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NEUTRON RESEARCH AND APPLICATIONS AT FRM-II 
 

W. PETRY 
ZWE FRM-II  

Technische Universität München, Lichtenbergstr. 85747 Garching - Germany 
 

 
ABSTRACT 

 
The construction of the new German high flux neutron source FRM-II is finished and FRM-
II is currently in its phase of nuclear start up. With the beginning of the routine operation 19 
instruments will be in action, including 5 irradiation facilities and 14 beam tube 
instruments, most of them use neutron scattering techniques for the purpose of material 
science. Some of these instruments are unique, others are expected to be the best of their 
kind, all instruments are based on innovative techniques. Further  instruments are under 
construction. 

 
 
1. Introduction 
 
In 1957, the Bavarian state government took into operation the Federal Republic’s first nuclear 
reactor, Forschungsreaktor München (FRM). Now, with the new Munich research reactor, FRM-II, is 
about to provide German scientists and industry with a powerful, scientifically attractive neutron 
source at the beginning of the new millennium. The concept of a compact, 235U-enriched core allows 
the provision of high neutron intensity combined with the highest possible levels of safety and 
environmental compatibility. Being operated by the Technische Universtität Munich and placed in the 
heart of a university campus its usage is mainly dedicated to basic and applied research and education. 
However, roughly 30% of its experimental capacities are foreseen for industrial and commercial use. 
Routine operation will start once the nuclear start up is finished, i.e. the FRM-II has reached its full 
power of 20 MW for a period of 2 to 3 weeks  – this is foreseen for summer 2004. Routine operation 
foresees 5 cycles of 52 days each per year. 
 
2. Moderators, spectrum shifter and beams others than with neutrons 
 
Special moderators optimise the flux density of the neutrons for various uses. At 20 MWatt thermal 
power an unperturbed thermal neutron flux of 8 x 1014 n/(cm2s) is expected to build up in the D2O 
moderator. In order to minimize the leakage of fast neutrons out of the biological shielding all 12 
beam tubes have tangential orientations with respect to the core. A cold source containing about 16 ltr. 
of liquid D2 is located in the maximum of the thermal flux and feeds three beam tubes, one of them is 
particular wide and hosts six neutron guides of a cross section up to 6 x 17 cm2 leading to the neutron 
guide hall. Another of these three cold beam tubes will contain a solid D2 mini source at a temperature 
of 5 K. By down scattering ultra cold neutrons (UCN) of typical wavelength of 1000 Å are produced. 
UCN densities of 104 per cm3 are expected.  
 
Further a graphite hot source is placed in the maximum of the thermal flux and shifts the neutron 
spectrum to shorter wavelength. At the outer corner of the heavy water moderator thermal neutrons are 
converted to fast neutrons of MeV energy by fission reaction in a plate arrangement of about 270 g 
enriched 235U.  One beam tube faces this converter and provides fast neutrons for tumor therapy and 
radiography with fast neutrons. One of the two inclined beam holes contains a Cd cladding. n,γ-
reaction with the Cd provides an intense γ-radiation which converts by pair creation to positrons and 
electrons. The positrons are extracted electromagnetically, thermalised and yield an up to now 
unreached intensity of 109 – 1010 thermal positrons/(cm2s) at the sample.  
 
One through-going beam tube penetrates the biological shielding from two sides. It will house 1 g of 
235U in order to produce fission products. Those will be separated by mass and extracted to deliver an 



intense beam of fission products. The UCN source and the fission product beam are particular 
ambitious projects and will be finalized in the upcoming years. All other beams are ready for being 
taken into operation. 

 
Fig. 1: Perturbed spectral fluxes of the different moderators of FRM-II. Shown is the flux at the outer surface of 

the cold and hot source, for the thermal flux a reference point in front of a typical beam tube has been 
taken. 

 
 
3. Irradiation facilities 
 
With the emphasis on commercial use, five irradiation facilities will be ready when routine operation 
begins. The increasing use of radioactive isotopes in science and technology entails great flexibility in 
output. The various irradiation facilities arranged in the moderator tank have thermal neutron flux 
densities between 5 x 1012 n/(cm2s) and 4 x 1014 n/(cm2s). A substantial advantage of these irradiation 
positions is the availability of a purely thermal neutron spectrum, in which the parasitic generation of 
undesirable radio-nuclides by threshold reactions or the occurrence of extended defect clusters through 
irradiation with fast neutrons is suppressed to the greatest possible extent.  
 
Possible irradiation periods range from 1/10 second to 52 days of a full cycle period for sample sizes 
from a few µg up to silicon single crystal blocks 20 cm in diameter and 50 cm in length. The rapid, 
pneumatically operated rabbit system exhibits a conveying time from the irradiation to the measuring 
position of approximately 300 ms; here, it is possible to perform spectroscopy of short-lived species 
such as 20F (T1/2 = 11 s) and even 207mPb (T1/2 = 0.82 s). A second pneumatic rabbit system allows 
irradiation periods of between 30 s and 5 h. Long irradiation periods of up to several weeks are 
possible with the hydraulic capsule irradiation facility. As a result of the high flux density of fast 
neutrons, the position of the central control rod is the ideal production site for the positron emitter 
58Co. A particular example of future cooperation with industry is the production of homogeneously 
doped silicon; large Si blocks are irradiated in a homogeneous field of thermal neutrons, 30Si being 
transmuted into stable 31P. 
 
 
 



Facility Sample 
Conveying 

Thermal 
Flux 

Irradiation 
Period Positions 

Maximum 
Sample 

Size 
Packaging 

High-Flux 
Rabbit 

Irradiation 
Installation 

(HFRP) 

pneumatic 
(CO2) 

4x1014cm-2s-1 0,3 ... 
2000s 1 1cm3 polyimide 

Standard 
Rabbit 

Irradiation 
System 
RPA 

pneumatic 
(CO2) 

2x1013cm-2s-1 
2x1014cm-2s-1 

minutes 
... 

hours 
1 x 3 12cm3 polyethylene 

Standard 
Rabbit 

Irradiation 
System 
RPA 

pneumatic 
(CO2) 

5x1012cm-2s-1 
1x1014cm-2s-1 

minutes 
... 

hours 
1 x 3 12cm3 polyethylene 

Capsule 
Irradiation 

Facility 
KBA 

hydraulic 
(pool 
water) 

4x1014cm-2s-1 
minutes 

... 
hours 

2 x 5 30cm3 AlMg3 

Silicon 
Doping 

Installation 
SDA 

mechanic 2x1013cm-2s-1 
10 minutes 

... 
1 day 

1 
diameter: 

4 – 8 
inches 

- 

Table 1: Irradiation facilities at FRM-II 
 
4. Instrumentation at beam tubes 
 
Neutrons are ideally suited to investigate the microscopic or atomic origin of modern functional 
materials. As a consequence most of the instrumentation at beam tubes or in the neutron guide hall are 
dedicated to material science. They are applicable to a large variety of materials and work pieces, 
ranging from metals to biomolecules, from engines to fuel cells.  
 
Tumour therapy 
The biological effect of high-energy radiation is based on the irreparable damage of the DNA in living 
cells. Neutrons display an outstanding efficiency in this respect compared to conventional X-ray or 
gamma-treatment: both cords of the DNA helix have to be cut in order to stop the self-repairing 
mechanism of a cell, and neutrons with their relatively high energy transfer to living matter are most 
effective for this purpose.  
 
Neutron therapy is also advantageous in case of those tumours, where the supply of oxygen is highly 
reduced. Under hypoxic conditions neutrons are more efficient with regard to tumour cell kill than the 
X-rays used in conventional radiation therapy. Recurrent tumours in particular appear to be hypoxic.  
 
In cooperation with the FRM, the department of radiation therapy of the Technische Universität 
München has been managing for several years a fast-neutron irradiation facility used for tumour 
therapy and basic research. There are very promising results for various types of near-surfaces 
tumours, especially in the region of the head and neck and for certain breast tumours. In cases of 
tumours with high resistance against X-ray treatment, such as malignant melanomas, neutrons often 
show spectacular success. Until now, more than 700 patients were treated with fast neutrons at the 
FRM. In general this treatment is very well tolerated.  For many patients a cessation of tumour growth 
has been achieved. Clinical application has proved that especially patients with highly differentiated 
salivary tumours benefit from neutron treatment.  



 
 

Fig. 2: Cut through the compact core, moderator, biological shielding and vertical beam tubes. 
 

 
 

Fig. 3:  First generation instrumentation at FRM-II. From left to right: the old FRM, neutron 
guide hall and experimental hall with the compact core and biological shielding. 



The experience gained from the neutron therapy at the FRM proved invaluable when it came to the 
design of the new facility at the FRM-II. Precise beam-handling, a large beam area, variation of the 
neutron energy and significantly higher intensity will now improve the therapeutic possibilities and 
will also furthermore promote research in this field. 
 
Material science with positrons 
The availability of thermal positrons with intensities in the order of 109 – 1010 p/(cm2s) will enable new 
types of experiments. By positron life-time measurements it is expected to detect the defect structure 
of surface layers of metals and polymers. A positron micro beam should enable a positron microscope 
in order to reveal plastic deformations in the vicinity of micro cracks or electrical transport damage of 
conductor tracks on microchips. Positron induced Auger electron spectroscopy allows to detect the 
electronic structure of the upper most monolayer of solids. Contrarily to the well established Auger 
spectroscopy by electron beams this new method detects its signal free of background.  
 
Neutron radiography and tomography. 
The installation for radiography and tomography with fast and thermal/cold neutrons allows non-
destructive investigation of many different kind of samples to address scientific and industrial 
problems. Such problems include the determination of hydrogen-containing substances (oils, plastics) 
in (large) metallic objects, the detection of cracks and the general determination of the distribution of 
linear attenuation coefficients in unknown objects. Practical applications include elemental analysis of 
large volume samples, filling level measurements, corrosion testing for aerospace systems and defect 
analysis in composite materials.  
Two radiography/tomography installations are built for applied research and industrial use at FRM-II. 
The two installations use different neutron spectra and are designed for illumination with thermal and 
fast (fission) neutrons. Due to the differing neutron cross-sections for nuclei in the two energy ranges, 
the results from the two installations are complementary. With a collimation ratio of L/D = 325 and 
L/D = 650 (L = length of flight path, D = diameter of diaphragm) and intensities of approx. 1.2 x 108 
and 3 x 107 n/(cm2s), the thermal/cold neutron installation will be outstanding, while the fast neutron 
installation with its fission spectrum and an intensity of approximately 2 x 108 and 7 x 107 n/(cm2s) at 
L/D = 100 and L/D = 200 will also be excellent. In conjunction with TUM’s existing gamma 
tomography installation, the new installations will provide excellent facilities for the non-destructive 
determination of matter distributions in objects of the most varied size and composition.  
 

Name Type Remarks, special features 

Medapp cancer irradiation fast neutrons with MeV energy, large irradiation field of 20 x 30 cm2, 
tumour therapy on clinical level 

Nepomuc Positron Source 
intense beam of thermalized positrons, can be switched to 6 different 

experiments like positron lifetime measurement, Auger spectroscopy, defect 
microscope etc. 

