA Human Resources data report (2010) 
This kind of staff organization, which stems from the need to better manage the limited human resources 
available, has the positive effect of increasing the skills of staff in the different plant activities, allowing staff 

STAFF QUALIFICATION  

Ph. D. 3 

Master Degree 7 

High School Degree 4 

Middle School  2 

DEGREE 
QUALIFICATION  

SUBJECTS 

Chemistry 1 

Physics 5 

Engineering 2 

Economics 1 

  STAFF AGE 

<30 1 

<40 7 

<50 5 

<60  2 

>60 1 

DUTIES  

Administrative 1

Technical: 
(15) 

Top Management (Direction) 2 

Reactor Operation & Management 12 

QA 2 

Radiation Protection Advisor 1 

Health Physics Section 7 

Mechanical Maintenance  2 

Electrical Systems & Instr. Maintenance 2 

Analysis  3 

Marketing & Customer  1 

Educational 1 
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turnover and ensuring, in every time, the reliability of services related to nuclear safety, health protection and 
operation of the reactor itself. 
 
3. Summary and Outlook. 
3.1 Performance Indicators 
As already mentioned above, during the QMS implementation process, LENA indentified, for each process 
involved, a set of Performance indicators, i.e. parameters that provide a measurement of processes efficiency 
and effectiveness. In particular, it is interesting to observe the values obtained for indicators related to LENA 
reactor operation process (Tab. 4) and how those indicators match with ones indicated in the publication 
Optimization of Research Reactor Availability and Reliability: Recommended Practices (IAEA Nuclear 
Energy Series No. NP-T-5.4) [2]. 

 

Process Indicator Expected value Calculated 
value 

Reactor operation 
Reactor availability 70 – 80% 77% 
Reliability 70 – 80% 89% 
Reactor Utilization >50% 52% 

Quality Management 
System 

Number of safety related NC detected 0 12
Number of preventive actions >1 4
Auditing system efficiency 
Number of corrective actions as a result of 
an internal audit 

>1 5 

 
Table 4 -  Performance indicators values related to reactor operation at LENA 

 
3.2 Operational data 
After the major extraordinary maintenance activities described above, the TRIGA reactor of the University 
of Pavia shows a very good technical state and, at the moment, there are no political or economical reasons 
to consider a reactor shut-down. The following table 5 reports operational data of the last three years: 
 

 
 

Year 
2008 

Year 
2009 

Year 
2010 

Hours at 250 kW 388,88 321,51 229,91 
MWD 4,05 3,34 2,39 
Burn-up (235U, g) 3,67 3,52 2,52 

         
Table 5  – Operational  data of the TRIGA reactor of the University of Pavia 
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Abstract 

 Gamma doses for the University of Utah TRIGA Reactor (UUTR) are estimated 
based on the MCNP5 model, and by measurements based on the thermo luminescent 
detectors (TLDs). In the experiment the gamma dose rate above the UUTR core was obtained 
by placing TLD-400s every 10 cm from the core top up to 150 cm measured from the surface 
of the UUTR core, and then every 50 cm up to 300 cm. The dose rate was also obtained at the 
pool surface level using a Ludlum model 19-survey meter. The measurements are obtained at 
a steady state thermal power of 90 kW. The MCNP5 model closely followed the experimental 
setup. 

The MCNP5 values of the dose immediately above the core were just under 30 
percent difference compared to the measured values, which is within the TLD response of ± 
30 percent. The TLD error is observed to remain fairly constant at around 5% of the mean. As 
the gamma dose approaches the lower limit for the TLDs (1 rem), the error rises almost 
exponentially reaching 80%. The difference between the simulated and measured gamma 
doses increases as the distance from the core increases. This difference at the surface of the 
UUTR pool is around 90 percent (the experimental gamma dose being 90% higher). The main 
source of the difference is due to statistical error of the MCNP5 calculation. The larger the 
size of the geometry, the more computational time is required to reduce the statistical error. 
Another source of error is the contribution of nitrogen-16 that is generated from (n, p) 
reaction with oxygen in the reactor pool water. The (n, p) reaction was not considered in our 
current MCNP5 model. Therefore, the MCNP5 model can be improved as follows: taking into 
account the fuel burn up that will correlate more accurately dose estimates near the surface of 
the pool due to the gamma emission from fission fragments, and taking into a consideration a 
production and transport of nitrogen-16 that will improve the dose estimates especially at the 
surface of the UUTR core. 
 
 
Keywords: MCNP5, TRIGA, TLDs, dosimeter, gamma dose, neutron dose 
 

1. INTRODUCTION 

Radiation dose measurements are performed every few years at the University of 
Utah TRIGA Reactor (UUTR). The UUTR core is placed in a water pool that functions as a 
coolant for the reactor via natural convection and as a biological radiation shield in protecting 
personnel. The gamma dose measurements are recorded every time and used to benchmark 
computational simulations often based on using Monte Carlo N-Particle transport code, 
MCNP5/X. This UUTR simulation model is therefore verified every time, and it represents a 
useful tool for estimates of the dose change with the power up-grade, or the core 
configuration.  



 

  2

The UUTR core contains a mixture of old 
and new stainless steel and aluminum fuel 
elements. The fuel elements are arranged in 
a hexagonal grid. Reflector elements are 
located around the core perimeter. The 
UUTR has two different types of reflector, 
graphite and heavy water. 

 

 

2. GAMMA DOSE EXPERIMENT AND THE UUTR MCNP5 GAMMA DOSE 
MODEL  

The γ dose rate distribution above the core was experimentally determined using 
dosimeters placed in the pool at certain distances when the reactor was operated at thermal 
power of 90 kW (that is producing 7.53x1015 n/sec). The γ dose was measured for a 10-minute 
time interval once the reactor reached its steady state operating condition. Thermo-
luminescent dosimeters (TLDs) were placed at various distances from the core surface toward 
the top of the tank. The γ dose rate distribution on the surface of the pool tank was obtained 
using a Ludlum model-19 survey meter. This instrument uses a sodium iodide scintillator. 1 

The γ dose distribution was calculated based on the UUTR comprehensive MCNP5 
model of the UUTR and pool tank; the core thermal power was 90 kW.2 The γ dose 
distributions were obtained along the same points where the measurements data were 
collected, namely from the core surface to the top of the pool. The computational values were 
then compared to the experimental data. 

In order to reduce the MCNP5 simulation time and improve the accuracy, the UUTR 
pool was represented with 65 sections. The first section contained the core, irradiation 
facilities, water, and aluminum tank geometry up to 4 cm above the core surface. Subsequent 
sections were modeled for the next 10 cm increments above the core up to the pool surface. 
Geometry splitting and the use of cell importance IMP cards improved the variance and 
decreased the computational time. KCODE calculation of 50 million particle histories was 
simulated with 500 cycles with 105 particles. The dose rate distribution for each segment was 
obtained by placing a MESH tally (FMESH card) along the geometry divisions. The MESH 
tally was setup to obtain 2-cm2 dose resolutions across the top of the core. The dose function 
DF and the dose energy cards DE were added to the tally in order to obtain normalized dose 
rate (rem/hr)/(particles/cm2-s) as a function of particle energy. The biological dose equivalent 
rate factors for DF cards were taken from ANSI/ANS-6.1.1-1977 data, Table H.2 from the 
MCNP5 manual for photons.3 The dose tally was scaled by using the tally multiplier FM card 
which multiplied the normalized results by Eq. 1 giving a final dose rate in rem/hr:   
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qFrE
PTD

∗∗
∗=      (1)  

 D = dose rate (rem/hr) 

 T =  normalized tally output (rem/hr)/(particles/cm2-s) 

 P =  power (watts) 

 E =  fission energy deposited in the core (eV/fission) 

 Fr = fission rate 

 q =  1.602 x 10-19 coulomb 

 

 The TLDs used in this experiment were TLD-400s made of CaF2:Mn. These are a 
calcium fluoride crystal doped with manganese and have a wide response range from 1 mrem to 
105 rem. However, these only have a linear response of about 10 percent of that range. The TLDs 
were read in a Teledyne Brown Engineering System 310 TLD reader. The TLD reader lists the 
dose in rems and is not calibrated below 1 rem. The resulting effective TLD range is between 105 
rem at saturation and 1 rem. These limitations impeded dose measurement near the surface of the 
pool with TLDs. A Ludlum model 19 survey meter was used to obtain a dose distribution 
approximately 10 cm (4 in.) above the pool water. Figure 1 shows the geometry of TLD 
placement to measure γ dose in the UUTR pool tank. 

 

Fig.1 Locations of TLD as placed in the UUTR pool  

 

The TLDs were placed up to 300 cm measured from the surface of the UUTR core in thetank 
(Figure 1). A radial dose profile was obtained by placing five TLD packets in a line at 50 cm 
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from the core surface. The 
50 cm plane was chosen 
to be well within the 
TLD dose range. 
Surface dose rate 

measurements were taken 10 cm above the pool water while the UUTR was still operated at 90 
kW.  

 

3. EXPERIMENTAL AND MCNP5 RESULTS 

The axial dose rate distribution above the core for measured and simulated results is 
shown in Figure 2 (MCNP5 simulation and TLD and Ludlum model 19 surface results in 
comparison).  

 

 

 

 

 

 

 

 

 

 

Figure 2. Measured and MCNP5 estimated axial γ-dose rates at the UUTR 

  

As shown in Figure 2, the axial dose rates from MCNP5 calculation and measurement 
using TLD are very similar at the distance of 200 cm from the top of the core. At the distance 
above 300 cm from the top of the reactor core, the dose rate were not obtained because the TLD 
400s cannot read a dose rate less than 1 rem/hr. The MCNP5 results are shown in Figure 2 as well, 
for the points above 300 cm. The dose rates at 10 cm above the pool water surface from MCNP5 
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calculation and Ludlum Model-19 detector did not match very well because the MCNP5 result 
has a large statistical error due to the geometry getting larger. More discussion is provided later 
on as well. 

 Each dosimeter packet contained five TLDs in order to achieve a reasonable statistical 
information on variance and error. The mean and standard deviation σ were calculated for each 
packet. The σ was observed to remain fairly constant until it approaches the lower limit for the 
TLDs (1 rem) where σ rises almost exponentially to around 80 percent. The standard response for 
TLD-400s dominates most of the trend with a response of ± 30 percent per batch.4.5  

 The MCNP5 results at the surface of the pool water were analyzed by dividing the water 
surface in several MESH tallies; each MESH tally was assigned an area of 100 cm2. The standard 
deviation σ for these tally samples ranged from around 5 to 35 percent. The 35 percent compares 
very well to the 30 percent TLD response.  

 Figure 3 shows the neutron and gamma dose rate from the MCNP5 calculations at the 
surface of the reactor core. Neutron and γ dose rates, both have their maximum values at the 
center of the core where it was expected. At the center of the UUTR core, the neutron and γ doses 
were 9.7x105 rem/hr and 2.68x105 rem/hr, respectively. As shown in the Figure 3, both doses 
decrease lower than 1x105 rem/hr for γ and 0.5x105 rem/hr for neutrons, at the edge of the reactor 
tank. 
 



 

  6

 

Figure 3. MCNP5 Neutron and Gamma Dose Distribution at the UUTR Core Surface 
across the UUTR Pool Water Tank 

 
4. FUTURE WORK 

There are three major areas that need to be addressed in order to create a more accurate 
UUTR model giving more accurate γ dose estimates. These include better instrumentation, 
inclusion of the decay γ-rays from long-lived fission fragments, and the production and transport 
of nitrogen-16 into the MCNP5 model as existing now.  

The limited response range of the TLD (>1rem/hr) and the large response of ±30% contribute 
to the error of the measurement. Also, different types of TLDs or detectors that can respond to the 
dose rate lower than 1 rem/hr will be beneficial to achieving more accurate measurements. To 
create more accurate MCNP5 model, knowledge of fuel elements burnup histories would be 
beneficial, as well as inclusion of nitrogen-16 generation and transport in the pool tank.  Our 
current MCNP5 model did not include γ-rays that are generated from long-lived fission products. 
It is not a simple matter to include them as a source in the model. These fission products have 
different half lives and the distribution and quantity of fission product isotopes must be estimated. 
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The γ-ray energy peaks and relative intensities need to be quantified and then added into the 
MCNP5 model as γ-ray sources. 

The quantity of N-16 produced in and around the UUTR core can be estimated based on 
neutron flux and neutron capture cross-section of the oxygen-16 present in H2O. A convection 
model needs to be used based on thermodynamic and physical properties of the core and coolant 
materials. The spatial distribution of nitrogen-16 can then be estimated based on coolant velocity 
and the 7-second half life of nitrogen-16 before its decay into oxygen-16. This source can then be 
added to a MCNP5 model.  