Antares Tomography cold and thermal neutrons, large (high resolution image plate) and fast (CCD 
camera) area detectors for kinetic measurements 

Nectar Tomography fast neutrons (converter facility) optimized for large or hydrogen containing 
objects 

Table 2: Tumor treatment, positrons and radiography/tomography at FRM-II 
 

Elastic neutron scattering 
Measuring elastically scattered neutrons under small and large scattering angles reveals the position of 
atoms and molecules. At FRM-II this is done in a wide range of applications: reflectometry to 
determine lateral and perpendicular structures of surfaces from sub-Angström to 1000 Angström, 
powder diffraction to determine the position of atoms in new upcoming materials like high-Tc-
supraconductors, single crystal diffraction with thermal and hot neutrons for the structural analysis of 
ceramics, catalysts or proteins. One diffractometer is dedicated to texture and internal stress analysis. 
Several of these diffractometers can operate with polarized neutrons, i.e. are best suited to detect 
magnetic structures. All these diffractometers use new technologies like large area image plate 



detectors, super mirror guides with focussing optics or 3He spin filters for wave length independent 
spin definition and analysis. Table 3 summarises the diffractometers which will be available with the 
start of routine operation.  
 

Name Type Remarks, special features 

Spodi Powder 
diffractometer 

thermal neutrons, optimised for high resolution experiments, 80 
linear position sensitive detectors, small angle scattering option 

Resi Single crystal 
diffractometer 

thermal neutrons, optimised for low background, uses large area 
image plate detector, structure analysis and diffuse scattering 

Heidi Single crystal 
diffractometer hot neutrons, large momentum transfer for structural analysis 

Stress-
Spec 

Materials 
diffractometer 

high thermal flux, dedicated to stress and texture measurements, 
small probe volume smaller than 1 mm3 inside the sample volume 

MatSci-R Reflectometer cold neutrons (guide hall), horizontal or vertical sample position, 
optimised for material science 

Refsans Reflectometer cold neutrons (guide hall), time of flight mode, liquid samples, 
SANS detector, kinetic experiments 

Mira Reflectometer 
very long wave-length neutrons (guide hall), flexible instrument for 

developments of new neutron techniques and reflectometry with 
long wave length neutrons 

Table 3: Diffractometers and reflectometers at FRM-II 
 
Inelastic neutron scattering 
To know how the atoms move is of crucial importance in order to understand  their functional 
properties. For example supraconductivity, i.e. the coupling of electrons to Cooper pairs which move 
through the lattice without any resistance is mediated by internal vibrations. Or the properties of 
viscous liquids are determined by the diffusive motion of its constituents.  
 
Measuring the energy gain or loss of scattered neutrons reveals the time and spatial scale of these 
internal motions. Analysing the scattering angle and the energy gain or loss of the scattered neutrons 
goes on the expense of measuring intensity. FRM-II with the high flux of cold neutrons is best suited 
for this kind of instrumentation. A set of 6 instruments each of them with a particular compromise 
between intensity at the detector, time and spatial resolution and eventually spin analysis are set up. 
Smallest energy transfers and thereby longest time scales of ~ 30 ns are measured by the spin echo 
spectrometer. Backscattering technique provides much more intensity in the detector with only slightly 
reduced energy or time resolution when compared to spin echo.  
 
Time-of-flight spectroscopy with cold neutrons guarantees large dynamical ranges by a background 
suppression in the order of 105 – 106. Triple axis spectrometry with cold, thermal and polarized 
neutrons allows highest flexibility in the 4-dimensional space-time frame. All these instruments profit 
from new technologies. Intensity at the spectrometers is optimised by focussing neutron guides using 
supermirror techniques up to a glanzing angle 4 times that of natural Ni. Background by fast neutrons 
is suppressed by single curved or S-shaped guides. Highest polarized intensity is achieved by using 
polarized guides and spin analysis will be done by 3He filters. For the first time higher order 
contaminations in triple-axis spectroscopy will be suppressed by a fast tuning selector down to 
wavelength of 1 Å. The chopper disks of the time-of-flight spectrometer use magnetic bearings and are 
made of carbon fiber, thereby allowing rpms far beyond those possible with metallic disks. Table 4 
lists the instruments available for inelastic neutron scattering. 
 
 
 



Name Type Remarks, special features 

Reseda 
Resonance 
Spin-echo 

Spectrometer 

cold neutrons (guide hall), very high resolution with resonance-spin 
echo technique. Two analyser arms 

RSSM Back Scattering 
Spectrometer 

cold neutrons (guide hall), optimised for high flux (phase space 
focussing) and high energy resolution 

TofTof Time-of-Flight 
Spectrometer 

cold neutrons (guide hall), optimised for high flux and low background, 
large detector area 

Panda Three Axis 
Spectrometer 

cold (polarised) neutrons, optimised for high resolution and magnetic 
scattering experiments 

Puma Three Axis 
Spectrometer 

thermal (polarised) neutrons, optimised for high intensity at the sample 
position. Velocity selector to suppress higher order contamination of 

incoming beam, multi-analyser option 

NRSE-
TAS 

Three Axis 
Spectrometer 

thermal (polarised) neutrons, high resolution by resonance-spin echo 
addition Spin-echo focussing for dispersive modes 

Table 4: Instruments for inelastic neutron scattering available at FRM-II 
 
5. Instruments in progress 
 
Further instruments are in progress and will be achieved in a rhythm of about one instrument per year. 
For nuclear physics a beam line using polarized and focussing supermirrors will be in operation late 
2004. A diffractometer for biological structures and an intense small angle camera allowing spin 
analysis are in the concept phase. Similar holds for a Prompt Gamma Analysis (PGA). International 
collaborations pursue the two major projects for particle and nuclear physics, the Munich Accelerator 
of Fission Fragments (MAFF) facility and the source of Ultra Cold Neutrons (UCN). Altogether FRM-
II can host 30 – 35 instruments, almost all of them at intense end positions of beam holes or neutron 
guides. 
 
6. Summary 
 
The Munich research reactor FRM-II will be the most powerful neutron source in Germany. 
Optimisation of the source on one hand and the instrumentation on the other is intended to provide the 
possibility of cutting-edge neutron research. As a high-intensity neutron source, FRM-II is one of 
Germany’s contributions to international scientific cooperation and competition. All beam tube 
facilities remote from the core, e.g. diffractometers and spectrometers are installed and will be 
operated by user groups. These user groups come from the universities, the Max Planck Society, the 
Helmholtz Society and the Leibnitz Society. The financial and personnel resources have been provided 
from FRM-II project funds, national funding and research group budgets. This approach of involving 
potential users in installation and operation, in particular ensures the general integration of FRM-II 
into the overall scientific landscape. Bearing in mind the twin aspects of commitment to cutting-edge 
research and the need to develop young scientific talent in the field of neutron research, beam time for 
scientific use will be allocated according to the following principles:  
• Measurement time for research intended for publication will be made available free of charge. 

Beam time for commercial use has to be paid for.  
• Visiting scientists who wish to perform experiments at FRM-II will be allocated measurement 

time on the basis of an application examined by a committee of experts. All applicants will enjoy 
equal rights.  

• Measuring time will be allocated on the basis of scientific quality.  Commercial applications will 
be handled confidentially and with priority. 
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1. Introduction 
 
At the heart of my comments to you today is the longstanding policy of the United States to reduce 
international commerce in highly enriched uranium.    In today’s dangerous world, the fulfillment of the 
policy takes on even greater importance than when it was first adopted in 1978.  That policy has been 
endorsed by the U.S. Congress and by all U.S. administrations in the ensuing 25 years. It is worthy to note 
that President Bush in his nonproliferation speech on February 11th of this year reiterated the United 
States’ commitment to ending the use of highly enriched uranium in research reactors. 
There are three key initiatives that are working in concert to bring about the elimination of HEU as a 
source of proliferation concern at research reactors around the world.  These include the Reduced 
Enrichment for Research and Test Reactors (RERTR) Program, the Russian Research Reactor Fuel Return 
(RRRFR) Program, and the Foreign Research Reactor Spent Nuclear Fuel Acceptance (FRRSNF) 
Program.  I will address each of these programs and give you my assessment of where these programs 
stand in terms of meeting their objectives and what remains to be done. 
 
2. Reduced Enrichment for Research and Test Reactors (RERTR) Program 
 
The RERTR Program, carried out at Argonne National Laboratory and administered by my office in the 
National Nuclear Security Administration, has been responsible for implementing the policy, first 
promulgated by President Carter in 1978, to seek to minimize the use of HEU in research and test reactors 
worldwide. 
The RERTR Program recognizes that success in meeting the nonproliferation objectives must come 
without a decrease in safety and without significantly decreasing performance or increasing operating 
costs of the affected facilities. 
The RERTR Program has concentrated its efforts in four areas: 

1. The development of LEU fuels and targets. 
2. Helping to establish qualified LEU fuel suppliers. 
3. Encouraging and assisting in the conversion of existing reactors from HEU to LEU. 
4. Encouraging suppliers of research reactors to market only reactors that are fueled with LEU. 

Fuel development originally centered on silicide dispersion fuels.  This led to the successful development 
of LEU fuels that had densities three times greater than previously available.  These new fuels were found 
to be appropriate for the conversion of many research reactors from HEU to LEU.  However, it was soon 
discovered that this approach had limitations in being able to convert all reactors that use HEU fuels. 
Thus in 1996, after a seven-year absence of fuel development funding, the Department of Energy resumed 
its funding of further fuel development.  The new fuel development centered on a uranium-molybdenum 
alloy fuel, which sought to achieve densities of about twice that of the earlier fuel. 
Notwithstanding a six-month delay in the fuel development program due to a patent dispute we projected 
that U-Mo dispersion fuel with densities up to 6 g U/cm3 would be qualified by mid-2004.  Moreover, we 
optimistically believed that U-Mo dispersion fuel with densities of 8 to 9 g U/cm3 would be available by 
mid-2006. 

 



Regrettably, recent setbacks in both the Russian and French test programs have brought to light what we 
believe to be a complex failure mechanism that has far reaching ramifications for the entire program.   
We must investigate whether the LEU U-Mo monolithic fuel is affected by the failure mechanism.  
Moreover, we are hopeful that activities planned to test and qualify  
pin-type U-Mo dispersion fuel will be successful. 
What then is the negative impact of a delay that might last until mid-2009 of plate-type or tube-type LEU 
U-Mo dispersion fuels? 
First, there is a connection to the FRRSNF Program.  All those reactors already converted to LEU silicide 
fuel and planning to convert to U-Mo before the end of the FRRSNF Program will not be able to do so.  
Additionally, it will adversely affect the conversion schedule of the National Institute of Standards and 
Technology reactor in the United States, and the RPI reactor in Portugal.  But even more critically, it will 
be a major setback for the new reactor under construction in Australia that is depending upon the 
availability of the new fuel.  
Secondly, there also is a connection to the RRRFR Program.  Fortunately, unaffected reactors supplied by 
Russia are those that are candidates for UO2 fuel.  This includes all but those in the Czech Republic, 
Poland, and Uzbekistan. 
While the spotlight is certainly on the issue of fuel development, it is appropriate to mention the status of 
parallel efforts to eliminate the use of HEU targets in the production of Molybdenum –99 for medical 
purposes.  In this area there has been slow, but steady progress.  Cooperation agreements for research in 
the production of LEU targets are in place between Argonne National Laboratory and entities in 
Argentina, Australia, Canada, and Indonesia. 
However, at the present time all commercial scale production and sales of Molybdenum-99 is limited to 
four countries (Belgium, Canada, The Netherlands, and South Africa), and all of them use HEU targets.   
Soon I will be inviting representatives from the producers and the four governments to a workshop for the 
purpose of discussing how we can move forward together to eliminate the use of HEU in the field of 
isotope production.  It is my view that if progress is to be achieved, it will require a joint effort by the 
parties involved. 
Notwithstanding ongoing problems and work yet to be done, it also is worthwhile to consider the 
successes of the Program.  During the life of the Program about 40 reactors in 22 countries have been 
converted from HEU fuel to LEU fuel, and 18 new research reactors constructed in 15 countries since 
1978 use LEU.   
Perhaps the best measure of success is related directly to the policy objective of reducing the commercial 
use of HEU.  That is, how much HEU has been avoided by the conversions and development of new 
reactors that use LEU?  Here, the numbers are very impressive.  About three and a half tons of HEU have 
been removed from the risk of theft, diversion, or misuse. 
 
3. Russian Research Reactor Fuel Return (RRRFR) Program 
 
The United States has long recognized that it was not sufficient to deal only with reactors and HEU that 
the United States had exported around the world.  During the Cold War as we engaged in a major program 
of nuclear cooperation in the West, so did the Soviet Union in the East.  Interestingly, in some areas, such 
as the Middle East, we both courted the same countries.  Efforts in the 1980s to engage the Soviet Union 
in a cooperative effort with the RERTR Program were not very successful.  The Soviets were content to 
pursue their own program that only dealt with the conversion of some reactors from 90 percent enriched 
uranium to fuel of 36 percent enrichment.   
The Russian Federation in the post-Soviet era has been much more receptive to working together with the 
United States to reduce the use of HEU in civil programs.  Today the objectives of the RRRFR Program 
are complementary to those of the RERTR Program.  The Russian stated objectives are to advance nuclear 
nonproliferation objectives by eliminating stockpiles of HEU and to encourage eligible countries to 
convert their research reactors from HEU to LEU fuel. 
A major milestone in U.S. and Russian cooperation was achieved on November 7, 2003 when Secretary of 
Energy Abraham and MinAtom Minister Rumyantsev signed a joint statement reaffirming their common 

 



objective of reducing, and to the extent possible, ultimately eliminating the use of HEU in civil nuclear 
activity.  We expect to formalize this cooperation soon in a Government-to-Government Agreement.  
Unfortunately, the recent organizational changes in the RF Government  delayed the signing of this 
Agreement. 
The first shipment of HEU to Russia under the RRRFR Program occurred in September of last year.  
Fresh fuel assemblies containing 14 kilograms of HEU from a shutdown Soviet supplied reactor in 
Romania were returned to Russia for down blending to LEU.  In December 2003, 17 kgs of fresh fuel 
were removed from a reactor site in Bulgaria and returned to the Russian Federation.  Even more recently 
this month, 17 kgs of fresh HEU were returned from the Tajoura reactor site in Libya in anticipation of 
conversion of that reactor to LEU fuel in the near future.  In addition to the cooperation of the countries 
from which the material was removed, these successes have been the result of excellent cooperation 
between the IAEA and the Governments of the United States and the Russian Federation. 
In the coming months you can expect to hear of more shipments of HEU back to Russia.  With each 
shipment of material we believe that the risk of dangerous materials falling into wrong hands is greatly 
reduced. 
 
4. Foreign Research Reactor Spent Nuclear Fuel (FRRSNF) Acceptance Program 
 
And now, in closing, I would like to address the third piece of the overall program aimed at reducing the 
use, and thereby the risk, of HEU.   
I know that many of you in this audience have a keen interest in the FRRSNF Acceptance Program.  Many 
of you have already participated in the Acceptance Program and many of you will participate in the 
Program before it ends. 
Let me review the background of the Acceptance Program, assess where the Program is today, and then 
offer some comments on where the Program is going. 
In the 1950s, almost two decades before the Treaty on the Non-Proliferation of Nuclear Weapons came 
into force, the United States provided nuclear technology to countries around the globe under the Atoms 
for Peace Program in exchange for their promise to forego the development of nuclear weapons.  A major 
part of the cooperation, particularly with developing countries, involved research reactors and HEU to fuel 
the reactors. 
During the first decade, the HEU was leased to the users with a provision that the spent fuel was to be 
returned to the United States.  In about 1964 the U.S. policy changed.  The HEU was sold to foreign users 
with no requirement that the spent fuel be returned to the United States, although there were stringent 
controls on what the owner could do with the material. 
It was in the 1980s that the original Acceptance Program, known as the Off-Site Fuels Policy, resulted in 
the return of both HEU and LEU to the United States.  That policy, however, expired for HEU in 1988 and 
for LEU in 1992.  Interestingly, U.S. records show that at the end of this first program, about 17.5 tons of 
U.S. supplied HEU was still possessed by approximately 50 countries. 
Although work began on a replacement take back policy in 1993, it took until 1996 before the 
environmental impact assessment was completed, and on May 17, 1996, the new acceptance policy was 
jointly issued by the U.S. Departments of Energy and State.  The key dates of the Acceptance Program are 
the expiration date of May 2009 for the receipt of spent fuel and the May 2006 date in which eligible fuel 
must have been irradiated. 
The Acceptance Program was designed to recover HEU contained in target materials and in foreign 
research reactor spent fuel.  This resulted in about 5,200 kilograms of material being subject to the 
Acceptance Program. 
At the end of 2003 it was reported that about 1,100 kilograms of HEU had been returned to the United 
States from 22 countries.  Current projections are that when the present Acceptance Program ends that 
only about one half of the 5,200 kilograms will have been returned to the United States. 
As we enter 2004 there are a number of questions to be answered, not the least of which is whether the 
Program should be extended beyond 2009.   

 



Based on the projected returns, the Program will end with less than one half of the eligible material 
brought back to the United States.  Where is the remaining material?  What are the proliferation risks 
associated with the material?  Why did this material not get returned within the period of the Program?  If 
the Program were extended, what would be  the likelihood that the remaining eligible HEU would be 
returned? 
Not to be overlooked is the portion of the Acceptance Program devoted to LEU spent fuel.  Although not 
incorporated formally into the Acceptance Policy, some reactors understood the quid pro quo for 
converting to LEU implied a United States commitment to take the spent LEU fuel from those reactors.  
For many of these reactors, the type of LEU is not suitable for reprocessing, thus making take back 
essential until the new replacement fuels are developed.  But herein lies a problem.  As discussed earlier, 
problems encountered in the fuel development program will likely delay the availability of the new LEU. 
If the Acceptance Program is not extended for LEU fuel, what will be the consequences?  How many 
reactors will be affected?  How much LEU material would be returned under an extended Acceptance 
Program?  Are concerns real that failure to extend the LEU take back will result in some reactors 
reconverting back to the use of HEU? 
Another area for discussion is what to do about the 12,300 kilograms of HEU previously exported from 
the United States that is not a part of the 5,200 kilograms covered by the Acceptance Program.  Here I 
believe some detailed fact-finding is needed before any decision can be made.  Where is the material?  
What form is it in—fresh or spent?  How much of the total has decreased due to burn-up?  How much of 
the material poses a proliferation risk?  What would be the impact on the Acceptance Program for 
increases above the present 5,200 kilograms? 
At this point I would like to make it clear that no formal decision has been made by the U.S. Government 
concerning the extension the Acceptance Program.  What I can say is that it is being carefully considered.  
One of the issues to be addressed is how will management responsibilities be assigned if the Program is 
extended. 
As you are well aware, the Acceptance Program has been managed by the Office of Environmental 
Management, or EM, since the current policy was adopted in 1996.  Although the program has been 
active, accepting some 27 shipments of eligible material thus far, the EM program is refocusing its core 
mission on cleanup and closure of domestic weapons production sites.  At this juncture in the decision 
path it is well to ask whether, and to what extent, the National Nuclear Security Administration (NNSA) 
should be involved in the management of the Program. 
There is, of course, a strong environmental element to the Program particularly with respect to the 
disposition of the material once it is returned to the United States.  On the other hand, a fundamental 
purpose of the Program is to further U.S. nonproliferation policy.  This would seem to dictate that 
decisions about such things as what material to take back, the risks associated with particular countries 
and locations, and the priorities for take back should involve the nuclear nonproliferation offices of 
NNSA. 
From a broader perspective, and as I pointed out in my opening remarks, that while the RERTR Program 
is the cornerstone of the HEU minimization policy, the Russian Research Reactor Fuel Return Program 
and the Acceptance Program are all functionally related to RERTR.  All three programs draw on much of 
the same technical capabilities resident in the national laboratories, the DOE spent and fresh fuel sites, and 
the international research reactor community.  In that respect, as we go forward it is essential to have an 
organizational alignment that supports these three programs for the successful implementation of U.S. 
nonproliferation policy. 
My highest near term priority is to get answers to the questions that I have raised.  In that regard, your 
participation in my information gathering is of critical importance.  It is not sufficient to be told that 
several countries have expressed an interest in the extension of the Program.  Who is interested?  How 
serious is the interest?  What are the nonproliferation objectives met by taking back the material? 
As a final comment, I would like to stress the important role you have in the international nuclear 
nonproliferation regime.  Perhaps in the past you were seen as the forgotten part of the nuclear energy 
picture—with attention focused on power reactors, enrichment and reprocessing plants.  Not too many 
years ago, the term “radiation bomb” was not even in the lexicon of things to worry about.  Today you are 

 



 

at the forefront of the efforts to prevent nuclear terrorism.  Most of the HEU potentially available to theft 
is at your facilities.  Most of the radioactive substances of concern for radiological weapons have their 
origin in facilities such as yours.  It is instructive to note that the vast majority of reported trafficking 
incidents involve radioactive isotopes and not HEU or plutonium. 
I commend you for your commitment to our common nonproliferation goals and pledge to you my 
office’s continuing support in the important part of the global effort that seeks to minimize the use of HEU 
in civil programs. 
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ABSTRACT 
 

This paper presents the main characteristics of the Euratom Sixth Framework Programme (FP-
6), emphasising its main objective aimed at contributing to the creation of the European 
Research Area (ERA) and the consequent need of nuclear research infrastructures. Different 
specific instruments related to nuclear research infrastructures are presented together with some 
examples of finished and ongoing projects on infrastructures.  

 
1. Introduction 
 
The activities of the EU in the field of nuclear energy are primarily governed by the Euratom Treaty. One 
of the main tasks of the European Atomic Energy Community (EURATOM) is to promote and facilitate 
nuclear research in the Member States. Europe must also play an active role in RTD because of a number 
of developments inherent to the RTD sector itself, as that the high level nuclear research is increasingly 
complex, interdisciplinary and costly also requiring a constantly increasing �critical mass�. 
 
The first chapter of the Euratom Treaty constitutes the legal frame in which nuclear fission related research 
activities are promoted. The European Commission (EC) is performing research at the different 
installations of the Joint Research Centre. The EC is also supporting co-operative research activities in the 
research facilities in the Member States. The latter activities that are managed by DG Research are 
described in this paper. It is organised in 4-year Framework Programmes (FPs). 
 
Policy and regulatory issues, as well as safeguards and supply questions are managed by DG Energy and 
Transport. DGs External Relations, Europe Aid Office, and Enlargement are managing the TACIS and 
PHARE support programmes. 
 
 
2. The European Research Area and the Euratom Sixth Framework Programme 
 
There are very few individual research teams, industrial laboratories or companies that can reasonably 
claim to be able to respond to the above-mentioned challenges concerning the requested high level nuclear 
research in terms of complexity, costs and interdisciplinary approach. Even entire countries find it 
increasingly difficult to be active and play a leading role in the many important areas of scientific and 
technological progress. 
 