 

5. CONCLUSION 

 The MCNP5 results correlated satisfactory well with experimental measurements of up to the 
distance of 300 cm from the top of the core surface. At the surface of the pool tank, the MCNP5  
and Ludlum model-19 portable detector values did not match very well. More detailed MCNP5 
model is required to obtain more accurate result. Improvements must include better 
instrumentation capable of measuring the full dose range between the core and pool surface. The 
tally multiplier FM card value from Eq. 1 can be adjusted to account for the delayed γ from 
fission product decay. In order to do so, a fuel burn up estimate is needed to quantify the 
inventory and ratios of fission products present in the fuel rods. The production and subsequent 
transport of nitrogen-16 before it decays should significantly improve the dose values estimated 
for the pool surface locations. The natural convection of the pool water is the primary mode of 
transport. The coolant flow and nitrogen-16 production rates need to be estimated in order to 
provide a spatial distribution of nitrogen-16 above the core. This may be incorporated into the 
model to provide more accurate dosimetry estimates in the UUTR pool tank.  
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ABSTRACT 

A novel high precision detection method for the determination of the distillation end point of 
the coking process (usually in the 950-1100  °C  range) has been developed, and patented.  
The system is based on the use of a metallic capsule that melts at a fixed temperature and 
releases a radioactive gas tracer (133Xe).  A radioactivity detector, placed in the stack of a 
coke industrial oven, reveals the presence of 133Xe in the distillation gas stream, indirectly 
marking the time in which the preset temperature has been reached in the centre of a coke 
moving pile, in an industrial high-temperature coke oven.  The isotope was prepared by 
irradiating 1 to 20 cm3 of natural xenon, contained in a  high purity polyethylene vial. The 
irradiation was performed in the fast pneumatic transfer system facility of the TRIGA MARK II 
nuclear reactor of the Casaccia Institute, obtaining a total activity of 1-3 MBq of 133Xe per 
irradiation. The radioactive gas was transferred inside a steel capsule, furnished with a 
calibrated membrane, that melted when the  preset temperature was reached. A series of 
tests on a pilot oven confirmed the feasibility of the method on industrial scale. Extension of 
the application of the radioactive tracer method to the staging and monitoring of all stages of 
the coking process appeared also feasible. 

 

1.   Introduction 

 Coke is a solid carbonaceous residue derived from low-ash, low-sulfur bituminous coal, from 
which the volatile constituents are driven off by baking in an oven without oxygen at 
temperatures of about 1000 °C, so that the fixed carbon and residual ash are fused together. 
Metallurgical coke is used as a fuel and as a reducing agent in smelting iron ores in industrial 
furnaces. Important characteristic of the coke are the test crush index, which convey the 
strength of coke during transportation into the blast furnaces, and the coke strenght after 
reaction, that represents coke's ability to withstand the violent conditions inside the blast 
furnace before turning into fine particles; depending on blast furnaces size, finely crushed 
coke pieces must not be allowed into the blast furnaces because they would impede gas 
dynamics.  The preparation of coke is usually performed in large furnaces, in which the mass 
of coal is  heated under high temperature in an oxygen deficient atmosphere, with the 
generation of coke oven gas and various chemical products.  Conventional cokemaking is 
done in a coke oven battery sandwiched between heating walls. The temperature distribution 
and the elapsed time inside a coke coal bed produces critical effects on the final yield and 
quality of the product (grain size, volatile coal content, crack sensitivity, hardness, porosity). 
Above a critical thershold temperature, usually in the 500-700 C° range, the coke shrinks, 
and the rate of temperature drift and gas evolution (H2) raises fast. At this stage the coke 
quality is critically affected.The reaching of a preset temperature, usually around 1000 C°, 
marks the coke distillation end point. Actually, the distillation end point is usually determined 
by the observation of the optical features of the distillation gases (yellow-to violet color 
change of the burning exhaust gases), or by the direct composition of gas composition or 
temperature on the oven stack, or chimney. (1-3) In the present paper a method is 
presented, that can mark the temperature of the distillation end-point into the inner of a mass 
of moving coal of a furnace for coke preparation. The method is based on the release of a 



gaseous inert tracer (133Xe), contained in a calibrated capsule, at a given temperature in the 
coke oven stream. The method has been patented, has been tested on an equipped 
industrial pilot plant, and is aimed to be implemented on the coke  industrial production 
plants, for monitoring and optimizing the process parameters (4). 

2.   Tracer selection 

A null retention  on coal mass and plant walls, a high specific activity and a suitable half-life 
are fundamental properties for a safe and effective use of a gas radiotracer.    The neutron 
irradiation of natural  xenon allows an easy detection by NaI(Tl) detectors of a gamma 
emission at the energy of 81 keV from 133Xe. A spike activity as low as 100 MBq can be 
safely released into the 200 000 m3/h exhaust stream of an industrial blast coke furnace, still 
allowing the puffing to be monitored with high accuracy.  For 133 Xe, a specific actaivity of 
about 0.25 MBq/cm3 of natural Xenon can be obtained, by irradiating for six hours a sample 
by a neutron flux of  2.6 n/cm2/s, for 6 hours. 

 
Fig 1. Gamma spectrum of 133Xe by a NaI(Tl) detector. The 81 keV and 31keV peaks 

belong to 133Xe (β−,γ) 132Cs, and to the X-ray conversion of 132Cs, respectively. The 233 keV 
peak originates from 133mXe (IT, γ ) 133Xe. 

 

3.   Capsule design 

The capsule was machined by starting from a hollow stainless steel cylinder (see Figure 2). 
In the bottom side a circular V shaped notch was made, to act as a stress raiser. The notch 
radius and the thickness of the circular metallic membrane so obtained, were calculated in 
order to to obtain its rupture when a predetermined pressure was reached. To avoid early 
gas release, the metallic membrane has to be substained and reinforced by a metallic plug, 
designed to melt at a  preset temperature. After the introduction of the radioactive gas into 
the capsule, the upper metallic lid is welded. The pressure from the gas contained in the 
inner chamber near the preset temperature should be sufficient to break the metallic 
membrane, while the metallic plug, pressed outside against it, prevents the membrane 
rupture. When the local temperature reaches the metallic plug melting point, the inner 
pressure, no more balanced by the metallic plug, breaks the membrane, and a sudden 



gaseous radiotracer puff  is released into the furnace. The capsule body and the metallic 
membrane were made by using an AISI 316 steel composition (high-molybdenum, low 
carbon), due to the corrosion resistance and soldering easiness of this material. The 
characteristics of the alloy are reported in Table 1 
 
 
 

Mo content Melting point Failure load 
kg/mm2

Elasticity 
module, kg/mm2 

Yield point, 
kg/mm2

2,3% 1370-1400 C° 12,6 (at 927 C°) 19.700 21-28 (18 C°) 
4-5 (927 C°) 

 
Tab 1. Relevant propeties of AISI 316 stainless steel 

 
 
 
 

 
 

Fig 2. Schematic design of the capsule. The upper lid is arc welded after the introduction of 
the radiotracer vial. 

 
 
The plug material melting point must be a neat, sharp, highly reproducible first type 
transition; pure metals and true intermetallic compounds should be used. A Cu/Mn eutectic 
alloy (m.p. 1143 C°), and pure copper (m.p. 1083 C°) gave the best results. A membrane 
thickness of 0.12 to 0.15 mm was machined, and a calculated amount of ammonium 
carbamate (1 to 5 grams) was added in the capsule. Above 500C° this material is completely 
transformed into CO2 and NH3, that further raises the inner pressure of the capsule. 10 cm3 
of natural Xenon were irradiated in a high purity polyethylene vial, by using the fast 
pneumatic transfer system of ENEA Casaccia TRIGA Mark II nuclear reactor. The irradiation 
flux was always 1.3 1013 n/cm2/s, while the irradiation times varied from 10 minutes to 2 
hours. The irradiated gas was transferred under controlled condistions into a thin Al 



container, that was crimped, and put inside the steel capsule, together with the ammonium 
carbamate. The steel lid of the capsule was arc welded. 
 

4.   Use in the industrial furnace 

The system was repeatedly tested in the industrial pilot coke of CSM (Rome), a furnace 
equipped with moving walls, temperature, flux and stream gas chemical sensors, designed 
for the study and optimization of the parameters in coke preparation. A NaI(Tl) scintillation 
detector, connected to a Silena multichannel analyzer, was inserted into a cooling jacket 
cylindrical container, and faced against the oven stack. The potopeack efficiency, in spite of 
the shielding cooling apparatus, was considered quite satisfatory. After coke blend loading in 
the furmace (from 500 to 1000 kg per batch), a capsule containing the radiotracer was 
inserted into the center of the coal mass, in near proximity of two termocouples, for the 
calibration and check of temperature response.  Some heating run lasting 18 to 24 hours , 
simulating the industrail process, havr been carried out. As the capsule reached the end 
point temperature (in our case 1046 + 30 C°, as resulting from the termocouple data) the 
capsule mebrane suddenly broke, and a neat radioactive puff was revealed in the oven 
stack. Some examples of the obtained (Count rate at the oven stack) vs (Temperatue in the 
inner of the coal mass) as shown in Figure 4. The proposed method offers a low cost, safe, 
highly precise alternative to indirect methods for temperature evaluation, and can be used 
both in static and in dinamic furnaces. With a suitable choice of different metallic plugs and 
radiotracers, a finer study can also be performed, allowing the investigation of temperature 
kinetics and distribution in the mass of coal, so optimizing process stages other than 
distillation end point. 
 

 
 

Fig 3. Experimental setup in the coke industrial pilot oven.  
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Fig 4. Count rate of the NaI(Tl) scintillator in the oven stack vs temperature of the inner of the 
cal in the furnace. 
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PREPARATION, IRRADIATION AND CLINICAL USE OF HOLMIUM 
CONTAINING MICROSPHERES OBTAINED BY NEUTRON 

IRRADITION IN TRIGA REACTOR 
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UTTMAT-IRR, ENEA Casaccia, Rome Italy 

ABSTRACT 

 A radioactive composition for use in therapy, containing radioisotopes immobilized on 
biocompatible and bioabsorbable poly(lactic acid)-based microspheres was prepared, and 
internationally patented. A 10% of an holmium organic complex was previously embedded 
within the matrix of the microspheres, that were successively irradiated in a TRIGA reactor 
for 1-to 3 hours 2 hours at a flux of 1,25.1013 n cm-2 s-1, obtaining a total activity of 5-200 
mCi of 166Ho per irradiation. The irradiated microspheres were certified sterile at the end of 
the irradiation, due to the gamma and neutron flux of the reactor.  The radioactive 
microsphere were dispersed in a biocompatible and bioabsorbable matrix consisting of a 
hypotonic gel, and were used in the therapy of neoplastic diseases, by application of 
radioactive sources in direct contact with the tumor tissues or within the same 
(brachytherapy). Patients with II and III grade glioblastoma multiforme were treated, by 
hypodermic injection in the Ommaya reservoir placed under the patient's scalp, visualising 
the introduction of the microparticle-containing gel in the brain cavity by computed 
tomography (CT) and gamma scintigraphy. It has thus been ascertained that the 
introduced substance forms, at the outset, an approximately spherical deposit, and that the 
gel is later gradually absorbed in the surrounding tissue, thus leaving the dispersed 
radioactive particles in contact with all of the interstices of the brain cavity. Patients with 
solid hepatic or splenic tumours, that were considered untreatable by surgery due to bad 
general conditions or advanced age, have been treated by injecting intratissue the 
microspheres in the tumour lesions, under stereotaxy and ultrasound or radiographic 
visualisation. Patients with solid hepatic, adrenal or renal tumours, that were considered 
untreatable by surgery due to bad general conditions or advanced age, have been treated 
by injecting intra-arterially the microspheres in the tumour lesions, under stereotaxy and 
radiographic visualisation. The gel preparation according to the invention insures that that 
all the microspheres are homogeneously expelled by the syringe during the injection in the 
tumour lesions, which also allowed  contains a controllable and uniform deposition of 
radioactive particles.Partial and, in some cases. total remission were obtained in many of 
the treated patients; without any toxic or radiotoxic effects, after 1 to 3 applications of the 
microspheres.   