Organising co-operation at different levels, co-ordinating European policies, networking teams and 
increasing the mobility of individuals and ideas is therefore a requirement resulting from the development 
of modern nuclear research in a global environment. Without a determined action at European level the 
fragmentation of Europe's efforts cannot be overcome. Taking up this challenge the EC and the EU 
Member States, the scientific community and the industry are committed to work jointly towards the 
creation of a European Research Area (ERA). 
 
The main line of the ERA should guide the nuclear research to be conducted in FP-6, according to the 
following main principles: 

-  Focusing on specific areas where Community action can provide the greatest possible 
European added value, 

-  Greater efficiency by channelling resources to bigger projects of longer duration, and 



-  Close partnership with the EU Member States, research institutes and companies in Europe 
by networking the main stakeholders, also overcoming possible fragmentation of European 
research. 

 
The “Euratom Sixth Framework Programme for Nuclear Research and Training Activities, 2002-2006”, 
FP-6, is the main financial and legal instrument of the European Commission to implement the ERA in this 
area, alongside national efforts and other European co-operative research activities. Consequently, the 
main objective of FP-6 is to improve integration and co-ordination of nuclear research in Europe. Training 
and promotion of mobility are also important components of the FP-6. 
 
The Euratom FP-6 is composed of the several activities of nuclear research, as shown in the Table 1:  
 

MAIN NUCLEAR RESEARCH AND TRAINING ACTIVITIES OF FP-6 

PRIORITY THEMATIC AREAS 
OTHER ACTIVITIES IN THE 

FIELD OF NUCLEAR 
TECHNOLOGIES AND SAFETY 

Fusion 
energy 

research 

Management of 
radioactive 

waste 

Radiation 
protection 

Innovative concepts 
Education and training 

Safety of existing nuclear 
installations 

NUCLEAR ACTIVITIES 
OF THE JOINT 
RESEARCH CENTRE 
(JRC) 
 
Nuclear Safety and 
security 
Measurements and 
reference materials 

HORIZONTAL ACTIVITIES: 
SPECIFIC SUPPORT ACTIONS AND ACTIONS TO PROMOTE AND DEVELOP 

HUMAN RESOURCES AND MOBILITY  
Specific support actions 
Training fellowships  
Special training courses 
Grants for co-operating with third countries 
Trans-national access to large infrastructures 

 

Table 1: Schematic overview of the structure of Euratom FP-6 

 
Projects in the fields of management of radioactive waste, radiation protection and other activities in the 
field of nuclear technologies and safety are selected in a competitive way based on Calls for Proposals and 
peer review, i.e. evaluation with the help of external, independent experts. There are no Calls for proposals 
in the area of fusion energy research (except for the training fellowships). 
 
To implement the various activities of the work programmes, different instruments, project types and 
funding schemes can be applied (http://www.cordis.lu/fp6-euratom/home.html). The various FP-6 
instruments are integrated projects, networks of excellence and integrating infrastructure initiatives as new 
FP-6 instruments to be added to the old instruments called now specific targeted research projects, co-
ordination actions, specific support actions, and other actions to promote and develop human resources and 
mobility, as fellowships, training courses, grants and trans-national access to large infrastructures. 
 
The topics that will be open for proposals are set out in the FP-6 work programme, which is revised 
annually. The total budget for support in FP-6 is about 200 M� over four years (2002 - 2006). 
 

http://www.cordis.lu/fp6-euratom/home.html


3. European Nuclear Research Infrastructures and FP-6 instruments 
 
Research infrastructures have been identified as a critical issue for future research. Support to research 
infrastructures has thus been given a high profile in FP-6. In 2002 the European Strategy Forum on 
Research Infrastructures (ESFRI) was set up by the Member States, following an initiative by 
Commissioner Busquin. ESFRI brings together senior decision-makers from all EU member States and the 
Commission, with the objectives: 
• To support a coherent and strategy-led approach to policy making on research infrastructures in 

Europe; and 
• To facilitate multilateral initiatives leading to a better development, construction and use of research 

infrastructures in Europe. 
 
During its first year ESFRI dealt with neutron sources, infrastructures for marine sciences, free electron 
lasers, nuclear physics facilities, facilities for astronomy, next generation colliders for high energy physics, 
high performance computers and research networks, and infrastructures for socio-economy and 
humanities.  
 
Specific actions on nuclear research infrastructures are needed to contribute to the creation of the European 
Research Area, as well as to preserve nuclear knowledge and to maintain nuclear energy as open option for 
the future. Several studies have shown the risk of loss of infrastructures for the future and the need for 
action.  The EC has supported a study (FEUNMARR) concerning Material Test Reactors, which is 
described below. In the framework of the OECD Nuclear Energy Agency several studies have been 
performed. In this respect, the report issued in 2001 �Nuclear Safety Research in OECD Countries � Major 
Facilities and Programmes at Risk� should be mentioned. Moreover, OECD/CSNI has recently launched a 
new �Senior Group of Experts on Nuclear Safety Research � Support Facilities for Existing and Advanced 
Reactors (SESAR/SFEAR)� whose activities are starting in March 2004. 
 
The general conclusion is the need for action to secure the availability of nuclear infrastructures. In this 
context, some of the existing FP-6 instruments are specifically conceived for that purpose, in particular the 
�Integrated Infrastructure Initiatives� (I3) and the �Trans-national Access to Large Infrastructures� (TALI). 
 
The main objectives of the instrument I3 are to support the integral provision of nuclear infrastructure 
related services to the research community at European level and to promote a coherent use of and the 
development of infrastructures.  
 
Each I3 should combine, within a single contract, several activities essential to reinforce nuclear research 
infrastructures. More specifically, each I3 should cover:  

-  networking activities (including consortium management) 
-  provision of access to trans-national users of large nuclear facilities, and 
-  joint research activities. 
 

i. Networking Activities helps to catalyse the mutual co-ordination and the pooling of resources among the 
consortium of participants, with the aim of fostering a culture of close co-operation between them. This 
should serve, e.g., to generate critical mass by co-ordinating research into new instrumentation, new 
methods, concepts and technologies. 
 
ii. Trans-national Access to Large Infrastructures (TALI). The characteristics of this type of activity should 
be implemented with a collective and co-ordinated approach to the provision of access to different 
infrastructures. Access will typically imply research teams visiting an infrastructure in person or by 
electronic means. Call for proposals should be launched by the owners of the facilities. 
 
iii. Joint research activities (e.g. joint research into higher performance techniques, instrumentation or 
technologies) aimed at improving, in quality or quantity, the service provided by existing infrastructures in 
a particular field in Europe. 



4. Nuclear infrastructures related projects in the Euratom FP-5 and FP-6 
 
Several projects were already sponsored in the Euratom Fifth Framework Programme (FP-5) mainly by 
means of �Trans-national Access to Large Infrastructures� (TALI). In fact, the three projects PLINIUS, 
LACOMERA and RENION are still on-going.  
 
The PLINIUS (�Platform for Improvements in Nuclear Industry and Utility Safety�) platform is an 
experimental infrastructure at CEA Cadarache (France) devoted to the study of prototypic corium, which is 
the mixture that would be produced by a hypothetical core melt-down accident in a Nuclear Power Plant 
(NPP). The PLINIUS platform is made of three corium facilities: VULCANO which can melt and pour 
around 50 kg of corium, COLIMA dedicated to materials and aerosols studies with a few kilograms of 
molten corium in a controlled atmosphere enclosure, and KROTOS for corium-water interactions with a 
few kilograms of corium. This platform is currently unique in the European Union. 
 
Through its access to research infrastructure activity, the European Commission finances (travel and 
subsistence of users plus all experimental operations costs) the performance of experiments by European 
users (except from the facility home country) on the PLINIUS platform. After the first calls for proposals, 
a Bulgarian team and a German team has been selected. A third call is being evaluated. 
 
The overall objective of the LACOMERA project at the Forschungszentrum Karlsruhe (FZK) is to offer 
research institutions from the EU member countries (except Germany) and associated states access to four 
large scale experimental facilities (QUENCH, LIVE, DISCO, and COMET). These facilities can be used 
to investigate core melt scenarios from the beginning of core degradation to melt formation and relocation 
in the vessel, possible melt dispersion to the reactor cavity, and corium concrete interaction and corium 
coolability in the reactor cavity. The use of these experimental facilities is a remarkable option with high 
value.  
 
As a result of the first call for proposals a project on air ingress test in the QUENCH facility has been 
selected. Partners from Hungary, France and Switzerland discussed the planned test to be performed in 
spring 2004. Further six experiments have been selected in the second call for proposals concerning the 
offered four facilities, i.e. one test for each of the facilities QUENCH and DISCO and two tests for 
COMET and LIVE respectively. These tests will involve research teams from Bulgaria, France and 
Austria. More information about the project, experimental facilities and proposal submission form can be 
found at the LACOMERA website at http://hikwww9.fzk.de/lacomera . 
 
The RENION project provides access to the NRI Ře� zero power reactor LR-0 for reactor physicists 
researching the related issues. This project has been supported by 7 concerned organizations, which signed 
Letter of Interest. RENION project should enable different users, selected by a user�s selection panel, to 
realize experimental projects related to VVER or PWR reactor physics that would results in extension of 
the experimental databases and validation of the computer codes. Sharing of users experience has in the 
past proved to be extremely beneficial in addressing reactor physics experimental investigations (PWR and 
VVER). As result of the first panel evaluation, four proposals from Germany, Portugal and Bulgaria have 
been selected.  
 
 
5. The FEUNMARR Thematic Network 
 
European research reactors have provided essential support for nuclear power programs over the last 
30 years or more. More recently, as a source of energetic neutrons, they have also become an 
important service provider to the medical and isotope industry. However, by 2010 most of the Material 
Test Reactors (MTRs) will be at least 40 years old and many will require licence renewal to remain 
operational, with some facing potential closure. 
 

http://hikwww9.fzk.de/lacomera


The thematic network FEUNMARR was launched during FP-5 in order to: 
- determine and make recommendations on the future irradiation needs for MTR facilities in Europe 

capable of carrying out experimental and safety programmes to support the continuation and further 
development of commercial nuclear energy, and 

- determine the most likely types of problems, measurements and examinations that will form the basis 
of the anticipated experimental and safety programmes. 

 
The final recommendations from the FEUNMARR project were: 
-  Given the age of current MTRs, and anticipating continued R&D demand in the 21st century for 

material and fuel tests in support of nuclear energy production, there is a strategic need to renew 
material test reactors in Europe. 

-  Considering the lead-time before a new system can become operational, a decision to build a first new 
MTR in Europe is required in the very near future. 

-  The initiative to build the Jules Horowitz Reactor (JHR), and to organise an international programme 
around it, is an important contribution to the joint development of a new European Material Test 
Reactor. 

-  A new MTR, such as the proposed JHR, should in due time establish robust technical links with 
existing MTRs, aiming to provide a broad and efficient network of facilities at service of the 
international nuclear community. Programmes should be devised to reach a worldwide range of 
customers. 

-  A new MTR should support education and training for future teams of nuclear scientists and 
engineers, and help providing the European member states with the expertise that will be needed in 
areas such as nuclear reactor engineering and plant safety. 

-  There is an increasing reliance by the medical and pharmaceutical professions on research reactors to 
produce radioactive isotopes. Co-operation between at least three reactor sites within Europe is 
required in order to ensure a stable supply. If there is a risk that stability of supply cannot be ensured, 
the building of a new dedicated facility should be considered.  

 
6. JHR-CA Co-ordination Action 
 
As a follow-up of FEUNMARR the EC supports in FP-6 a co-ordination action around the Jules Horowitz 
Reactor (JHR) project in Cadarache. The co-ordination action JHR-CA provides the framework to 
promote the establishment of a new MTR in Europe as well as to support state of art designs for 
experimental devices and related services as a part of the JHR definition studies. JHR-CA improves the 
integration by gathering in a joint project the European human skill and by pushing a progressive coherent 
European policy. The project JHR-CA will also support i) the construction of the user-consortium of 
potential users having expressed their interest, ii) the Expert Group (EG) to guide the experimental devices 
definition with a comprehensive anticipation of needs, at the relevant state of art, while taking into account 
safety requirements, iii) the integration of these devices in the reactor design.  
 
 
7. HOTLAB Co-ordination Action 
 
Another project in FP-6 concerns networking of hot laboratories. During the last decade an appreciable 
downsizing of the national hot laboratories has been seen. At the same time the hot laboratories are faced 
with higher demands regarding advanced research tools in response to the more fundamental research 
needed to feed the modern in-depth modelling, as opposed to the more engineering directed research in the 
past. As a result the hot laboratories are facing more complex loads in a more stringent environment (i.e. 
more costly research assignments), with reduced funding and a restricted new crew. 
 
The co-ordination action HOTLAB aims to initiate a common strategy on how to respond to future needs 
more collectively. The general objective is to assess the European hot laboratories research capacity and its 
aptitude for supporting the nuclear industrial and research community both at present and in the future. An 
ultimate goal is also to preserve appropriate nuclear research infrastructure in Europe by combining the 



best available competences at the highest quality. This project should be looked at as a first step in the 
integration process.  
 
8. Outlook towards FP7 
 
Although it is still premature to indicate specific contents of the Euratom Seventh Framework 
Programme, preparatory discussions have already started. It is expected that the coming financial 
prospective will be positive. Infrastructure support has been mentioned as one of the five axes 
considered for FP7 and will play a significant role for the reinforcement and consolidation of the 
European Research Area. 
 
Conclusions 
 
The availability of proper research infrastructures is an absolute pre-requisite for the future 
development of research in Europe. Giving the increasing costs of infrastructures and the limited 
funding available an overall approach to infrastructures will be required at the European level. First 
steps in this direction have been taken in FP-6, and is expected to continue in FP7. 
 
The Euratom Framework Programmes have already created a co-operative environment at European 
level, also representing an advanced development for the creation of the European Research Area 
(ERA) in nuclear domains as main objective of Euratom Sixth Framework Programme (FP-6). 
 
Nuclear research infrastructures are needed to contribute to ERA, as well as to preserve nuclear 
knowledge and to maintain nuclear energy as open option for the future. A co-ordinated European 
approach should be sought. 
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ABSTRACT 
 

The first generation of nuclear power began in the early 1960s with the development and 
construction of early prototype reactors. The second generation began in the 1970s with 
startup of the majority of the large commercial power plants that are still operating today. 
The third generation of nuclear power includes recent evolutionary water-cooled reactor 
designs that offer significant advances in safety and economics.  Several generation III 
plants have been built, primarily in East Asia. The possibility for further step improvements 
in plant economics, safety, reliability, waste reduction, and proliferation resistance has been 
recognized for many years.  These advances in plant performance require corresponding 
stepwise advances in supporting technology.  The promise of increased plant performance 
based on innovative designs has renewed interest in the development of nuclear technology 
worldwide.   Ten countries have joined together to form the Generation IV International 
Forum (GIF) to develop the technology necessary to deploy Generation IV nuclear energy 
systems within the next three decades, when many of the existing power plants will be 
ready for retirement.  Of the hundreds of concepts initially considered, six reactors have 
been targeted for further development.  These are the Very-High-Temperature Reactor 
(VHTR), the Supercritical Water-cooled Reactor (SCWR), the Sodium-cooled Fast reactor 
(SFR), the Lead-cooled Fast Reactor (LFR), the Molten Salt Reactor (MSR), and the Gas-
cooled Fast reactor (GFR).  Because of the emphasis on higher power generation 
efficiency, hydrogen production, and increased fissile resource utilization, demands on 
fuels and materials in these systems are increased relative to current systems.  Development 
of new fuels and materials and the extension of the operating database of existing fuels and 
materials is thus key to development of Generation IV systems.  Research and test reactors 
will play a key role in development of next generation nuclear systems through the 
execution of irradiation tests in these critical areas. New capabilities may be required in 
order to meet generation IV research and development needs.   
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ABSTRACT 
 

The so called “Gas Technology Path” is a practical guideline for a sequenced development 
of high temperature gas cooled reactors. It has been selected as main focus for CEA R&D 
plans on future nuclear energy systems, as a result of an early technology roadmap 
performed at the end of 2000. The selection of this research objectives originates both from 
the significance of fast neutrons and high temperature for nuclear energy to meet the needs 
anticipated beyond 2020/2030, and from the significant common R&D pathway that 
supports both medium term industrial projects and more advanced versions of gas cooled 
reactors. The paper succinctly presents the R&D program launched in 2001 by the CEA 
with industrial partners on the “Gas Technology Path”, which is destined to become the 
contribution of France to the development of the VHTR and the GFR within the next phase 
of the Generation IV Forum. Insights are given on the CEA involvement for other 
innovative technologies. 

 
1. Introduction: the international and the national context 

 
Research and Development work on future nuclear energy systems in France applies to innovative 
reactor, fuel and the fuel cycle technologies, beyond the options developed for current industrial 
projects.  These researches are organized in two major strategic axes: 1) 4th generation nuclear energy 
systems with a main focus on the development of gas-cooled systems, and more prospective activities 
on other candidate technologies ; 2) Innovations for fuels and systems of pressurized water reactors. 
Companion studies on scenarios of electronuclear development and on techno-economic evaluations, 
participate in the orientation of these researches for innovations and ensures the global coherence. 
Since 2000 the CEA led an internal reflection on the most promising technical options for systems (i.e. 
reactors & fuel cycles) of the 4th generation allowing a sustainable energy development, and likely to 
meet the following criteria, widely shared internationally: a strengthened economic competitiveness 
(notably by the reduction of capital costs); an increased security as well as an increased safety, during 
the plant operation, in accidental situations, and regarding risks of proliferation; a reduced impact on 
the environment by a flexible and effective use of nuclear fuel and available resources and by a 
considerable reduction of the long-lived radioactive elements in the ultimate waste; a capacity for 
other applications than the production of electricity, such as the production of hydrogen or the 
desalination of the sea water. 
Given the significance of fast neutrons systems, closed fuel cycles and high temperature to meet these 
goals, the CEA developed a specific interest in a consistent set of gas cooled systems supported by a 
significant common R&D pathway and offering opportunities for a sequenced development in three 
stages: a modular reactor with high temperature (850 °C) for the international market around 2020, an 
up-graded version to very high temperature (> 950 °C) for the massive production of hydrogen, and a 
system with fast neutrons with full recycling as a vision of sustainable nuclear technology. The assets 
of this set of gas cooled nuclear systems have been confirmed by the Technology Roadmap of the 
Generation IV International Forum in 2001-2002, which led to select the VHTR and the GFR among 
the six Generation IV systems to be developed internationally in the next phase of the Forum. 
The activity of the CEA on other 4th generation systems aims to share the past expertise acquired in 
France on sodium cooled reactors in the Generation IV Sodium Fast Reactor (SFR), as well as to 
further assess the viability and the potentialities of more prospective Generation IV systems such as 
the Supercritical Water cooled  Reactor (SCWR) and the Molten Salt reactor (MSR). 
 

 



2. High Temperature Gas cooled Reactors: a pathway of privileged development 
 

The use of helium allows to reach high conversion efficiencies, while enabling to make use of gas 
turbines, which made considerable progress and constitute today the most efficient conversion 
technology.  
Gas cooled reactors benefit from a number of attractive features:  
In terms of security and safety: the conductive, refractory and highly confining fuel form allows for a 
very robust behaviour in accidental situations;  
In terms of economic competitiveness: a high potential is afforded by a high energy conversion 
efficiency, a simple design of the primary system (with direct conversion), a probable short duration of 
construction, that should result in a reduced investment. 
The main steps of the envisioned gas cooled systems sequenced development path are the following: 
1) By 2015-2020, the development of a modular reactor of 300 megawatts cooled by high temperature 
helium (850 °C), including the realization of an industrial prototype by 2015;  
2) The domain of the very high temperatures (greater than 950°C with the VHTR) opens a field of 
applications beyond the production of electricity such as hydrogen generation to produce synthetic 
hydro-carbide fuels to replace oil in a few decades; furthermore, co-generation contributes to 
improving the competitiveness of nuclear power;  
3) Besides, a technical and economic evaluation of seawater desalination processes likely to be 
coupled with high temperature reactors was conducted within the framework of the European project 
Eurodesal;  
4) Beyond the development of a modular HTR and that of the VHTR, the investigation of a gas cooled 
fast neutron system (GFR) with innovative refractory fuel and integral recycling of transuranic 
elements has been launched to re-assess by 2030 the potential of gas as an alternative to liquid metals 
to cool fast neutron cores.  

Development of a consistent portfolio of gas cooled systems  
The selection of a set of gas cooled systems as 
guideline for the developments or future 
nuclear energy systems is simultaneously 
motivated by the support to the strategy of 
Framatome-ANP to widen the range of 
commercialised reactors through the 
development of a high temperature gas cooled 
reactor of 300 MWe, and the interest of the 
CEA - confirmed by the Forum Generation IV 
- to study the possible adaptations of this 
system either towards very high temperatures 
for the production of hydrogen, or towards fast 
neutrons to attain essential features of 
sustainable nuclear systems such as breeding 
fertile fuels and burning all actinides. 

Figure : The “Gas Technology Path” for a sequenced  
development of high temperature gas cooled reactors.  
 
3.  Participation in the development of a modular high temperature reactor (HTR) 

likely to meet international market needs by 2020  
 
The current R&D program led in partnership with Framatome-ANP and EDF to support the 
development of a modular high temperature reactor likely to meet international market needs by 2020 
includes the main following items: 
Core, fuel and cycle : 1) The re-manufacture of standard TRISO fuel particles (2004), with first 
irradiation tests within the Osiris reactor in the year 2005 and the objective of a validation by 2010 for 
an industrial use; 2) The development of innovative technologies for the management of the waste 
generated by the operation of HTR reactors (2006) with the objective of a validation before 2012 for 
industrial applications. 

 



Design and safety : 1) The exploitation of the experience gained on the HTR technology through the 
CEA documentary base from the years 1980s and sharing the European experience through the 
network HTR-TN set up within the framework of the 5th European R&D Framework Program; 2) The 
development of a validated platform (2006) of computational tools and procedures for the design 
studies of gas cooled reactors; 3) Economical data assessment leading to electricity and hydrogen 
production costs. 
Technology and components : 1) The selection and the validation before 2006 of the best materials 
for a technologically updated HTR; 2) The deployment from 2003 to 2006 of a set of helium benches 
and test loops, to experiment the important technological aspects of high temperature helium systems 
and for simulating normal or accidental operating conditions. 
 