 

1.   Introduction 

 As it is known, there are many forms of cancer against which the conventional treatments, 
substantially based on surgery combined with external radiotherapy and/or with 
chemotherapy, are often ineffective. In some cases the conventional treatments are scarcely 
applicable in view of the location and diffusion of the lesions, or in view of the general 
conditions of the patient. Among such forms or cancer, brain tumors and liver tumors, both 
primary and originated from metastases, are particularly critical, have a high grade of 
mortality and are only occasionally treated successfully. The most lethal of the brain cancer 
forms cited above is glioblastoma multiforme a rapidly growing infiltrating tumor, that 
develops within the cerebral mass with branched projections similar to pseudopods. As the 
other brain tumors, glioblastoma is treated first of all with surgery, in every case where this is 



possible. However, local recurrence is very frequent, owing to the practical impossibility of 
eliminating, even by a surgical exeresis macroscopically appearing quite radical, all of the 
tumor cells infiltrated in the surrounding healthy tissues. After the surgery, therefore, the 
patients undergo one or more cycles of irradiation of the tissue surrounding the original tumor 
site with electron beams or with gamma radiation. Such therapeutic approach, however, 
even when applied with the most sophisticated techniques, likefractionated stereotactic 
radiotherapy, has shown some efficacy only in the lowest grade forms. In order to limit as 
much as possible the damage induced by the irradiation on the healthy tissues, the 
postoperative treatment of brain tumors may resort to administration techniques that use the 
local-regional route, exploiting the principles of brachytherapy. In the present paper is 
described a radio-pharmaceutical product particularly suitable for the intracavitary therapy of 
neoplastic diseases, which is capable of irradiating in a uniform and selective way the interior 
of a cavity such as that resulting from the surgical removal of tumoral masses, reaching with 
its radiation all of the interstices that may be present within such a cavity and being gradually 
absorbed after some time, while not dispersing the radioactive agents in the surrounding 
tissues.A particular reservoir is used for such purpose, known as the Ommaya reservoir, 
which is permanently placed close to the brain lesion, after the surgical excision. The 
Ommaya reservoir substantially consists of a small silicone bag ending in a tube with a radio-
opaque terminal having a plurality of holes. The bag is placed under the patient's scalp, so as 
to be accessible through a simple hypodermic injection, while the perforated tip is inserted in 
the brain cavity left by the excised tumoral mass. Such system is presently used to introduce 
in a periodically repeated and non-invasive way chemotherapeutic agents or also labelled 
monoclonal antibodies into the brain. A layer of tissue some millimetres thick around the 
cavity has to be selectively irradiated without appreciably damaging, at the same time, the 
surrounding tissue. To that aim, the introduction of a liquid agent would be ineffective (unless 
such liquid was provided with means for selectively and reliably binding some given tumor 
antigens), as in a very short time the liquid would diffuse through the tissues, dispersing and 
indiscriminately irradiating wide zones of the body. A second form of administration, that can 
be used in forms like liver or kideney tumour, is the intratissutal direct injection into the tumor 
or by intraarterial infusion, through catheterisation of the blood vases. 

The product described in the present paper consists in microsphere, made of poly(lactic 
acid), a polymer of lactic acid having a molecular weight in the range from 1000 to 60,000, 
that may be metabolised by the human body according to the normal metabolic routes up to 
lactic acid, a common physiological constituent. The microspheres contains a beta emitter 
isotope into its matrix (166Ho). Contrary to gamma-emitters, beta-emitters have a useful 
emission range not exceeding 1 cm. Such low penetration capacity, while being required in 
order to avoid an excessive damage to the healthy tissue close to the lesion, requires, on the 
other hand, a closer contact between the tissue to be treated and the radioactive sources.  

 
2.  Product preparation and irradiation 

The microspheres were prepared by a solvent evaporation process. Briefly,  100-1000 mg of 
acid poly(lactic acid) and 10-100 mg of holmium acetylacetonate are dissolved in 2 ml of 
dichloromethane. The obtained solution is rapidly injected in 10-100 ml of an aqueous 
solution containing 1-5% by weight Polyvinyl alcohol of different MW’s120,000 kept under 
rapid stirring. The Ho-containing microspheres formed are separated and dried. The 
dimensions of the microspherese is comprised between 2 and 50 mm. The Ho-containing 
microspheres (50 to 300 mg) were irradiated in high purity polyethylene vials, after mixing 
with mannitol powder in a ratio 1:3 to 1:10. Neutron irradiations were performed in the 
pneumatic rabbit system of ENEA Casaccia TRIGA Mark II reactor, for 0.5 to 2 hours, with a 
thermal neutron flux of 1.3 × 1012 n cm−2 s−1. Holmium-166 (half-life = 26.8 h β and γ 
emission~94% and ~6%, 1.85 MeV Emax of energy beta particles) was obtained after the 
irradiation. 



 

After the irradiation the particles are mixed with a biocompatible and bioabsorbable gel 
containing polyvinylpyrrolidone and agar, that is able to hold the microparticles in stable 
suspension at the body temperature, having at such temperature the consistency of a jelly. 
The gel can be easily mixed with the radioactive particles and administered to the patient by 
means of a syringe, and it can readily and homogeneously fill up the concerned cavity, or the 
chosen tumor mass. In this way the radioactive particles employed can strike with their 
emission the tissue surrounding the cavity, and provide a high absorbed radiation dose of 
radiation in a limited, definite tissue thickness. The particles sterility has been measured by 
incubating the particles with a growth media for bacteria; the material has always been found 
sterile, due to the high dose received in the reactor irradiation. The particles, put into contact 
with human serum, gave a loss of radioactivity <0.01% after 15 days of contact. 

 

 
Fig 1. Microspheres preparation apparatus   Fig 2 Intrartherial microsphere injection 
 
3.  Product  administration 
 
The microspheres after the irradiation have been suspended in the gel above described in a 
shielded glove box, and injected to the patients. A first administration route was by the use of  
selective catheterization of tumor vases; an example is shown in Figure 2, in which a 
contrast media has been mixed with the radioactive product. In Fig 3  is shown the selective 
radioembolization of a kidney, and in Fig 4 the corresponding scintigraphy, immediately after 
injection. In Fig 5 is shown the scintigraphy obtained after a selective radioembolization of a 
liver sector, obtained 3 days after the injection. In Fig 6 is shown the scintigraphy obtained 
after a selective radioembolization of the spleen, obtained 8 days after the injection. A 
second administration route was used for brain tumors, by using the above described 
Ommaya reservoir. Fig 7 shows the administration drawing, and Fig 8 shows a scintigraphy 
from a patients, immediately after injection into the Ommaya reservoir. A third administration 
route has been the direct intra-tissue injection into tumor mass, under ultrasound or 
computer tomography guidance.  In all injected patients no toxic effect have never been 
demonstrated; in 40 to 70 % of cases, a partial or a complete remission have been shown in 
intrartherially or intra-tissue administration. In the patients affected with glioma brain tumours 
(n=6), a significant life extension has been reached, and one complete remission has been 
achieved.  
 
 



 
 
 
 
 
 
 
 
 

  

Fig 3 Selective radioembolization of a 
kidney    

Fig 4 the corresponding scintigraphy, 
immediately after injection 

 

 

Fig 5 Scintigraphy after a selective 
radioembolization of a liver sector, obtained 

3 days after the injection. 

Fig 6 Scintigraphy obtained after a selective 
radioembolization of the spleen, obtained 8 

days after the injection 



 

Fig 7 Administration route for brain 
tumors by using the Ommaya reservoir 

Fig 8 Scintigraphy from a patient, immediately 
after injection into the Ommaya reservoir. 

 

 

 
Fig 9 Liver metastasis before treatment (left), and three months after a single intratissue 

injection of holmium microsspheres (about 10 mCi). 
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Abstract 
The Vienna University of Technology/Atominstitut (VUT/ATI) operates a TRIGA Mark II 
research reactor. It is operated with a completely mixed core of three different types of fuel. 
Due to the US fuel return program, the ATI have to return its High Enriched Uranium (HEU) 
fuel latest by 2019. As an alternate, the Low Enrich Uranium (LEU) fuel is under 
consideration. The detailed results of the core conversion study are presented at the RRFM 
2011 conference. This paper describes the burn up calculations of the new fuel to predict the 
future burn up behavior and core life time. It also develops an effective and optimized fuel 
management strategy for a possible future operation of the TRIGA Mark II with a LEU core. 
This work is performed by the combination of MCNP5 and diffusion based neutronics code 
TRIGLAV. 
 

1. Introduction 
The Atominstitut (ATI) hosts the 250 kW TRIGA Mark II research reactor employing a 
completely mixed core of three different types including HEU FLIP fuel. This FLIP fuel is a 
SS clad 70% enriched fuel. Due to the US Fuel Return Program, the Vienna University of 
Technology-ATI is obliged to return its 9 HEU FE(s) by 2019. Most of the 102-types FE(s) 
(20% enriched and Al-clad FE(s)) in the current core are close to achieve their maximum 
burn-up values. Therefore, ATI thinks to return the FE(s) with maximum burn up numbers 
along with HEU fuel. Until now, there is no final decision on any further utilization of the 
Vienna research reactor beyond this limit of 2016. The three different possible scenarios for 
the future core have been studied at ATI [1]. Most attractive option is to utilize a mixed core 
of two types of fuels i.e. 104 and 108 type fuels. Both are Zirconium Hydride fuel with 8.5 w/o 
and 20 w/o uranium fuel respectively. This core contains total 54 FE(s). The 40 FE(s) are 
108-type and needed for criticality. The remaining 14 FE(s) are 104-type. 
The good core management strategy needs to achieve high discharge burn up ensuring the 
safe and efficient rated power operation. This requires safe implementation of planed 
strategies for fuel reshufflings and reloading schemes. In this study, the burn up calculations 
are performed to formulate an optimal fuel management strategy for maximum possible 
utilization of the fuel loaded to the possible future core. For this purpose, TRIGLAV computer 
code [2] is used to test various schemes for high burn up and reasonable flat thermal flux 
distribution. 
 

2. Methodology  
 
2.1. The ATI reactor MCNP Model  
A detailed three dimensional MCNP [3]  model of the TRIGA mark II reactor is developed and 
verified through local consistent experiments at ATI [4]. The confirmed model has been 
modified for the proposed mixed core to perform its neutronics calculations. The model 
considers only the structural importance for the parameters. For example, irradiation holes 
inside the core due to their least effect on the core reactivity are neglected in this model. 
Similarly, the exact geometry of the top and bottom Aluminum fixing is simplified into simple 
cylindrical geometry. The MCNP model is equipped with JEFF 3.1 neutronics data libraries. It 
incorporates all the necessary core components e.g. FE(s), central irradiation channel, three 
control rods, graphite elements, Be-Am source element inside the core. While annular 
graphite reflector, four beam tubes, thermal column and radiographic collimator are modeled 
outside the reactor core. All these components inside the core are shown in Figure 1. The 
top view of the MCNP model of the proposed mixed core has been shown in Figure 1. 
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Figure 1: Top or XY-view (left side) and Side or YZ-view (right side) of the MCNP model of 

the TRIGA Mark II reactor. 
2.2. Criticality Calculation 
The criticality calculation gives confidence to perform burn up calculations for the proposed 
core. These calculations are performed by MCNP and the TRIGLAV for the core loaded with 
104 and 108 type FE(s) at thermal power 250 kW. Table 1 presents the criticality results of 
the proposed mixed core [1]. 

Table 1: The criticality analysis of mixed core of the TRIGA Mark II reactor. 
Case FE(s) U235 (kg) Keff MCNP5 Keff TRIGLAV 

Mixed 
core 40 3.940 1.00081± 0.00021 1.00090 

 
2.3. Burn up calculations 
The computer code TRIGLAV is applied to calculate the maximum achieved burn up for each 
ring of the core. In this TRIGLAV model, the core is loaded with 54 FE(s) including 6 burned 
fuel elements. The burn up of each burned FE is assumed as 1MWD. Without any 
reshuffling, the mixed core can be operated at 250 kW to achieve maximum burn up 
numbers as shown in the Table 2 which shows that operator has to reshuffle the core when 
these burn up limits are achieved. 

       Table 2: Burn up numbers of a mixed core. 
FE position Mixed core 

Burn up (MWD)
B-ring 13.50 
C-ring 10.73 
D-ring 9.10 
E-ring *8.23 

**5.25 
*108-type Fresh FE, **104-type fresh FE 

 
 
2.4. Thermal Flux Density Distribution 
The thermal neutron flux distribution in the core has significant importance. The 
theoretical/measured flux values are applied for the calibration of nuclear channels, 
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assessment of absolute power, power distribution in the core, identification of hot spots 
and calculation of fuel burn up etc. Since the flux density distribution is proportional to 
the power, therefore by knowing the thermal flux distribution, the power density can be 
calculated or the vice verse.  
 
The MESH capability (F-4 tally) of the MCNP5 is applied to calculate the thermal flux 
distribution in the core as shown in the Figure 2. The thermal flux looks symmetrical as 
maximum in the centre and decreases along the radial dimensions of the core. The 
model applies 5x105 source size with 200 neutron life cycles.  
 

 
Figure 2: MESH tally plot of the thermal flux distribution in the TRIGA reactor core. 

 
2.5. Power Pea kings 
The power density distribution is deduced from the thermal flux distribution. It is seen that 
power peaking values (maximum value of power per FE) are usually found in fuel rods which 
are inserted near the core centre. In the present case, the hot spot is B02 which has power 
peaking of 1.454. The average power peaking values for B, C, D and E-rings are 1.442, 
1.256, 0.989 and 0.746 respectively showing that new mixed provides a safe and uniform 
flux within the safety limits.  
 
2.6. Core life time 
The calculation of the keff and its relationship with core burn up (or full power days) days is 
of primary importance to determine the core lifetime. First the excess reactivity (Keff) for the 
beginning of the core life is calculated by TRIGLAV at 250kW reactor power and found to be 
5.1596 $ (keff = 1.0391455). Then the code is run for each optimal time interval (10 days) for 
first three successive keff calculations. Initially, the small step of 10 days is taken to see 
Xenon build. After Xenon achieves its equilibrium, this burn up time step is increased to 50 
and then 100 full power days for fixed core calculation until it no longer influenced the core 
lifetime. These burn up calculations are performed for the proposed LEU TRIGA core without 
changing the loading pattern until the excess reactivity fell to zero. 
The variation of the keff along the full power days (burn up) is shown in Figure 3 which 
shows that, theoretically, the proposed can be operated for about 2080 full power days. 
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Figure 3: The core excess verses burn up (reactor operation full power days). 