4.  Participation in the development of the VHTR system within the framework of the 

Generation IV International Forum 
 
The CEA is a partner of the United States, Japan and other member countries of the Generation IV 
Forum for the development of the Very High Temperature Reactor (VHTR). The R&D plan aims to 
resolve viability issues by 2010 and to confirm the performances in 2015.  
The main axes of R&D for the VHTR are the production of hydrogen by the iodine/sulfur thermo-
chemical cycle, the technology of very high temperature materials and components (1000°C) required 
by this process and the intermediate heat exchanger, and the development of fuels offering increased 
margins for operation at very high temperature. The contributions of the CEA in these fields will be 
the following: 
Design and Safety : 1) Support to the design studies of the VHTR system, both in terms of supply of 
validated procedures of calculation and direct participation in the studies; specific contributions are 
expected to the studies of coupling modes of the reactor to the hydrogen production processes by 
thermo-chemical cycle or high temperature electrolysis; 2) Participation in the assessment and 
development of the hydrogen generation processes with the objective to compare around 2006 the 
performances, the co-generation modes and the coupling features of the Sulfur-Iodine (S-I) cycle 
process with those of the high temperature electrolysis (HTE); 3) For the HTE, a programme of 
development is launched within the 6th European Framework Programme. 
Core, fuel and fuel cycle : 1) Development of fuel particle with ZrC coating optimised for the VHTR 
with the objective of a validation by 2013 for an industrial application; 2) Continuation, beyond the 
objectives retained for the medium term modular project, of the R&D effort to develop a process for 
the treatment of spent fuel particles and to develop a technology for the management of the waste 
generated by gas cooled reactors, with the objective of a validation before 2012 for industrial 
applications.   
Technology and components : The R&D on materials for the gas technology represent one of the key 
effort for the CEA contribution to the Gen IV activities. The material technologies that have to be 
investigated are those of respectively, medium temperature (~ 450-650°C) for vessel structures and 
cold internals, high temperature (~ 650-950°C) for primary circuit, recuperator, intermediate heat 
exchanger, turbine component and very high temperature (~ 1000-1650°C) for core and hot gas facing 
components. The assessment and the development of hydrogen production processes including the 
iodine/sulphur thermo-chemical cycle and the high temperature electrolysis is part of the program. 
 
5.  Participation in the development of the GFR system within the framework of the 

Generation IV International Forum 
 
As for the VHTR, the CEA is a partner of the United States, Japan and other member countries of the 
Forum Generation IV for the development of the Gas Fast Reactor ( GFR ) with fast neutrons and 
integral recycling of the fuel. The R&D plan of the GFR aims to resolve viability issues by 2015 and 
to confirm its performances by 2020. Beyond the developments of high temperature materials, 
components and conversion systems, which are also necessary for the VHTR, the specific viability and 
the performances of the GFR is based:  
• On the development of new fuels capable of transposing into the fast neutron spectrum the attractive 

features of the particle fuels (high temperature resistance, confinement of fission products, 
reasonable thermal conductivity);  

 



• On the development of processes for the treatment of the spent fuel and re-fabrication for recycling 
offering sufficient potential to be economic, compact and optionally set-up on the production site;  

• On the development of a set of redundant and diversified safety systems capable of managing all the 
accidents conditions, and in particular the accident of depressurisation. 

GFR - Design and safety 
• Design studies to select the design options and operating parameters of a reference system (2003).  
• Participation in GFR system studies to resolve technological showstoppers (2015), to confirm the 

performances of the system (2020) and to prepare the decision for an international demonstrator; 
• Development and validation of the computational tools for the design of the GFR, beyond the needs 

identified for the VHTR;  
• Study of GFR's demonstrator international project (reactor and fuel cycle plant) on the horizon 2022 

according to the following schedule: selection of options (2008-2010), pre-conceptual design studies 
( 2011-2012 ), conceptual studies (2013-2014), then final design studies (2015-2017). 

After the completion of one year of parallel exploratory studies within the framework of the France-
US I-NERI Project on the GEN IV GFR, agreement has been reached on the design goals and criteria, 
and a number of design and safety options have already been selected for: 
• fuels and materials: an innovative block/plate type dispersed fuels (carbide fuel dispersed in a SiC 

matrix, with also the use of SiC as in-core structural material) was selected as reference; 
• core design: based on common neutronics and thermohydraulics characterization, it is found that the 

block/plate core design can be optimized in the range of parameters 50/50 to 70/30 (for the dispersed 
fuel/matrix composition) and 50 to 100 MW/m3 for the volumetric power with the recommendation 
to be ultimately as close as possible to 100 MW/m3 (Pu inventory criteria); 

• decay heat removal function: consensus on a well balanced mix between passive and active systems; 
• primary system: French studies achieve completion of a preliminary design for a small size (<300 

MWe) reactor system;  
• balance-of-plant (BOP): the direct cycle remains the reference but considerations of indirect cycle 

and hydrogen generation schemes remain to be investigated during the second year. 
So, concerning the Design and safety activity, a preliminary definition of the whole system has been 
completed. The proposed reactor concept offers attractive characteristics regarding Generation IV 
missions and criteria. It uses a direct Brayton cycle and proven HTR technology whenever possible. 
Implementation of GFR-specific safety systems is proposed, based on a consistent safety approach 
supported by preliminary transient analysis. Size studies (300 to ~1000 MWe) in relation to core 
design (recovery of margins on the fuel design), complementary transient analysis and safety studies 
will be performed in the near future. A consistent R&D program is being defined to sustain on a long 
term view, the GFR conceptual design and assessment, including identification of the technological 
feasibility issues and of the major experimental demonstration. 
Core, fuel and cycle  
The orientations retained for the fuel and the fuel cycle processes were defined in 2001: 
• Selection in 2004 of a reference technology for the fuel and the core materials to be first validated 

through irradiation tests in experimental reactors (Osiris and Phénix (2005-2007 )), and then tested 
after 2014 within an experimental reactor representative the GFR operating conditions 
(Experimental and Technology Demonstration Reactor (ETDR)); several activities are led in parallel 
on: Actinides compounds; Inert materials; Interactions inert – actinides; Development of fuels;  

• Behaviour of fuels under irradiation : a specific program, FUTURIX-Concepts has been launched.  
It is aimed at assessing the viability of several fuel concepts under neutron flux. 

• Development, on the basis of experiments in the Atalante hot Laboratory and in the Laboratory for 
advanced fuel development (LEFCA), of processes for spent fuel treatments and fuel re-
manufacturing for recycling, that are sufficiently simple, compact to be economical, and likely to be 
set-up on the nuclear site: pre-selection of processes in 2004, demonstration of scientific feasibility 
(2008), development of the processes and the associated technologies (2008-2020), demonstration of 
treatment/re-fabrication of 1 kg of GFR fuel (2012).  

• Report in 2006 on feasibility and safety options for the ETDR (30 MWth) planned to start in 2014; 
Technology and components 
• Development of materials and specific components for the GFR system (internal structures of the 

reactor under fast flux, in and out vessel heat exchangers for the systems of decay heat removal); 

 



 

• Realization of tests in the conditions of the GFR on helium benches and technological loops for the 
helium systems at very high temperature; 

• Validation of the safety principles of the GFR on the experimental reactor ETDR (2014). 
 
6.  Summary of the large experimental facilities planned for the “Gas technology Path”  
 
The development of the considered set of gas cooled systems (Modular HTR for 2020, VHTR for the 
co-generation of hydrogen, and GFR with fast neutrons and integral recycling for enhanced 
sustainability) requires the following large experimental facilities to be developed in the international 
frame of the Forum Generation IV: 
• The technological helium loop Helite in the range of 1MW planned in 2006 for testing components;  
• The helium system Loop (Hello, 20 MW) planned for 2009 to test large components, to simulate 

normal and abnormal operating transients of gas cooled systems with direct conversion, and to 
validate code predictions of these operating sequences; 

• The Experimental and Technology Demonstration Reactor (ETDR - 30 MWth) intended to validate 
after 2014 GFR fuels and core materials in representative conditions, and to contribute as much as 
needed in the international context to validate useful technologies for other gas cooled systems (first 
selection of ETDR options in 2003, conceptual design in 2006, final design in 2009); 

• Demonstration in an integrated facility, of the operations on the GFR fuel cycle, in terms of 
performances and production of waste ( 2012 ); 

• GFR demonstration reactor around 2022 to conduct representative tests of the reactor, then 
representative tests of the fuel cycle after 2025. 

 
7.  Participation in the development of the other systems within the framework of the 

Generation IV International Forum 
The CEA participates in the development of the Sodium Fast Reactor system (SFR) with the objective 
to share the expertise acquired in France on Phenix and Superphenix, to participate in further 
investigations on key issues for sodium cooled reactors (in service inspection and maintenance, 
sodium risks, management of severe accidents), as well as to contribute to the development of key 
technologies for the Generation IV version of this type of system: minor actinides bearing fuels, 
supercritical CO2 gas turbine. In parallel, the evaluation of the potentialities of reactors cooled with 
supercritical water and with molten salts, which developed within the framework of European 5th 
R&D Framework Program, will be extended in 2004 through the participation in the evaluation of 
Generation IV Super Critical Water cooled Reactor (SCWR) and Molten Salt Reactor (MSR). The 
CEA will be involved particularly in the system and safety studies of reactors with supercritical water, 
as well as in system and safety studies, scenarios studies, and R&D on salt treatment processes for 
molten salt reactors. 
 
8.  International collaboration as main path forward to develop the Generation IV 

systems 
As a consequence of the Technology Roadmap in 2000 that led it to focus future nuclear energy 
systems studies on a consistent set of gas cooled systems, the CEA included R&D items relevant to 
this “Gas technology Path” in renewed versions of the collaboration agreements with Japan, United-
States and Russia. The cooperation in Europe in this field developed in the 5th R&D Framework 
Program at the initiative of the HTR Technology Network. The R&D work that has been launched 
since 2001 as a national program on gas cooled nuclear systems is appealed to further develop within 
the Generation IV International Forum, as the potential of the considered set of gas cooled systems to 
meet international market needs in the medium term, to enable efficient hydrogen production in the 
longer term (VHTR), and to ultimately afford sustainable nuclear production (GFR), was confirmed 
by the technology roadmap conducted by the Forum. Besides, CEA will maintain innovative research 
on the mature technology of sodium cooled reactors through an active participation in the development 
of the Generation IV Sodium Fast Reactor (SFR). With a lower priority, the CEA will proceed with 
the assessment of feasibility and performance of more prospective nuclear systems by participating to 
system studies on the Generation IV Supercritical Water cooled Reactor (SCWR) and Molten Salt 
Reactor (MSR). 
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ABSTRACT 
 

The French fast reactor prototype PHENIX was put on commercial operation in July 1974. 
A total time of power operation of the plant of 100000 hours was reached in September 
2003. Since the early nineties, the role of the reactor as an irradiation facility has been 
emphasised, particularly in support of transmutation R & D programme of CEA in the 
context of the December 30th  1991 French law on long lived radioactive waste 
management. This new objective required an extension of the planned reactor lifetime. A 
major renovation programme was carried out on the plant from 1994 to 2003: It was 
completed in February 2003. The following power increasing during 2003 is described. 
A first series of experimental irradiations have been loaded into the core, as part of CEA 
studies on transmutation of minor actinides and long lived fission products. 
These experiments involved: 
- Inert matrices for heterogeneous mode transmutation. 
- Americium targets located in special moderator carriers. 
- Technetium 99 metal pins. 
- Isotope irradiations for cross section measurement. 
The return to power operation of the reactor is also significant in the context of the 
GENERATION IV Forum. It will contribute to gain further operating experience on 
sodium cooled fast reactors, one of the six concepts selected by the Forum, in the frame of 
strong international collaboration particularly with Japanese reactors JOYO and MONJU. It 
will also provide irradiation capability for material and fuel R&D on all the other types of 
fast breeder reactors such as gas-cooled fast reactor. 
 

1. Introduction 
 
The French fast reactor demonstration prototype : PHENIX, located at Marcoule, in the Gard 
department, with a nominal 250 MWe power rating (563 MWth), was commissioned in 1974. The 
plant has achieved the objectives of demonstration of fast breeder reactor technology which were set at 
the time of construction, including the following significant examples:  
Average burnup increasing from 50,000 MWd/t to 100,000 MWd/t, with maximum burnup exceeding 
150,000 MWd/t. A measured breeding ratio of 1.16, which resulted in the loading of the first fuel 
assembly made with reprocessed plutonium in 1980. Gross thermal efficiency of 45.3%, allowing the 
production of over 20 billion kWh. Maintenance and operating ease due to a low dosimetry (overall 
dose to operators of 1,820 Man-mSv since start-up). 
From 1992, the role of PHENIX as an irradiation facility has been emphasised, particularly in support 
of the CEA R&D programme in the context of line 1 of the December 30th 1991 law on long-lived 
radioactive waste management. The first experiment, called SUPERFACT, led to the incineration of 
minor actinides (neptunium and americium). This programme was further strengthened in 1997, to 
compensate for the shutdown of SUPERPHENIX. It involves transmutation of Minor Actinides and 
Long-Lived Fission Products.  
Since 1993, the reactor has been operated at two third of its rated power (about 140 MWe) using only 
two out of three secondary loops. 
The new objectives set by the PHENIX power plant led to an increase in operating life beyond the 
period originally planned at the time of start-up. In order to extend operations, the CEA undertook a 
safety revaluation of the plant and major renovation works. 



2. Plant Renovation 
 
The studies started in 1993 and the renovation work in 1994. It was divided into two phases, separated 
by the 50th cycle of operation in 1998. 
Safety up-grading emanated from the re-evaluation of installation safety in light of the current 
standards, primarily in the areas of earthquake resistance, spray sodium fires and water and steam pipe 
rupture. In order to guarantee the main safety functions with respect to reactor shutdown, to the decay 
heat removal and to the confinement of radioactive materials, in all the aforementioned accidental 
operating conditions. 
The renovation programme consisted mainly of: 

- the seismic reinforcement of the plant buildings, 
- the addition of a safety control rod to the reactor, 
- the partitioning of the secondary sodium circuits in the Steam Generator building to improve 

protection against sodium fires, 
- the installation of an anti-whip system on the high pressure steam pipes, 
- the construction of two redundant seismic resistant emergency water cooling circuits, 
- the repair of the superheater and reheater SG modules, 
- special inspections of the reactor internal structures: core support conical shell and core cover 

plug. 
- the ten yearly statutory maintenance. 

It was completed in February 2003  
 
3. Resumption of power operation 
 
From March to June 2003, the secondary sodium circuits were recommissioned. The overall 
requalification of the reactor was performed at increasing temperatures of primary sodium, from 180° 
to 400°C, together with the steam plant. 
The reactor was taken critical on the 15th of June, connected to the grid on 4th of July and reached 
nominal power on the 6th of July. The following diagram shows the operation of the plant during the 
year 2003, equivalent to 28 full power days.  

 
 

Figure 1 – Operating diagram - 2003 
 

4. Experimental irradiation Programme for transmutation  
 
An important research programme for the study of transmutation is currently underway. This work 
aims to provide the technical demonstration of the intended concepts by experimental validation. 
 
4.1. Generic Irradiation 
This programme’s first objective is to acquire basic physical data and understanding of the behaviour 
under irradiation of the fuel and the new materials (actinide targets, matrices, moderators…) intended 
for use in transmutation.  



4.1.1. Neutronic Data 
Reliable estimation using neutronic calculation tools, of the yields from the transmutation of minor 
actinides or long-lived fission products, assumes good understanding of the cross-sections of the 
various nuclei involved in the corresponding transmutation chains, in neutronic flux conditions which 
are characteristic of the type of recycling under consideration (fast spectrum or locally moderate). The 
experiments planned between 2003 and 2005 at PHENIX meet this objective. PROFIL-R : irradiation 
under fast flux of 2 special pins containing a few milligrams of separated isotopes of minor actinides 
and long-lived fission products, and PROFIL-M: irradiation under locally moderated flux of 6 mini-
pins containing a few milligrams of separated isotopes of minor actinides and long-lived fission 
products. 
 
4.1.2. Structural Materials 
The goal of the programme is the study, of new structural materials, primarily cladding, able to 
withstand the high neutronic fluences inherent to FBR., to meet the ambitious objectives (up to 200 
dpa ) retained for the scenarios which involve the FBR and the hybrid systems. From this standpoint, 
the solution appears to lie in the range of classic ferritic-martensitic steels (EM10, EM12, T91) or with 
the oxide-dispersion strengthened steels (new CEA grades or JNC/ODS). The following experiments 
are currently underway at PHENIX : 
- JNC P5 and JNC P6-1 : irradiation of austenic steel subassemblies for JNC (Nuclear Cycle 

Development Institute). 
- ELIXIR : material sample irradiation of reference steel grades (304, 316) and replacement steel 

grades (for example, 316 Ti) of the PWRs internals, and samples of low activation martensitic 
steels contending for use in the blanket modules in future fusion reactors. 

 
4.1.3. Moderating Materials 
Conducting experiments such as ECRIX H and B, ANTICOR 1, PROFIL-M and CAMIX-COCHIX, 
described in the following, requires the design and production of special irradiation carriers which can 
create a moderate neutronic flux locally in the core or in the radial blanket, and enhance the 
transmutation kinetics. Preliminary studies, which take into account the many constraints specific to 
FBR operation and also the already available data on potential materials, have resulted in designing 
two types of carriers :  
- DMC 1 (11B4C moderator) for the ECRIX B and PROFIL-M irradiation experiments, 
- DMC 2 (CaH2 moderator), for the ECRIX H, ANTICORP 1, and CAMIX-COCHIX irradiation 

experiments. 
 
4.2. Fuels For Homogeneous Transmutation 
 
For homogeneous recycling, the elements to be transmuted are diluted in fuel (UPu)O2. Experimental 
studies will focus on the possible consequences of the addition of minor actinides on the magnitudes 
related to fuel performance (redistribution of the fissile species, production of helium, oxygen 
potential).Two fuel types are studied : 
- Oxide Fuel 

Experiments conducted at PHENIX (SUPERFACT 1 in 1990) and in the PETTEN HFR reactor 
(TRABANT 1) have shown that when a small quantity of minor actinides is added (2% d'Am, 2% 
or 5%  Np depending on the case), homogeneous oxide type fuels continue to perform in a similar 
manner to the performance shown by standard FBR fuel. 

- Metallic Fuel 
The CEA also seeks to evaluate the performances of a metallic FBR fuel in the presence of a low 
percentage of minor actinides, for this fuel is attractive for cycles using pyrometallurgy. The 
METAPHIX irradiation experiments performed within the scope of a contract with the ITU 
(Institut des TransUraniens of European Union) for the Japanese CRIEPI (Central. Research 
Institute for Electric Power Industry) met this objective.  
The experiment consists of irradiating metallic UPuZr fuel containing different quantities of minor 
actinides and rare earths (0, 2 and 5% in weight). The experiment, scheduled to last from 2003 to 
2007, consists in the irradiation of 3 identical rigs which each undergo a different length of 



irradiation: 120 EFPD (METAPHIX 1), 360 EFPD (METAPHIX 2) and 600 EFPD (METAPHIX 
3). 
 

4.3.1. Selection of the Matrix 
The studies focus exclusively on inert matrices from the standpoint of plutonium production, as 
compared to uranium or thorium oxide. The results from the first experiments conducted on the 
subject (MATINA1, T3, THERMHET and TANOX) led to the continuation of the experiments with 
emphasis on the following: 
- The magnesia matrix (MgO) to the detriment of the spinelle matrix (MgAl2O4), 
- The macromass Ceramic-Ceramic concept (referred to as CERCER) as compared to the 

microdispersed, to limit damage to the support matrix,  
- Rather high target operating temperatures so as to enhance restoration of the defects caused under 

irradiation and the diffusion of the helium outside of the pellets. 
The irradiation experiments planned on the "matrix damage" theme at PHENIX are : 
- MATINA 1A, which is a re-irradiation of the MATINA 1 experiment which was dismantled in 

1996 and which will result in completing the understanding of the potentially most interesting 
matrices’ behavior under irradiation, up to fast flounce near  6.1026 n m-2. 

- MATINA 2-3 (scheduled in 2004-2006), whose objective is to test the behavior under radiation of 
the CerCer targets with a MgO matrix and macrodispersed particles and of the new materials 
(pyrochlore Ce2Zr2O7 and yttriated zirconia ZrYO compounds), up to fast fluence around 13.1026 
n m-2. The microdispersed concept has also been retained with the view of reaching fluence over 
that of MATINA 1 and 1A for this type of target, and to provide for direct comparison with the 
macromass concept. 

 
4.3.2. Compound Selection 
Within the scope of the studies on the transmutation of minor actinides, attention quickly focused on 
the oxides (as opposed to the nitrides or the carbides), and in particular americium oxide AmOx (1.5 < 
x < 2), as the compounds to receive priority evaluation as support for the americium. Today, AmOx 
remains the reference compound used for the targets. 
Now, we are currently seeking to evaluate the potential of compounds where the actinides are 
incorporated into a zirconia-based material (AmZrY)Ox or in a Am2Zr2O7 pyrochlore structure. As 
compared to AmOx, these compounds are expected to have both a wide domain of definition of the 
cubic phase of the fluorite or pyrochlore type. 
4.3.3. Irradiations Of Complete Targets 
 
Incineration Of The Minor Actinides 
Concerning the technical feasibility studies for the incineration of americium in FBR in the 
heterogeneous mode and in one single passage (the "Once Through" solution), experiments got 
underway in 2003 to test the incineration of americium in a FBR in the form of targets on an inert 
MgO support in locally moderate spectra. More specifically, the ECRIX programme includes the 
ECRIX -B and ECRIX -H irradiation experiments, with an identical americium target (AmOx) and 
different irradiation conditions: the neutronic irradiation spectrum will be moderated by two different 
materials: the 11B4C for ECRIX -B and the CaHx for ECRIX -H. New irradiations using americium 
are planned after ECRIX (CAMIX/COCHIX at PHENIX in 2004-2006 and T5 in HFR), primarily to 
open the field to choices of americium compounds/targets, which have been optimised with respect to 
ECRIX. 
Thus, the CAMIX/COCHIX experiment, which has been subcontracted to ITU, will take place in the 
locally moderate spectrum using CaHx and includes two distinct objectives: 
- CAMIX, which concerns optimisation of the actinide compound and evaluation of the alternative 

compounds. Attention is devoted to both a solid solution (Am,Zr,Y)Ox with low americium content  
(≈ 6% atomic) which will directly make up the target material and to solid solutions (Am,Zr,Y)Ox 
with high doses of americium (≈ 20% atomic) for the particles dispersed in the magnesia. 