 
2.7. FM Strategy 
For the maximum possible utilization of the TRIGA core, the in-core fuel management 
schemes are described here. For these calculations, the core is burnt without changing the 
loading pattern until the excess reactivity fell to zero and the results are plotted in Figure xx. 
It is seen that during first 10 full power days operation, the reactivity decreases sharply due 
to initial Xenon build up in the core. After steady state Xenon production, the excess 
reactivity decreases uniformly which can be seen in the Figure. After 2080 full power days 
operation, the burn up interval is increased to 100 full power days and this keff decreases 
and approaches to unity on 2380 full operation days. As a strategy, the core life can be 
significantly increased by reshuffling at an appropriate time when the decreasing curve 
becomes relatively sharper. This means that this is the nominal point for core life before the 
initial reloading step is needed. At this point the initial core requires added reactivity to 
remain operational at full power. This additional reactivity can be gained by simply replacing 
fuel elements by least burned elements.  And the core Burn up should be continued until 
excess reactivity again fell to zero. 
 
2.8. Conclusion 
The burn up and in-core fuel management strategies for the new LEU proposed core are 
investigated to optimize the core life for better utilization and safe future operation. The fuel 
elements should be kept in their respective ring positions up to their maximum burn up limits. 
It is also determined that reloading or reshuffling is needed to keep the reactor operation at 
full power before an excess reactivity approaches to zero. The combination of MCNP5 and 
TRIGLAV is applied for this study.  
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ABSTRACT 
 

Preparations for an improved core loading and a power upgrade of the currently 
250 kW FiR 1 TRIGA reactor are made. Increasing the reactor power will allow to 
increase the capacity for BNCT cancer patient treatments by more than a factor of 
three, meeting the prospects of increased demand for these treatments, while still 
keeping the current capacity for radioisotope production, education and training.  
 
A tilted core loading using 11 new fuel elements with 30 mass % of uranium in the 
UZrH matrix is considered. These would be placed into the core section facing the 
BNCT irradiation facility. Detailed reactor physics and thermal hydraulics 
calculations using the most advanced codes in use at VTT are performed to 
evaluate this option.  
 
The power distribution is calculated using a detailed model in the MCNP5 code. 
The new SERPENT code developed at VTT is used for the burnup and radioactive 
nuclei inventory calculation. SMABRE thermal hydraulic system code is used for 
the core cooling calculations.  

 
 
1. Introduction 
 
FiR 1 -reactor is a TRIGA Mark II type research reactor manufactured by General Atomics 
(San Diego, CA, USA) and started operation in 1962. Reactor power was increased in 1967 
from 100 kW to 250 kW. Boron Neutron Capture Therapy (BNCT) work dominates the 
current utilization of the reactor. The weekly schedule allows still three days for other 
purposes such as isotope production, neutron activation analysis and training. [1] 
 
FiR 1 has a special irradiation facility for BNCT [2,3]. The neutron moderator block of the 
BNCT station is used as an epithermal neutron source to treat tumours. For BNCT the FiR 1 
core loading was made asymmetric in order to increase the intensity in the epithermal 
neutron beam without increasing the 250 kW maximum steady state power. Further 
improvement of the treatment quality and capacity by either shortening the treatment time or 
increasing the therapeutic effect of the BNCT neutron beam are aimed at by improving the 
core loading and/or by increasing the reactor power. In earlier evaluations performed by VTT 
doubling of the power from 250 kW to 500 kW has been set as a target. 
 
To support these changes and to improve the general knowledge at VTT about the 
properties of the TRIGA reactor a modelling campaign for FiR 1 is currently underway. The 
power distribution is calculated using a detailed model in the MCNP5 code. The new 
SERPENT [4] code developed at VTT is used for the burnup and radioactive nuclei inventory 
calculation. SMABRE [5] thermal hydraulic system code is used for the core cooling 
calculations. 
 



2. Improving the epithermal neutron beam by using high uranium 
concentration fuel 

 
Increased neutron beam flux is sought for the patient irradiations to become shorter bringing 
increased patient comfort and positioning accuracy, as well as more optimized irradiation 
timing with rapid kinetics boron carriers. Higher flux at the beam exit window would be useful 
and even necessary for irradiation with a beam extension cone to be used with tumours in 
difficult locations; the cone attenuates the beam by 50%. Superficial tumours are  generally 
irradiated with only one field and beam durations of the order of 40 minutes causing 
sometimes discomfort for the patient and long waiting times for the personnel; also in these 
cases increased beam intensity would be of benefit both to the patient and the personnel. 
Increased beam intensity would also allow to use a lithium filter for hardening of the neutron 
spectrum in the beam for deeper treatment penetration, compensating for the attenuation of 
the beam by the filter. 
 
A tilted core loading using new fuel elements with 30 mass % of uranium in the UZrH matrix 
is considered. These would be placed into the core section facing the BNCT irradiation 
facility. Detailed reactor physics and thermal hydraulics calculations using the most 
advanced codes in use at VTT are performed to evaluate this option. 
 
 
2.1 The MCNP5 model 
 
The power distribution and control rod values are calculated using a detailed model in the 
MCNP5 code. The reactor core with the graphite reflector and the surrounding water as well 
as the BNCT epithermal beam installation are included in the model. Model cross-section in 
the horizontal plane is presented in Figure 1.  
 
 

 
 

Fig 1. MCNP model of the current FiR 1 core with detailed description of the fuel elements, 
graphite reflector (dark blue), Fluental™ neutron moderator (light blue) and bismuth 

gamma shield (purple) as exit window of the epithermal neutron beam. 
 
The FiR 1 core consists currently of aluminium clad elements with 8 w% of uranium and steel 
clad elements with either 8,5 or 12 w% of uranium. The enrichment of U-235 is 20%. New 
core configurations with 30 w% uranium containing fuel elements have been studied. The 
idea is to put more uranium in the section of the core that is facing the epithermal beam 



facility. In this case on the opposite side of the core fuel elements are replaced by graphite 
elements not to increase the power of the reactor. If power increase would be allowed more 
fuel elements would be left into the core. Two of the studied configurations are shown in 
Figure 2.  
 

 
Fig 2. MCNP model of two core configurations with new 30 w% fuel (marked with 30). On the 

left (case 2) six new elements in the outer F-ring, on the right (case 3) six new elements in 
the outer F-ring and five more in the E-ring. Graphite elements are blue marked with C. 

The location of the regulating rod is also shown (Reg). 
 
2.2 MCNP5 results 
 
Compared to the current situation the intensity of the epithermal beam increases in case 2 by 
34% and by 54% in case 3; assuming 250 kW reactor power in all cases. 
 
The powers of the new 30 w% U fuel elements are about 60% to 70% higher than those of 
the 12 w% fuel in these positions currently. The highest powers per fuel element do not 
increase that much; currently the highest power is 5,7 kW and in case 2 the highest fuel 
element power is 6,5 kW and in case 3 7,1 kW. 
 
The radioisotope production rate in the central tube will remain the same in all cases 1 to 3. 
 
The total reactivity of the regulating rod is in case 1 1$, in case 2 0,6$ and in case 3 where it 
is located closer to the center 1,2$.  
 
 
2.3 Thermal hydraulic modelling  
 
SMABRE thermal hydraulic system code is used for the core cooling calculations. The first 
model produced is very simple and the goal was mainly to verify that the SMABRE code is 
suitable for modelling the natural circulation in the TRIGA reactor.  
 
In the model the tank was divided radially into two parallel channels, one of which describes 
the core and areas below and above it. The second channel represents the part of the tank, 
which is outside the horizontal cross section of the core. Both channels were divided into ten 
sections axially. The channels in the tank were connected to each other with junctions to 
enable cross currents.  



 
The reactor core was modelled using 13 radial hydraulic channels. Axially the core was 
divided into 12 parts, of which 10 are active fuel zone and two in the graphite part of the fuel 
element at each end. In the core the model does not include cross currents. The nodal 
structure is shown in Fig. 4. The thermal power structures were described based on the 
MCNP5 model results.  
 
The first results indicate that the current SMABRE model allows for the creation of a natural 
cycle in the tank and the temperature distribution in the tank and in the core are as expected. 
Model has to be further developed in detail before it can be used in real analysis. The model 
should also be validated by comparing calculation results with measured values in order to 
ascertain the reliability of the results. 
 
 

 
 

Fig 4. The nodal structure of the SMABRE model for FiR 1.  



 
3. Burnup calculations 
 
For burnup and detailed nuclei inventory calculation the Serpent code is used. The final goal 
is to obtain an accurate inventory taking into account the reactor operation from the 
beginning in year 1962 until today. In the work of Clément Barray [6] each fuel rod is 
composed of eight cells in the 3D model. Each cell contents is considered separately. The 
use of many cells for each fuel rod permits to have a model close to reality. It was 
demonstrated that Serpent is a suitable and powerful tool for this task. The preliminary 
results are mostly close to the earlier results produced using the CASMO code at VTT.  
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The facilities of short-time neutron activation analysis at the TRIGA Mark-II (250 kW) reactor 
of Atomic Institute-Vienna were completely reconstructed to implement the new generation of 
digital gamma spectrometers, to facilitate the analysis of large samples, to enhance the 
sensitivity and the quality of measurements, to develop modern and fast control units, to 
implement moveable neutron filters for thermal-/epithermal irradiation, to implement 
moveable counting chambers for accurate analysis at high count rates and to develop 
software packages for fully-automatic analysis. The quality and performance of the facilities 
were tested using radioactive sources and standard reference materials. The results indicate 
the effective and dynamic operation of the new irradiation-counting facilities.   
 

Introduction 
NAA requires a strong thermal neutron source such as nuclear research reactors (NRR). 
There about 270 NRR are operating in the world. Since 60 years, NRR act as centres of 
excellence in science and technology and one of the main activities is the elemental 
chemical analysis using the neutron activation analysis (NAA) method. NAA is an analytical 
method able to investigate about 65 elements in all types of materials /1-2/. The most 
powerful advantage of NAA is the capability to apply different techniques to optimise the 
analytical conditions for a certain group of elements. This gives the NAA to be very selective, 
sensitive and accurate. Some of these techniques require complicated technical facilities to 
facilitate their applications for example, sample transportation systems (STS) for short-time 
activation. STS is required to transfer the samples into the core of the reactor for irradiation 
then sending them back to the measuring stations. The fully-automatic STS are used for 
irradiation and counting the samples at optimal conditions, including the implementation of 
samples exchanger, optimizing the sample detector distances and managing the 
measurements by using multi-detectors system. The short-time activation analysis facilities 
at Atomic Institute were reconstructed to modify the old facilities which had been installed 
since at least 30 years,  

 
Experimental 

1. Sample exchangers 
Fig. 1A shows the construction and components of a sample exchanger for loading large 
number of samples of different sizes. It consists of a sample magazine, a loading device, an 
expelling unit, a special pneumatic cylinder and a Pb-shield. The sample magazine consists 
of four sample holders (containers), which are connected together. The magazines were 
fabricated from a Plexiglas. Three different magazines were designed to hold three distinct 
sample sizes: 20 ml, 5 ml and 0.5 ml. The total numbers of sample that can be loaded are 
80, 120 and 200, respectively. The magazine is connected with a special pneumatic cylinder, 
which provides 4 positions to sequentially change the holders. Fig. 1B shows the 
construction and the main components of a sample exchangers which was constructed for 
100 samples of 12 mm in diameter. The third sample exchanger (C) was constructed for a 
capsule diameter of 16 mm. It consists of a sample magazine with a separation unit, a sliding 
device to introduce only one sample. The unit is suitable to analysis 20-25 samples of 5 cm 
long.. The unit consists of three sample magazines; each is a 1 m long. The second part is 
three separation units to introduce only one sample into the system, each unit is equipped 
with two pneumatic cylinders.  



 
Fig. 1: Construction and main components of sample exchangers 

 

2. Loading devices and sliding units 
To guarantee the fully-automatic procedures it is necessary to develop and fabricate many 
small devices and sliding units.  These units are usually fabricated from Plexiglas, 
polyethylene, and polyamide materials to avoid any contamination from metallic components. 
The figure shows three directions sliding device (A) which is powered pneumatically, using 
special cylinder to give three positions. This unit was constructed to direct the sample into 
the counting chamber; to the depot, or to another counting system. The figure shows the 
construction of a two directions sliding device (B) and a separation unit (D) to receive the 
sample after irradiation and then transferring it with clean pressurized air to the counting 
chamber.  
 

 
Fig. 2: Construction and main components of sliding and loading devices 

3. Control units 
The first control unit is based on an I/O card installed in a PC (40 digital I/O channels, an 
electronic unit, consists of a power supply 24 V), fast relay units and the connection 
interfaces for valves and optical sensors /3/. The second control is based on a programmable 
logic controller (PLC) and a group of interfaces and adapters to manage irradiation-
measurement procedures. The unit was constructed to facilitate the control of two valve 
islands (VM10, each 8 valves) through two interfaces and 6 external higher flow rate valves 
and six sensors.   



 
Fig. 3: Main components of two control units (based on A: I/O Card, B: PLC) 

4. Counting chambers 
Fig. 4a shows the construction and main components of three counting chambers. The first 
was constructed for a sample size of 16 mm /3/. The second chamber was constructed in the 
way to accommodate and centre one of three sample sizes (0.5, 5, 20 ml). The third unit was 
constructed for 12 mm sample diameter. Each unit contains an optical sensor to start the 
measurement automatically.  
 

 
Fig. 4a: Main components of the second control unit (based on PLC) 

 
The counting chamber was further developed /4/ by introducing a special pneumatic cylinder 
which is connected to move it between 7 positions (1 cm steps) in front of the detector. 
Therefore, it is possible to set the optimal short-sample–detector distance according to 
radioactivity of the analyzed samples (Fig. 4b). 
 

 
Fig. 4b: Construction and main components of the a moveable counting chamber  



5. Irradiation chambers 
Fig. 5 shows two irradiation chambers. The first (5a) is installed inside the core for irradiating 
a sample of 12 mm in diameter /5/. The second system (5b) was constructed for irradiating a 
sample size of 15 mm facilitating to move the system between the F-ring and the centre of 
the core for irradiation at high neutron flux. The system will be installed after testing and 
ensuring an arrangement on the bridge of the reactor, to guarantee the safe installation and 
movement. The third system /6/ was constructed for a horizontal irradiation beam or to be 
used for non-reactor irradiation facilities (i.e., microtron).   
 

 
Fig. 5: Construction and main components of two irradiation chambers  

6. Software 
Software packages were developed to manage the irradiation –measuring procedures at 
optimal analytical conditions. The analytical procedure can be semi-automatic, automatic or a 
combination between the two techniques. Automatic procedure allows the analysis at certain 
shaping-time and a sample-detector distance. The main interface (Fig. 6) of the software  
indicates online the analytical information such as the sequence number, measuring time, 
geometry, shaping time, and dead time of the measured spectrum/6/. The software packages 
were designed to control several equipments (two detectors, two sample exchangers, an 
irradiation unit, a digital spectrometer valves and optical sensor) for a complete fully-
automatic short-time activation analysis.  
 

 
Fig. 6: Main interface for a software package (based on I/O card) 



Results and Discussion 
Fig. 7 shows the arrangement of the main five units (e.g., irradiation-, pneumatic-, control, 
counting and PC/software package) of a complete irradiation-counting facility for short-time 
activation analysis. The system consists of two irradiation facilities and multi-detectors 
system. The facilities optimize the irradiation-counting conditions for small and large 
samples. Several measurements were carried out using radioactive sources such as 137Cs  
and 60Co to test the reproducibility of the measurements at different analytical conditions 
(count rate; dead time, sample detector distances, shaping times). The standard deviation of 
84 measurements was found to be less than 3%.   
 

 
Fig. 7: Schematic and arrangement of the irradiation –counting units  

 
CONCLUSION 

Short-time activation analysis is a promising technique for analysing a large number of 
elements in all type of materials. However, the technique requires dynamic irradiation and 
counting facilities for sensitive and accurate analysis. This work indicates that a moveable 
counting chamber and a optimal throughput/ resolution are the basis of accurate analysis, at 
high count rates. The new irradiation and counting systems therefore, provide real dynamic 
conditions to optimise sample analysis independent of their matrices, weights, and the 
sensitivity as well as the half-lives of the investigated nuclides.   
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The TRIGA MARK II research reactor in Vienna provides some irradiation 
positions with different flux distribution. In this regard, a case study is under 
investigation to appraise the possibility of medical radioisotope production 
in Vienna. For this purpose, neutron flux mapping and the axial neutron flux 
distribution are calculated by MCNP5 for the TRIGA Mark II core. This 
paper describes the feasibility of Low Dose Rate (LDR) 192Ir production in 
the core of the low power research reactor. 
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ABSTRACT 
 
 
 
 
 
 
 

 
 
 

1. Introduction 
TRIGA MARK II research reactor located in Vienna, is a small research reactor for research 
purposes. This research reactor has a thermal power of 250 kWth which is under operation 
since 1962. It utilises a completely mixed core of three types of fuels including high enriched 
FLIP fuel. Fast and thermal neutrons are generated in the empty positions of TRIGA MARK II 
core with the orders of 1012 to 1013 [n/cm2sec] (see table 1). These flux values are not high 
enough to produce radioisotopes with high activity levels. In this case, the production of 
radioisotopes for medical purposes and lower activity levels are proposed. Neutron flux 
fluctuation and axial neutron flux distribution are the important parameters for radioisotope 
production in low power research reactors.  
 
 

 
Positions 

Neutron flux [n/cm2sec] 
Fast spectra 

>10 keV 
Thermal spectra 

<0.21 eV 
Central irradiation position 1.2 x 1013 1.0 x 1013 

E-Ring 6.4 x 1012 4.1 x 1012 

Pneumatic transfer system (F-Ring) 3.5 x 1012 4.3 x 1012 

Rotary specimen rack (uninstalled) 2 x 1012 2 x 1012 

 
Tab 1: Neutron flux values of a TRIGA MARK II research reactor at  

250 kW steady state operation [General Atomic (GA)] 
 
In order to appraise the production of radioisotopes in the empty positions which can be used 
for irradiation of targets, knowledge of flux levels and spectra are needed. For this purpose, 
Monte Carlo techniques based computer code MCNP5 is applied in order to select the best 
positions with high neutron fluxes, appropriate neutron spectra and to calculate the axial flux 
distribution in the selected positions. The next step will be the activity level determination of 
the targets which are loaded into the selected positions. 



2. TRIGA MARK II core flux mapping 
As it is mentioned in previous section, the TRIGA MARK II - Vienna consists of a mixed core 
and the data regarding the neutron flux distribution has been published in the references [T. 
Stummer et al] and [R. Khan et al]. This mixed core is planned to be operated until 2016 and 
its neutron flux data is applied for the first approximation of the LDR 192Ir source production in 
the central irradiation position of the core. 
One of the possible option for the future reactor operation is to employ fresh 20 w/o LEU fuel 
with 20% enrichment. The new core would provide more positions for irradiation proposes 
because of new high density  fuel. In this case, the axial flux distribution (see figure 2.1) 
inside the central irradiation position of the new core is calculated by using Monte Carlo 
technique (MCNP5). In addition, a target assembly (see figure 2.2) designed for LDR 192Ir 
sources is modelled and neutron flux depletion is studied. 
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Fig 2.1. Axial neutron flux distribution of bare central irradiation position  

 
Steady state 250 kW

Central irradiation position

1.00E+12

1.00E+13

1.00E+14

-30 -20 -10 0 10 20 30

Axial distance [cm]

N
eu

tr
on

 fl
ux

 [n
/c

m
^2

se
c]

E< 0.2 eV 0.2 eV<E< 10 keV 10 keV<E<10 MeV 0<E<10  
Fig 2.2. Axial neutron flux distribution of filled central irradiation position 

 
The analysis of the data of the figure 2.1 provides the information regarding the average 
neutron flux (thermal and epithermal components) deviation of the axial distance of 12 cm. 
The flux variation through 12 cm axial distance is found from 3.15 to 6.73 % reflecting the 
possible flat flux. 
By inserting the target assembly made by aluminium, the depletion of the thermal and 
epithermal flux is also calculated and presented in figure 2.2. The data show that the thermal 
neutron flux depletion is higher than the epithermal component. 



3. LDR Ir-192 wire production feasibility 
Iridium is a hard metal of the platinum family which has the density of 22.56 g/cc.  It has two 
naturally occurring, stable isotopes, 191Ir and 193Ir, with natural abundances of 37.3% and 
62.7%. By neutron irradiation of metallic iridium, two isotopes such as 192Ir (half-life of 73 
days) and 194Ir (half-life of 19.2 hours) are produced (cross-section data provided in figure 
3.1).  
The isotope 192Ir is used as a Brachytherapy source for high/low dose rate (HDR/LDR) 
applications [Nath et al]. The neutron flux values for the production of  HDR 192Ir sources is 
not sufficient enough. In this case, the feasibility of LDR 192Ir source is investigated here. 
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Fig 3.1. Total absorption cross-section of natural iridium [Source: ENDF/B-VI-4, MT-27] 

 
LDR 192Ir wires are produced by irradiation of commercially available Ir-Pt (20/80 or 30/80) 
wires (0.3 to 0.5 mm in diameter) or iridium wires (0.1 to 0.3 mm) which are coated with pure 
platinum. The activity level of the LDR 192Ir sources varies respectively from 0.8 mCi/cm (30 
MBq/cm) up to 10 mCi/cm (370 MBq/cm). 
 
The activity levels for the iridium production is calculate using activation formula with neutron 
self shielding correction stated in the reference [TECDOC-1340]. The calculation includes the 
enrichment and target burn up. As flux values, thermal and epithermal fluxes are used with 
the knowledge of thermal cross-section and resonance integral obtained from the literature 
(Atlas of Neutron Resonances: Resonance Parameters and Thermal Cross Sections, S. F. 
Mughabghab, Elsevier Science; 5 edition, April 2006). Pure iridium wires with diameter 0.1 
and 0.3 mm are selected for this study.  
 
The results for different flux levels are presented in figure 3.2 and 3.3. The results obtained 
from the above mentioned investigation, are sufficient enough to start series of experimental 
investigation for the production of LDR 192Ir sources. The thermal neutron flux levels of 
1x1013 and 5x1012 [n/cm2sec] are selected and applied as two scenarios for activity level 
calculation of the mentioned iridium wires.  
 
For the first scenario, the maximum activity of 10 mCi/ cm (370 MBq/cm) can be achieved by 
irradiation time of 60 hours. For the second scenario the mentioned activity is also reached 
by selecting of 140 hours for irradiation. 
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4. Conclusion 
This paper gives feasibility idea of LDR 192Ir production by using the actual core of the TRIGA 
MARK II – Vienna for local supply. In case of core converted to new LEU core,  there will be 
more positions for irradiation. The next step of this work will be the experimental investigation 
for 192Ir production which is under consideration. 
 
References 
[1] T. Stummer, R. Khan, H. Böck, M. Villa; Monte Carlo core calculation for a mixed TRIGA   
     HEU/LEU Core, RRFM 2008 proceedings 
[2] R. Khan, S. Karimzadeh, H. Böck; Neutronics analysis of the current core of the TRIGA  
     Mark II reactor Vienna, RRFM 2010 proceedings 
[3] Nath et al; Code of practice for Brachytherapy physics, Medical Physics, Vol. 24, No. 10,   
     October 1997  
[4] TECDOC-1340; Manual for reactor produced radioisotopes, published by IAEA, January   
     2003 
[5] General Atomic (GA); TRIGA Mark II Reactor general specifications and  
     description, March 1964, General Atomic Company, U.S.A 



AN OBJECT ORIENTED APPROACH TO SIMULATION OF TRIGA 
MARK II DYNAMIC RESPONSE 

 
 A. BIGONI, A. CAMMI, R. PONCIROLI 

Politecnico di Milano, Department of Energy, Nuclear Engineering Division 
(CeSNEF)  Via Ponzio 34/3, 20133 Milano – Italy 

 

 A. BORIO DI TIGLIOLE 
University of Pavia, Department of Nuclear and Theoretical Physics and 
Laboratory of Applied Nuclear Energy (L.E.N.A), Via Bassi 4, 27100 Pavia - 
Italy  

ABSTRACT 

This paper deals with the development of a model for the nuclear research reactor TRIGA 
Mark II operating at University of Pavia. The purpose of the modeling is to reproduce the 
dynamic behavior of the reactor on the entire operative power range, i.e. 0÷250 kW, using 
the object oriented approach, implemented by the Modelica language. The main advantage 
is the a-causal formulation of the model, based on equations instead of statement 
assignment. Equations do not specify which variables are inputs and which are outputs, thus 
the causality in the model is unspecified and is fixed only when the corresponding equation 
system is solved. In this way, equations can be solved according to the data flow context in 
which the solution is computed. The model describes the entire plant, including the heat 
removal system. The component representing the reactor core contains a series of sub-
components linked together through rigorously defined interfaces: in this way, it is possible to 
consider the interactions between the different physical aspects of the system. Equations 
governing natural circulation have been implemented in a component which defines the 
mass flow rate through the core, according to the temperature difference at the ends of the 
channels. Secondary and tertiary cooling loops are modeled using a simplified heat 
exchangers configuration: concentric tube version is adopted, which allows recreating the 
heat exchange dynamics without a great modeling effort. The developed a-causal model has 
been validated through the comparison with experimental data collected on the site, 
concerning three different power transients at 100 kW, 50 kW and 1 kW. A corresponding 
causal model has been referenced as concerns fuel and coolant temperatures evolution 
during the transients. The predictions of the two main approaches to dynamic modeling have 
been compared. A very satisfying accordance is found as discrepancies observed on the 
coolant temperature are comprised between 0.5% and 1% for the three transients.       

1. Introduction 
Key features of a dynamic system simulator appear: “Modularity” - the virtual plant should be 
built by connecting its components models, which have to be written independently on the 
context where they are employed; “Openness” - the code should be easily readable and 
close to the original form of equations; “Efficiency” - the simulation code should be fast 
running; “Tool support” - the simulation tool should be based on reliable, accurate and tested  
software. Few simulation environments fulfilling all these characteristics seem to be currently 
available for nuclear applications. Recent advances in object-oriented modeling, and in 
particular the development of the Modelica language [1] [2], represent a viable path to 
achieve the above-mentioned goals. Introduced in 1997, Modelica is employed for the 
modeling of general physical phenomena, described by sets of algebraic and differential 
equations. The main advantage is the a-causal modeling approach: the system behavior is 
described in terms of conservation laws, that, combined with components constitutive 
equations, determine the overall system of equations to be solved. With the a-causal 
formulation, equations of each model are written independently on the actual boundary 



conditions and it is not necessary to establish a-priori which variables will work as inputs and 
which as outputs. Model causality of the model is determined automatically by the Modelica 
model interpreter or compiler at the aggregate level, when a system model is assembled out 
of elementary ones. In this way, models are much easier to write, document and reuse, while 
the burden of determining the actual sequence of computations required for the simulation is 
entirely left to the compiler. In addition, the multi-physics approach of the Modelica language 
must be considered. General in scope, it provides modeling primitives such as generic 
algebraic, differential and difference equations, and is not tied to any specific physical or 
engineering domain, such as mechanics, electrical engineering, or thermodynamics. Thus it 
is quite straightforward to model multi-disciplinary systems, e.g. the reactor core, where 
several physics (neutronics, heat exchange and fluid dynamics) interact with each other. For 
these reasons, Modelica language has been selected to simulate the nuclear research 
reactor TRIGA Mark II operating at University of Pavia, aimed at reproducing its dynamic 
behavior on the entire operative power range, i.e. 0÷250 kW. TRIGA Mark II is a nuclear 
research reactor widely used as non-power nuclear reactor in many applications, including 
production of radioisotopes, non-destructive testing, basic research on the properties of 
material, and for education and training [3].The present work is organized in two parts. The 
first one is focused on model development, describing the objects employed to recreate the 
primary loop and the cooling system. As simulation environment, Dymola (Dynamic Modeling 
Laboratory) has been adopted, as it allows the hierarchical composition of models and offers 
wide libraries of pre-defined components. The second part is focused on the model validation 
process and in the evaluation of the reactivity feedback coefficient due to fuel temperature.  
 
2. The reactor model 
In this work the component based approach has been followed: a single model has been 
adopted for each one of the required components. Once single models are available, they 
can be connected in a variety combinations [4]. All the components adopted are taken from 
the ThermoPower and NuKomp libraries [5] [6]. In Figure 1, the model of the entire plant is 
represented. It is composed of three main loops: on the right, the reactor core and the 
primary cooling system, which removes the heat from the water tank. Heat is then transferred 
to the secondary water cooling system, through a shell and tube heat exchanger. Proceeding 
to the left, the secondary cooling system, composed of the secondary and tertiary loops, 
receives the heat from the primary one and discharge it to the sewerage system, which 
works as heat sink [3]. 
 

 

Figure 1.  Model of the entire plant of the nuclear reactor TRIGA Mark II, operating at    
University of Pavia, and the respective heat removal system.    
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Figure 5. Results of the validation process: from top to bottom, the comparisons between powers 
during the three different power transients, i.e. 100 kW, 50 kW, 1 kW, are presented.   
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Figure 7. Results of the validation process: from top to bottom, the comparisons between fuel 
temperatures during the three different power transients, i.e. 100 kW, 50 kW, 1 kW, are presented.   
 
 
 
 
 
 
 
 
 
 

0 20 40 60 80 100 120 140 160 180
80

85

90

95

100

105

110

Tempo [s]

Te
m

pe
ra

tu
ra

 F
ue

l [
°C

]

 

 

Model 0D (Simulink)
Dymola model

0 20 40 60 80 100 120 140 160 180 200

55

60

65

70

75

Tempo [s]

Te
m

pe
ra

tu
ra

 F
ue

l [
°C

]

 

 

Model 0D (Simulink)
Dymola model

0 50 100 150 200 250 300 350 400 450
15

20

25

30

35

40

45

50

Tempo [s]

Te
m

pe
ra

tu
ra

 F
ue

l [
°C

]

 

 

Model 0D(Simulink)
Dymola model



   

  

  
 
Figure 8. Results of the validation process: from top to bottom, the comparisons between coolant 
temperatures during the three different power transients, i.e. 100 kW, 50 kW, 1 kW, are presented.   
 
 
5. Conclusions 
In this paper the development of an object oriented model simulating the characteristics of 
the research reactor TRIGA Mark II operating at University of Pavia (L.E.N.A.) has been 
described. Model predictions for reactor power have been compared with experimental data 
collected at LENA: the model accurately reproduces the behavior of the reactor within the 
entire operating power range (0÷250 kW), as the discrepancies observed are less than 0.5% 
in all the three transients analyzed. The discrepancies observed can be ascribed to the 
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several simplifications introduced: Boussinesque approximation to describe the buoyancy 
effect, assumption of material properties to be independent on temperature, Dittus-Boelter 
correlation used for heat transfer computation, the radical simplifications of heat removal 
system structure. Finally, the developed model has been validated by reproducing the 
dynamic behavior of the reactor and relative heat removal system at different power levels. 
Moreover, the possibility of realizing a one-dimensional description of the system permits to 
study the evolution of space dependent variables, such as the fuel temperature field. The 
proposed description of the plant constitutes a reliable tool to develop the control system for 
this kind of reactors. 
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ABSTRACT 
 
The IPR-R1 is a reactor type TRIGA, Mark-I model that is installed at Nuclear 
Technology Development Centre (CDTN) of Brazilian Nuclear Energy Commission 
(CNEN), in Belo Horizonte, Brazil. It is a light water moderated and cooled, graphite-
reflected, open-pool type research reactor. IPR-R1 works at 100 kW but it will be 
briefly licensed to operate at 250 kW. It presents low power, low pressure, for 
application in research, training and radioisotopes production. The fuel is an alloy of 
zirconium hydride and uranium enriched at 20% in 235U. This reactor has a Rotary 
Specimen Rack, RSR, outside the reactor, and it is composed by forty irradiation 
channels in a cylindrical geometry. In this work the IPR-R1 was simulated using the 
code MCNPX2.6.0 (Monte Carlo N-Particle Transport eXtend). The goal is to 
evaluate the neutronic flux in a sample inserted in the RSR channels. In each 
simulation the sample was placed in a different position, totaling forty positions 
around the RSR. The results obtained from the calculation show good agreement in 
relation to with experimental data. 

 
1. Introduction 
 
Since 1960 the IPR-R1 reactor operates at Nuclear Technology Development Centre 
(CDTN) in Belo Horizonte, Brazil. This reactor is a TRIGA MARK-1 type which has the main 
nuclear applications related with neutron activation analysis (NAA), training of operators for 
nuclear power plants and experiments in neutronic and thermal-hydraulic. The NAA is an 
induction process of artificial radioactivity where the samples are subjected to neutron flux. In 
this way, the characterization of neutronic flux behaviour is important in this practice to 
application of k0 method which is applied in NAA [1]. Experimental works [2, 3] have been 
measured the neutronic flux inside the cylinder in the RSR which contains the samples to 
irradiation. Other study has calculated this neutronic flux using the nuclear code MCNP4B 
(Monte Carlo N-particle Transport – version 4B). The present work simulates the IPR-R1 
using two MCNP versions: MCNP5 and MCNPX 2.6.0 (Monte Carlo N-particle Transport 
eXtend – version 2.6.0). The models configured using these codes are based in previous 
studies [4] and some improvements in the geometry were performed. The goal is to compare 
the calculated values of thermal neutronic flux with the experimental results for the process 
of the model validation. Moreover, the values calculated previously with MCNP4B by 
MENEZES [2] were compared with experimental results. Therefore, three models of different 
MCNP versions are evaluated in this paper: Model 1 (simulated with MCNP4B), Model 2 
(simulated with MCNP5) and Model 3 (simulated with MCNPX 2.6.0). 
 
2. Methodology 



 
2.1. Some Characteristics of Simulated Reactor 
 
The IPR-R1 is light water moderated and cooled; graphite-reflected, open-pool reactor which 
works at 100 kW but it will be briefly licensed to operate at 250 kW. It presents low power, 
low pressure, for application in research, training and radioisotopes production. The fuel is 
homogeneous mixture of zirconium hydride and Uranium 20% enriched in 235U isotope. The 
core has a radial cylindrical configuration with six concentric rings (A, B, C, D, E, F) with 91 
channels that are surrounded by coolant (water). This core contains 59 fuel elements 
cladding with aluminum, 4 fuel elements cladding with stainless steel, 23 radial reflectors 
elements, 3 control rods (shim, safety and regulating), 1 central channel, and 1 neutron 
source. The fuel elements have three axial sections, upper and lower reflector (graphite), and 
the central portion filled with fuel (U-ZrH). The radial reflectors elements are covered with 
aluminum and they have the same dimensions of the fuel elements but are filled with 
graphite. The control rods have boron carbide and also cladding with aluminum. In the center 
of the reactor there is an aluminum tube (Central Thimble) to irradiation of the experimental 
samples. This tube is removable and, when it is not in use, the reactor pool water occupies 
its volume. Furthermore, the core has an annular graphite reflector which is cladding with 
aluminum layer. This annular reflector has a radial groove where a Rotary Specimen Rack 
(RSR) is assembled for insertion of the sample to irradiation. In such RSR is possible to 
place the samples in 40 different positions around the core. Moreover, tangent to annular 
reflector, there is a Pneumatic Tube where the samples also can be inserted to irradiation. 
Therefore, the IPR-R1 has three facilities for sample irradiation: the Central Thimble, the 
Rotary Specimen Rack and the Pneumatic Tube. Fig. 1 shows the radial and axial core 
configuration. 
 

 

Fig. 1. Design of IPR-R1 core. 
 
 

 

2.2. Configured Model 



 
As described before, the reactor model was developed using MCNP5 and MCNPX codes 
where 500 active cycles were calculated with 1000 neutrons per cycle. The simulations 
executed in MCNPX code, considers 1.0 hour of irradiation (time of sample irradiation) with 
0.1 MW (currently TRIGA reactor power). The simulated model was based on previous 
studies [4] where the reactor core has the same features of the IPR-R1 geometry described 
before. The configured geometry is the same to MCNP5 and the MCNPX 2.6.0.  The core 
was configured considering a cylinder containing water, fuel elements, radial reflectors, 
central tube (or central thimble), control rods and neutron source. Each rod has a coordinate 
value. They were filled according to their individual characteristics. Around the core there is 
the RSR which has groove to insert the samples to irradiation. The configured core is inside 
the pool where water surrounds the core and the RSR. However, the model of this work 
presents improvements: 

1st) In the RSR, the sample is placed inside three cylinders which are made of aluminum, 
polystyrene and polyethylene. Inside of aluminum cylinder is the polystyrene tube which 
contain the polyethylene cylinder where the sample is inserted (see Fig.2). The assembly 
of the three cylinders can be in 40 different positions (see Fig.1) in the RSR to sample 
irradiation. 

2nd) The groove in which the RSR is assembled was configured with an aluminum layer 
(thickness of 1.6 cm). 

3rd) The thickness of aluminum layer that covers the reactor core was increased (from 0.64 
cm to 1.0 cm). 

The Table 1 presents the cylinders dimensions which are inside of RSR. In addition, Fig. 2 
illustrates the axial and radial view of the simulated model. 

Tab 1. Dimensions of the simulated cylinders inside Rotary Specimen Rack. 
Cylinder Material Inner Radius (cm) Radial Thickness (cm) Height (cm) 

Aluminum 1.50 0.10 20.0 
Polystyrene 1.10 0.30 7.90 
Polyethylene 0.48 0.07 0.55 

 

 
 
Fig. 2.  Axial and radial view of the reactor TRIGA IPR-R1 simulated in MCNP5 and MCNPX 

codes. 
3. Results 
 



The assembly of the three cylinders was positioned in 40 different positions of the RSR to 
calculate the thermal neutron flux (energies of 0.5 eV or smaller) inside of the polyethylene 
cylinder that contains the sample. The Fig. 3 shows the thermal neutron flux simulated by 
MCNP5 and MCNPX codes. It is possible to see clearly the behaviour of the thermal neutron 
flux around the core reactor. The neutron fluxes vary at each position and changes over the 
RSR. In spite of the good agreement of the most of the calculated points some differences 
were observed. These differences must be justified by a theoretical analysis and using a 
statistical program. 
 

 
Fig. 3.  Axial and radial view of the reactor TRIGA IPR-R1 simulated in MCNP5 and MCNPX 
codes. 

 
Although the neutron flux value was calculated in 40 positions in the RSR, the reference 
work [2] presents only 11 experimental data. Table 3 presents the values of thermal neutron 
flux calculated by the codes MCNP-4B, MCNP5 and MCNPX 2.6.0. The results are being 
compared with experimental data and the error is presented in percentage. Eight positions 
present differences smaller than 10% and three positions present differences smaller than 
21%. In this way, it is possible to conclude that the most of the calculated results are in good 
agreement with the experimental measurements. 
 
Tab 2.  Thermal neutron flux (n/cm-2s-1) 

Position 
RSR 

Previous Studies Present Study 

Experimenta
l Value* 

Model 1 (MCNP- 4B) Model 2 (MCNP5) Model 3 (MCNPX) 

Value* Error (%) Value* Error (%) Value* Error 
(%) 

1 6.69 6.77 1.18 6.11 8.67 7.14 6.30 
3 6.55 6.65 1.50 6.60 0.76 6.50 0.76 
7 6.35 6.67 4.80 5.79 8.82 6.32 0.47 
10 5.99 6.90 13.19 6.44 6.99 6.24 4.01 
24 6.94 6.98 0.57 6.33 8.79 6.97 0.43 
25 6.45 6.86 5.98 6.91 6.66 6.54 1.38 
29 7.32 6.86 6.28 6.57 10.25 6.77 7.51 
34 7.30 6.73 7.81 5.90 19.18 5.77 20.96 
35 7.18 6.72 6.41 7.00 2.51 6.29 12.40 
38 6.58 6.80 3.24 5.76 12.46 5.58 15.20 
40 6.16 6.73 8.47 5.91 4.06 6.51 5.38 

*Value in the order of 1011 

 
4. Conclusions 



 
The results presented in this work show that there is good agreement between the 
experimental data and the values calculated by the used codes. The errors presented by the 
most of estimated flux are smaller than 10% and three positions presented differences 
between 10 and 21%. The tool employed by MCNP5 and MCNPX 2.6.0 estimate the flux 
average inside of the cylinder which contains the sample. However, the used codes have 
other method to calculate the neutron flux as Forced Collision, Point Detectors, Spherical 
Detector, etc. These tools may improve the results decreasing the differences between 
experimental data and the calculated values. Future woks will simulate the IPR-R1 employing 
other method to flux calculate.   
 
The information about neutron flux predicted by MNCP5 and MCNPX 2.6.0 can improve NAA 
where the sample activity can be estimated knowing neutron flux. Furthermore, these codes 
can characterize the neutron flux in other parts of the reactor where experimental measuring 
is difficult to be obtained. 
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ABSTRACT 
 

KENO-VI is a Monte Carlo based transport code used to calculate the criticality of a 
nuclear system. A model built using this code with the SCALE6.0 code system was 
developed for the characterization of the neutronic parameters of the last cycle of the 
IPR-R1 TRIGA research reactor. A comparison with experimental values and those 
calculated with a MCNP code model could be then attained with the purpose to 
validate this methodology. 
 
Key Words: KENO VI, TRIGA research reactor, SCALE6.0, Neutronic parameters. 

 
 
1. Introduction 
 
TRIGA (Training, Research, Isotopes, General Atomics) reactors are research reactors 
developed by General Atomics and widely used in the world. Situated in the UFMG 
(Universidade Federal de Minas Gerais) campus, the IPR-R1, a TRIGA MARK 1 type 
reactor, operated by the CDTN/CNEN (Centro de Desenvolvimento da Tecnologia Nuclear / 
Comissão Nacional de Energia Nuclear), reached criticality for the first time in November of 
1960 and it has been operational since then. Because of its long operational life, it is 
impractical to simulate the whole burnup history in details. For matter of simplicity, the history 
of this reactor was summarized in different cycles, the sixth one being the actual 
configuration. 
 
In the present work, a Monte Carlo model of the IRP-R1 has been developed, through the 
ORNL (Oak Ridge National Laboratory) computer software system SCALE6.0 (KENO VI), 
with the intent of characterize the neutronic parameters of this reactor, such as the effective 
neutron multiplication factor, the neutron flux in the reactor irradiation devices and the 
reactivity of the core and of the control bars. In addition, isotopic characterization of the 
burned fuel, among other burnup data can be obtained for each operational cycles of this 
reactor with the use of the SCALE6.0 transport and depletion sequences (TRITON). The 
model, thus, could be validated by comparison with experimental results, as well as with 
results obtained with MCNPX, a Monte Carlo method based transport code. 
 
2. Materials and methods 
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KENO-VI calculates the criticality parameters using the Monte Carlo method and is capable 
of building a large amount of different volumes. Although its primary purpose is to determine 
keff [3], the usual parameter employed in the reactors field is the reactivity, which measures 
how far from criticality is the system. We define the excess reactivity of the core, ρ, by 
 

eff

eff

k
k 1−

=ρ       (1) 

 
where keff is the effective neutron multiplication factor of the core with all control rods out. The 
reactivity worth of each control rod is obtained by 
 

)(
1

)(
1

21 effeff kk
−=Δρ             (2) 

 
where keff1 and keff2 are the neutron multiplication factor for the rod out and in respectively. 
With this parameters it is possible to characterise the importance of a given control rod. 
 
For these calculations it was used the 238-group ENDF/B-VII cross-section library, available 
in the SCALE6.0 package. The problem dependent cross-sections calculations were made 
by the codes CENTRM/PMC (Continuous Energy Transport Module/Pointwise Multigroup 
Cross-sections). 
 
 
3. Results and analysis 
 
Table 1 shows the results in terms of the neutron multiplication factor with the respective 
deviation in each case calculated by KENO-VI and MCNPX, along with the reactivity of the 
core and the reactivity worth of each control rod. 
 
 

 KENOVI MCNPX 
keff ρ (pcm) σp keff ρ (pcm)  σp

All rods out 1.01859 ± 0.0021 1825.1 203.4 1.01891 1855.9 46.2 
Regulator 

control rod 1.01476 ± 0.0027 -370.5 470.4 1.01523 -324.9 92.8 

Control 
control rod 0.99829 ± 0.0025 -1996.4 453.2 0.99685 -2141.1 97.6 

Safety 
control rod 0.99629 ± 0.0024 -2197.5 443.1 0.99832 -1993.4 95.4 

Tab 1: Values of keff and ρ 
 
 
The standard deviation for the excess reactivity and the reactivity worth were calculated by 
the partial derivative method. 
A comparison between the two methods and the experimental data available is displayed in 
Table 2. The differences between the methods and experimental values are shown in Table 
3. 
 
 
 

 KENO-VI MCNPX Experimental 
All rods out 1825 ± 203 1856 ± 46 1825 



Regulator 
control rod -371 ± 470 -325 ± 93 -411 

Control 
control rod -1996 ± 453 -2141 ± 98 -2410 

Safety 
control rod -2197 ± 443 -1993 ± 95 -2212 

Tab 2: Values in pcm of the reactivity 
 

 
 KENO-VI MCNPX

All rods out 0 31
Regulator control rod 40 86

Control control rod 414 269
Safety control rod 15 219

Tab 3: Comparison of the methods with the experimental values 
 
 
Deviations in reactivity values are very large in every calculation, even though deviations in 
the k-eff are less than 0.3%. Nevertheless, the reactivities obtained are close to the 
experimental ones and there is virtually no difference between the excess reactivity of the 
core measured and calculated by KENO-VI. Slightly larger discrepancies in the control rods 
results can be observed, but still they have a good approximation. 
 
4. Conclusions 
 
The model built in KENO-VI shows a good concordance with the ones calculated by MCNP 
and measured experimentally. A development of this model can be achieved by changing the 
calculation parameters and adding geometry elements that were left either because of lack of 
source or for simplification of the code. After refining this model, the results obtained can be 
used in other works in order to give not only parameters values but also their 
characterization. 
 
In tandem with the validation of this model, a method to generate collapsed and 
homogenized cross-section libraries by two energy groups from a continuous energy library, 
using the NEWT sequence in SCALE code, is being developed. NEWT provides lattice 
physics parameters for the Purdue Advanced Reactor Core Simulator (PARCS) code. These 
parameters could be, then, applied in 3D diffusion codes for coupled transient calculations 
(RELAP/ PARCS). 
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ABSTRACT 
 
Preserved stones of antique ruins and ancient objects give historians and archaeologists insight into 
life in former times. Knowledge of the origin of a stone allows information to be gained on old trade 
and transport routes, as well as providing indications of the historical relevance of the object itself. A 
useful technique to shed light on this is the Instrumental Neutron Activation Analysis (INAA), which is a 
classical application for research reactors, such as at the TRIGA Mark II of the University of Mainz. 
INAA is a quasi non-destructive, multi-element analysis method in combination with a high precision. 
The aim of this work is to find characteristic trace element concentrations (“fingerprints”) in the 
deposits of historical objects. Furthermore, the identified fingerprints will help to relate an object to its 
primary deposit, so that questions about the historical context can be answered. 
 
In the first part of the project, the contamination of samples due to the abrasion of the drill head for tak-
ing samples was analysed. Other problems are inhomogeneity, contamination or general changes of 
the surface caused by handling and storage of the stone over the centuries. Using the example of art-
historical limestones, the possible contamination effects of different drilling units were systematically 
analysed via INAA. At the same time the homogeneity of the stones was proved and the composition 
of the limestones was compared. This will be the basis for further investigations. First analyses of a re-
cently sampled quarry in France are in progress. 
 
 
 
 
 
 
 
 



1. INTRODUCTION 
 

Since the history of many archaeological materials and their origin are unknown, INAA is of 
interest to museums, art historians and archaeologists. The compositional characterisation of 
archaeological materials by INAA can be used in conjunction with stylistic and petro-graphic1 
criteria to infer the geographic origin and the attributes of the material. Compositional data 
answers questions about groups of material belonging together, since a common origin 
relating materials of unknown origin to a region or a quarry that may have furnished the raw 
material for its production, gives information about trade relations in the archaeological time 
period [2]. INAA is one of the best methods used presently for the analysis of many 
archaeological materials for several reasons: its precision and accuracy allows for the testing 
of very small samples, it determines many elements simultaneously and its sensitivity permits 
the determination of constituents present in very small concentrations. 
 
The actual project aims to determine the origin, through analysis, of spoils produced by 
limestone from the Roman period in Rhineland-Palatinate and which were used previously in 
buildings and later re-used, for example, for grave stones. First investigations are focused on 
sampling, because for origin analysis, it is necessary to collate as many trace elements as 
possible to receive a high accuracy for the data analysis. In this respect, a considerable 
difference between the results of sampling by drilling and sampling by breaking off pieces of 
the material was observed – that suggests a contamination by the drill. Of course, valuable 
and rare archaeological objects could only be sampled by less-destructive methods such as 
drilling at non-visible locations in the object. Various drills were investigated to find the best 
way of sampling with the lowest risk of contamination.  
 
In a further step, the feasibility of origin determination using INAA has to be tested. The 
necessary conditions are homogeneity within every spoil – just as the homogeneity of the 
quarry where the material of the spoil had once been gathered from. Also, a good 
distinctness of different objects of different origin or quarries is naturally imperative. For this 
purpose a quarry in Metz, France [3], has already been sampled in 2010. The measurements 
on these samples are currently in progress. 

 
 

2. METHOD 
 

Two ancient stones were sampled by drilling at non-visible sites to determine the concentra-
tion of the elements – the gravestones “Maura” and “Randoaldo”. First, suitable drill bits were 
selected to sample archaeological objects with a low risk of contamination. Due to 
conservation reasons, the damage to the archaeological objects has to be minimised – 
quarrying out pieces of the samples is forbidden, even if this method would cause no con-
tamination of the sample material. In respect to sampling the limestone, different drill bits 
were tested to evaluate the effect of contamination caused by abrasion – a core drill, a 
carbide drill and a masonry drill bit were analysed. Finally, a drill bit using a high purity 
tungsten electrode was used to reduce possible contamination to a single element. 
 
The INAA was carried out at the TRIGA Mark II reactor of the University of Mainz. Irradiations 
were performed in the steady state mode of the reactor at a power of 100 kW using the 
pneumatic transfer system with Φ = 1.6 x 1012 n/(cm² s) or the rotary specimen rack with  Φ = 
0.7 x 1012 n/(cm² s). For a quantitative analysis appropriate standards were used – for ex-
ample, the certified stone GBW 07113, the inorganic marine sediment NIST SRM 2702, the 
reference material BCR-142R and miscellaneous liquid standards. The samples are ana-
lyzed using γ-spectroscopy with a high-purity germanium detector (HPGe) and evaluated us-
ing special software. 
                                                 
1Petro-graphic and geochemical methods used for origin analyses of limestone from the Rhine-Main 
area are described in the work of Stribrny [1]. 



1 min-irradiation 6 h-irradiation 
Al, Ca, Mg, Mn, Sr, Ti, V As, Ba, Ce, Cs, Co, Cr, Eu, Fe, Hf, K, La, Lu, Na, 

Nd, Rb, Sb, Sc, Sm, Ta, Tb, Th, U, W, Yb, Zn 

Tab. 1: List of detectable elements for different irradiation times 

For each sample, three measurements are conducted to detect and exclude a possibly un-
desirable contamination by natural inclusions in the sample material. The sample masses, in 
PET vials, are 10-20 mg each for the short-time irradiation and 150-200 mg each for the 
long-time irradiation. The exposures were performed at a reactor power of 100 kWtherm. For 
the short-time irradiations for studying the trace elements with short-lived activation products, 
the samples were irradiated using the pneumatic transport system (one-minute irradiation). 
For the long-time exposures, an irradiation time of six hours is chosen, in which the reactor's 
carousel is used to ensure a constant neutron flux by rotating. The samples of the short-time 
irradiation were measured for a time period of 10 min after a decay time of two minutes and 
for 30 minutes after 45 minutes. The samples of six-hour irradiation were measured after two 
to three days for one hour and after two to four weeks for eight hours. The time-delayed ana-
lysis is necessary to be able to determine isotopes with similar energies and different half-
lives. A total of 32 elements can be detected (Tab. 1).  

Fig. 1: Gravestone “Randoaldo” sampled by different drill bits 



Fig. 2: Sampling by the tungsten drill 

3. RESULTS 

At first, the three commercially available drills mentioned above were tested. Initially, two 
early medieval gravestones were sampled to perform comparative measurements and to 
analyse potential contamination. The "Maura's gravestone" was sampled with the carbide 
and the masonry drill bit, the "Randoaldo" with the carbide and the core drill. 

In the investigation on "Randoaldo", irregular values were found for the same object sampled 
by different drill bits. This was with regard to several elements, so it can be suggested to be a 
drill-related contamination. The size of this contamination is not constant, which indicates a 
variable abrasion of the drill. A comparison of the core drill and the carbide drill is shown in 
(Fig 1). 
A similar situation emerges when comparing the carbide and the masonry drill bit on the 
basis of Maura's gravestone. While some elements (Mn, K, As) have comparable levels of 
concentrations in all sampling holes, this does not apply to other elements (W, Zn, Hf, Ti), 
which confirms again the assumption that the drill bits cause contamination by abrasion. Due 
to the reason that the contamination is not constant, an evaluation of these elements in the 
samples is not possible. Thus, none of the actual drills is likely to obtain evaluable samples. 

In addition to the investigation of the drill bit contamination, it could be shown that the Ran-
doaldo gravestone is, in fact, not even limestone, as declared beforehand. 

core drill bit carbide 
drill bit 

masonry 
drill bit 

tungsten 
elecctrode 

Al X
Co X
Cr X

Cs X

Fe X X X

La X

Mn X X X
Ta X X X
Ti X X
V X

W X X X
Zn X

Tab. 2: Possible contaminations by different drill bits 



To minimize the contamination of different drill bits, a drill bit was fabricated from a pure 
tungsten electrode, such that the contamination should be limited to tungsten only. The 
powder from the sampling with the tungsten drill and a broken piece of the sampled object 
were analysed. The sampled object was a fragment of pillar of a grave monument near 
Neuwied.

A small piece was broken off from the pillar fragment (Neuw I-1). Immediately adjacent to the 
breaking edge, two test holes were made with the tungsten drill (Neuw I-2, Neuw I-3), to 
minimize the risk of a possible inhomogeneity within the limestone.  

The studies show that the tungsten drill causes only a tungsten contamination and that the 
other elements are not detectably affected (Fig. 2). Hence, with this method all measurable 
elements except tungsten are available for evaluation. In Table 2, possible contamination of 
the sampled material is summarised. 

Using the tungsten drill, the issue of homogeneity within a larger object of limestone should 
now be feasible. For this, the fragment of pillar from Neuwied and a spoil from the foundation 
of a Roman bridge in Trier were sampled at different points.  

The analysis shows a largely homogeneous elemental composition within the particular 
findings, but significant differences in the lanthanide concentration of the two stones are 
observed (Fig. 3). 

Fig. 3: Comparison of the homogeneity of the samples from 
Neuwied and Trier 

4. SUMMARY AND PERSPECTIVE 

The first studies with various drills demonstrate that the contamination, caused by abrasion 
during the sampling, poses difficulties. To reduce the contamination to a minimum of one 
single element, a modified tungsten electrode was used as drill bit. As a consequence, many 
elements become available for evaluation. Furthermore, it could be shown by means of 
comparing two different limestone objects, that the homogeneity within spoils can be proved, 
which is an important basis for further investigations. Finally, by comparing the two examined 
spoils from Neuwied and Trier, concerning the rare-earth elements, a first reference about the 
chemical distinctness of different limestones was found. These studies are the basis for 



further research via NAA regarding the origin of ancient limestone spoils. In the next step,  
the homogeneity of quarries and the distinctness within a small geographical area should be 
determined. A first sampling of a quarry in France was accomplished and measurements are 
in progress. More samples of limestones will be taken soon. For statistical analysis, 
multivariate methods will be applied to deal with the high amount of data. 
 
A long-term objective is to build up a database of the results and combine it with an existing 
database at the Metropolitan Museum of Art in New York [4], with the intention to have a 
good availability of data for archaeologists and art-historians. It should assist them to 
discover ancient trade connections and facilitate on questions of limestone origin.  
 
It is also planned to initiate an international co-operation with the University of Utah (Salt 
Lake City, USA). 
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Abstract 
 

Related to the analysis of 3d-metals in rods of directionally solidified silicon for the solar 
cell production, the relative neutron flux density in the vertical direction was determined 
for the central experimental tube of the TRIGA Mark II reactor at the Johannes 
Gutenberg-University in Mainz. The standard irradiation capsule was modified to achieve 
a fixed irradiation position. Nickel and iron were used as flux monitors. After normalisation 
of the activities, a profile of the neutron flux for thermal and epithermal/fast neutrons 
inside the central experimental tube is obtained. 

 
 
 
 
1. INTRODUCTION 
 
One important aim of the photovoltaic industry is the further reduction of manufacturing costs 
for solar cells. Silicon feedstock and wafering with their part of about 40% of the overall costs 
provides a good possibility to save expenses. An economic alternative to the mostly used 
high purified silicon can be given to so-called solar grade silicon (SoG-Si). SoG-Si is defined 
as silicon with acceptable purity grades, especially of the 3d-transition metals, which act as 
traps for charge carriers and form recombination centres and thus reduce the solar cell 
efficiency. In order to investigate different purification procedures for SoG-Si, such as 
directional solidification, Neutron Activation Analysis (NAA) is used to determine the 3d-metal 
content of solar grade silicon. 
 
 
When investigating samples with dimensions that cannot be neglected in terms of varying 
neutron fluxes, the distribution of the neutron flux for a fixed irradiation position has to be 
determined beforehand. For the case here, the neutron flux distribution inside the central 
experimental tube of the TRIGA Mark II in Mainz was measured, as this is where the 
concentration profile of 3d-metals and arsenic in rods of directionally solidified silicon for 
solar applications [1-3], will be determined using Instrumental Neutron Activation Analysis 
(INAA).  
 



To monitor the distribution of thermal neutrons, the reaction 58Fe(n, )59Fe of iron with thermal 
neutrons was used. Nickel and its 58Ni(n,p)58Co reaction was used to determine the 
distribution of the epithermal and fast neutrons. 
 
 
2. MATERIAL 
 
Irradiations are performed at the research reactor TRIGA Mark II at the Johannes Gutenberg-
University in Mainz [4]. In the steady state mode, the reactor can be operated at power levels 
ranging from about 100 mWth up to 100 kWth, depending on the requirements of the different 
experiments. Pulse-mode operation is also possible. For in-core irradiations, the TRIGA 
Mainz has a central experimental tube, three pneumatic transfer systems and a rotary 
specimen rack with 40 positions which allows the irradiation of 80 samples at the same time. 
 
Samples for monitoring the flux are high purity nickel and iron wire from Goodfellow 
Cambridge Limited with a diameter of 0.25 mm and a purity of > 99.99%. The detection 
system consists of a high purity germanium (HPGe) gamma-ray detector with an embedded 
pre-amplifier from Canberra Ind., surrounded by a heavy lead shielding. Recording and 
evaluation of the gamma-ray spectra is carried out using the program Genie2000, also from 
Canberra Ind. To increase operational capacity in measurement, a sample changer capable 
of handling up to 20 samples is used. 
 
 
3. EXPERIMENT 
 
With the aim to provide a fixed and reproducible irradiation position, the standard irradiation 
capsule for the central experimental tube was modified to stand on the base plate of the 
reactor core and thus fixed in the vertical direction. The cavity inside the capsule is designed 
to extend across the whole fuel matrix of the fuel element, where the neutron flux is expected 
to be highest. An illustration of the positioning of the irradiation capsule inside the core is 
shown in Fig. 1. 
 
The high purity iron and nickel wire was cut into pieces of approx. 3.9 mg and 4.4 mg, 
respectively. All pieces were shrink-wrapped in strips of PE-foil, with a distance between 
each other of 10 mm. These strips were mounted on a PE-tube, which was shrink-wrapped 
again before it was put into the irradiation capsule. A nylon string was affixed to the capsule 
to lift it up after the end of the experiment. 
 

Irradiation of the samples was performed in the 
central experimental tube at a reactor power of 
100 kW for 30 min. After irradiation and a decay time 
of approximately 15 h, all samples were repacked 
separately for later measurement via gamma-ray 
spectrometry.  
 
For means of standardisation of the measured 
specific activities generated by Genie2000, each 
activity is divided by the highest measured activity of 
the respective dataset. By this, ratios ranging from 
0 < RATIO < 1 are obtained. For iron, the weighted 
average of the activities calculated for the energy 
lines at 1099 keV and 1291 keV is used.  
 

 
 
 

 
 
Fig. 1: sketch of the reactor core and 
the irradiation capsule fixed by the 



4. RESULTS & DISCUSSION 
 
The relative neutron flux distribution of thermal neutrons is shown in Fig. 2. Dataset 1 shows 
an increasing neutron flux density but no clear maximum. Despite a known plan of the 
reactor core, it seems likely that the modified irradiation capsule was not long enough to 
extend across the whole fuel matrix. A second irradiation was performed, but for this 
measurement the irradiation capsule was raised 20 cm to be sure to extend across the whole 
fuel matrix and even further but also to have an overlap with dataset 1 for internal control. 
Results are shown as dataset 2 in Fig. 2. Data recorded show a similar trend compared to 
dataset 1, but a displacement in height. The same behaviour could be observed for the 
measurement of the epithermal/fast neutron flux density, as measured via 58Ni(n, p)58Co. 
 

 
There could be a few possible explanations for the observed displacement in height: 
 

 a displacement of the inner sample holder inside the irradiation capsule 
 the capsule slipped down before it could be fixed after it was lifted up 
 an elongation of the nylon-string during the second irradiation 
 a fluctuation of the neutron flux density distribution 

 
Nevertheless, it could be shown that the sample cavity inside the irradiation capsule can be 
designed to fix the sample holder in the vertical direction. Therefore, displacement of the 
inner sample holder is very unlikely. Also during the performance of the experiment, the core 
itself was unchanged and the irradiation was done in the same way. There is no obvious 
reason for an alteration of the neutron flux to cause the measured displacement of dataset 2. 
 
A third measurement was performed to investigate possible slipping of the capsule and a 
possible elongation of the nylon-string. The data of the third measurement is also shown in 
Fig.  2 as dataset 3. As for the second dataset, there is a displacement in height. A similar 
behaviour of the epithermal/fast neutron flux density was observed. Furthermore, the third 
measurement has proven that an elongation of the nylon string by 1 cm occurred, but this 
only can serve as an estimate. The elongation probably is underestimated, because the 

 
 

Fig.  2: Relative neutron flux density of thermal neutrons measured with the 
reaction 58Fe(n, )59Fe as a function of the distance from the bottom plate of the 
reactor core 



freely floating capsule will stretch the string even more. A slipping of the irradiation capsule 
can be excluded. 
 
The characterisation of the central experimental tube has shown that the position of the 
irradiation capsule will vary unless the capsule is fixed in height. To ensure a constant and 
reproducible irradiation geometry for future irradiation, a newly designed capsule should 
stand on top of the bottom plate of the reactor core, and thus is fixed in height.  
 
 

To be able to adjust the measured activities along the silicon rod according to the neutron 
flux distributions of dataset 1 and dataset 2, the relative neutron flux density of thermal 
neutrons is shifted by h = 3 (see Fig. 3), and fitted with the program Eureqa [5] to give the 
function exp(h) shown below:  
 

exp(h)  = 0.46439853 + 0.50553173 * cos(2.3672993 + 0.81167862 * h) 
 0.097538292 * cos(3.444473 + 0.084239304 * h) 

* cos( 0.11537161 * h  2.8771236) 
 
Knowing the position of samples or sample segments relative to the core base plate and the 
associated neutron flux, it is possible to normalise measured activities according to the 
neutron flux distribution inside the central experimental tube. 
 
 
5. SUMMARY 
 
After the performed experiments, the central experimental tube of the TRIGA Mainz has been 
characterised according to the profile of the thermal and epithermal/fast neutron distributions. 
This knowledge is fundamental regarding further measurements of rods of directionally 
solidified silicon for solar applications. Quantitative measurements of activity and 
consequently concentration are now possible even for samples with dimensions that cannot 
be neglected in terms of varying neutron fluxes. 
 
 

 
 
Fig. 3: Relative neutron flux density of thermal neutrons measured with the reaction 
58Fe(n, )59Fe as a function of the distance from the bottom plate of the reactor core. 
Dataset 2 is shifted by h = -3; exp(h) being the fit of dataset 1 and 2 
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