- COCHIX, which consists in the study of the macrodispersion of the Am compound in the inert 
matrix. 

Grouping all of these new materials within the same experimental setting will provide for decisive 
comparative elements for the choice of the optimal incineration concept for americium in FBR. 



Incineration Of Long-Lived Fission Products 
The irradiation experiments currently planned focus exclusively on the transmutation of technetium. 
Thus, the objectives of the ANTICORP 1 experiment planned for 2003 to 2006 are to provide the 
technical demonstration of the transmutation of 99Tc to about 30 at.% in a FBR and to validate the 
neutronic calculations of the transmutation rate in the experiment. 

 
Figure 2  Location of experiments in the core 

5. Generation IV 
 
In the generation IV choice, four of the systems chosen concern fast reactors. In the context of this 
choice, Phenix has two objectives : 
1. As a sodium fast breeder reactor it is representative of one of these concepts. 

All the Phenix experience is useful for the future development of this type of reactor objectives. 
Strong collaboration with Russian and Japanese similar reactors is maintained to increase the 
international experience of the group. 

2. Phenix, as fast sodium reactor, offers the capability for testing material and fuel for the new fast 
reactor concepts especially, for the gas fast reactor. 

 
The experiments under preparation for those points are the following : 
- Futurix/Concept : to study the behaviour of new fuel concept for the gas fast reactors. 
- FUTURIX/FTA (FUels for Transmutation of transUranien elements in PHENIX/Fortes Teneurs en 

Actinides – High Actinide Content) irradiation experiment is part of a collaboration between the 
DOE, ITU, CEA and JAERI (Japanese Atomic Energy Research Institute). 
The DOE seeks to irradiate four fuels, including two zirconium-based metallic alloys, with and 
without uranium (U-Pu-Am-Np-Zr and Pu-Am-Zr) and two nitride fuels, also with and without 
uranium ([U,Pu,Am,Np]N and [Pu,Am,Zr]N). The ITU plans for two Ceramic-Metal type fuels, 
with a macromass base of (Am,Pu,Zr)O2 dispersed in a molybdenum (Mo) metallic matrix. The 
CEA proposes two Ceramic-Ceramic fuels of the (Pu,Am)O2 particles type micro-dispersed in a 
magnesia (MgO) matrix. 

- FUTURIX/MI experiment to evaluate the behaviour under irradiation and in temperature of inert 
materials (with no fissile matter) identified as potential candidates for the structure materials and 
the fuel elements of future fast reactors with gas coolant. These materials are made of carbide type 
ceramics (SiC, TiC, ZrC, …) or nitrides (TiN, ZrN, …), and refractory metals (Mo, Cr, …). 



6. Conclusion 
 
A vast modernisation programme at the PHENIX plant was achieved. The works, performed from 
1994 to 2003, accounted for approximately 3 million hours. Power operation of the plant was resumed 
successfully in June 2003. 
 
An important knowledge has been gained from the expert evaluations conducted on the materials and 
the components, after 100,000 hours of operation in real use conditions. Likewise, the methodology 
developed to extend plant lifetime, and the development of special inspection tools have resulted in 
significant progress for R&D and greatly increased expertise from which the entire nuclear 
programme will benefit. 
 
Six operating cycles are now planned representing a total irradiation time of 720 EFPD equivalent to 
about 5.5 years of operation. 
 
Thus the reactor will be able to carry out the irradiation experiments in the field of transmutation of 
minor actinides and long-lived fission products, and also for material and fuel R & D on future fast 
reactors. 
 
The return to power operation of the reactor is also significant in the context of the GENERATION IV 
Forum. It will contribute to gain further operating experience on Sodium Cooled Fast Reactors, one of 
the six concepts selected by the Forum, in the frame of a strong international collaboration. 
 
It will also allow to study material and fuel behaviour under fast flux, for the gas fast reactor project. 
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ABSTRACT 
 
The international effort to develop, qualify, and license UMo dispersion fuels is being 
carried out by programs in the United States, France, Argentina, and Russia.  The first three 
programs are currently engaged in testing mini-plates, full-sized plates, and elements in the 
range of 6 to 8 gU/cm3.  The Russian program is testing fuel assemblies with densities 
between 5 and 6 gU/cm3, which are the fabrication limits of the extrusion processes used 
there.  The western fuel plates are obtained by the rolling process. 
 
After recalling briefly the objectives and status of each program, a comprehensive summary 
is given on the results recently obtained under irradiation by the different contributors in 
regard of irradiation conditions. 
 
Recently discovered performance limitations under high operating conditions have 
significant consequences for the qualification of UMo dispersion fuel. Modification to the 
fuel design, which is necessary to overcome the limitations, will delay qualification. 
Updated plans and schedules for the full-sized fuel elements qualification tests and 
licensing aspects are finally presented. 

 
 
1. Introduction 
 
The principal programs and/or organizations involved in qualifying high-density LEU UMo dispersion 
fuel were detailed at the last RRFM meeting [1].  The U.S. Reduced Enrichment for Research and Test 
Reactors (RERTR) program at Argonne National Laboratory (ANL), the French U-Mo Group (CEA, 
CERCA, COGEMA, Framatome-ANP, and Technicatome), and the Argentine Atomic Energy 
National Commission (CNEA) are working on western plate-type fuel specimens manufactured by the 
rolling process. The particles used are ground, atomized, hydrided-dehydrided or machined, with 6 to 
10 wt% Mo content in the UMo alloy, and dispersed in an Al matrix with a total U density in the meat 
ranging between 6 and 8g/cm3. In Russia, where the principal organizations involved in the work are 
the All-Russia Research and Development Institute of Inorganic Materials (VNIINM), the Novosibirsk 
Chemical Concentrates Plant (NCCP), the Research and Development Institute of Power Engineering 
(RDIPE), the Institute of Physics and Power Engineering (IPPE), and the Joint Stock Company 



 

�TVEL�, most research and test reactors currently use tube-type fuel assemblies, for which the tubes 
are produced by extrusion, with fabrication limits between 5 and 6 gU/cm3. This paper reports briefly 
the objectives and status of each program, gives the main results obtained to date, and calls attention to 
performance limitations of the UMo dispersion fuel under high operating conditions. 
 
2. Objectives and Status of Each Program 
 
2.1 US RERTR Experiments 
 
The RERTR program has performed a number of irradiation experiments with small plates (RERTR-1 
through -5) to determine the basic irradiation behavior of U-Mo fuels, including the effects of different 
molybdenum contents, different powder production methods, different fission rates, and different 
temperatures.  The main characteristics of these experiments are summarized in Table 1.  The U-Mo 
powder for the RERTR-1 and -2 �micro plates� were produced by grinding processes that are not 
suitable for industrial-scale production. Subsequent tests have used powders produced by atomization 
or by an industrial-scale machining process. 
 

(a) Number of plates with dispersions of U-Mo binary or ternary alloy powder / Total number of plates 

Experiment RERTR-1 RERTR-2 RERTR-3 RERTR-4 RERTR-5 
Reactor ATR (US) ATR (US) ATR (US) ATR (US) ATR (US) 

Number of small plates(a) 20 / 32 22 / 32 43 / 47 25 / 32 27 / 32 
U-Mo powder(b) Gr, At Gr, At At Mach, At Mach, At 

Enrichment (% 235U) 19.5 19.5 19.5 19.5 19.5 
Fuel loading (g U/cm3) 4.0 4.0 8.5 6.0, 8.0 6.0, 8.0 

Max. Heat flux at BOL (W/cm2) 70 50 400 210(c) 320(c) 
Max BOL clad temperature (°C) 70 65 150 130(c) 175(c) 

Coolant velocity (m/s) 9.2 9.2 6.0 4.0 4.0 
Status of experiment Complete Complete Complete Complete Complete 

Number of irradiation cycles 2 8 2 7 3 
Total duration (days) 94 232 48 230 116 

Average burn-up at EOL (% 235U) 40 70 40 80 50 

(b) Gr = Ground, At = Atomized, Mach = Machined and Milled. 
(c) Uncertain values due to uncertainty in the reactor power at the experiment position 

 

Table 1:  RERTR program small plate irradiations (BOL= Beginning of Life, EOL = End of Life). 
 
The five tests are now completed.  Tests RERTR-1 and -2 were low temperatures scoping tests that 
contained a wide range of uranium alloys compositions. The main conclusion after post irradiation 
analysis of these first two tests was that uranium alloys with a molybdenum content between 6 and 
10% by weight showed excellent irradiation behavior at low temperatures [2].  The RERTR-3 test was 
designed to explore the higher-temperature behavior of these U-Mo/Al dispersion fuels.  Post 
irradiation examination allowed the characterization of U-Mo/Al interaction.  The formation of the 
aluminide interaction product appeared to be the only aspect of fuel behavior that is significantly 
affected by temperature.  The irradiation behavior of the U-Mo fuel itself was deemed athermal over 
the temperature range tested.  Based on the positive results of the first three tests, the two further tests, 
RERTR-4 and -5, were designed with larger, so-called mini plates that are more prototypic of full-size 
test reactor fuel plates and allow for more accurate post irradiation measurements.  It was initially 
concluded that U-Mo/Al dispersion fuel with uranium loadings of up 8g/cm3 performed very well 
under irradiation [3], but more recently it was noticed that coarse porosity have appeared between the 
matrix and the interaction phase when the fuel-Al interaction has consumed a major part of the Al 
matrix [4, 5]. 
 
2.2 French UMo Group Experiments 

 
The French UMo Group experiments, performed on full-sized plates with a density of 8gU/cm3, are 
summarized in Table 2.  For the two first tests, IRIS-1 in OSIRIS and UMUS in HFR, the powder used 



 

was produced by a grinding process.  For the two last experiments, IRIS-2 in OSIRIS and FUTURE in 
BR2, CERCA has adapted its proprietary fabrication process to accommodate atomized U-Mo fuel 
powder and has used that process to produce high-density full-sized fuel plates. 

 
Experiment IRIS-1 UMUS IRIS-2 FUTURE 

Reactor OSIRIS (Fr) HFR (Neth) OSIRIS (Fr) BR2 (B) 
Number of full-sized plates 3 2 / 2 4 2 

U-Mo powder Ground Ground Atomized Atomized 
Enrichment (% 235U) 19.75 19.75 / 35.00 19.75 19.75 

Fuel loading (g U/cm3) 8.0 8.0 8.0 8.0 
As-fabricated meat porosity (%) 11-13 11-13 1-2 1-2 
Max. heat flux at BOL (W/cm2) 140 175 / 250 240 340 

Max. cladding temperature at BOL (°C) 75 90 / 110 100 130 
Coolant velocity (m/s) 9 8 9 12 
Status of experiment Complete Failed Stopped Stopped 

Number of irradiation cycles 10 2 4 2 
Total duration (full-power days) 240 48 60 40 

Average burn-up at EOL (% 235U) 50 15 30 25 
Max. local burn-up at EOL (% 235U) 67 20 40 33 

 

Table 2:  French program irradiations on full-sized plates. 
 
The French program was mainly built to experimentally determine the effect of heat flux on the 
irradiation behavior of full-sized plates.  The values tested have been ~140 W/cm2 for IRIS-1 
experiment, ~240 W/cm2 for UMUS and IRIS-2, and ~340 W/cm2 for FUTURE. The objective was to 
reach a maximum local burn-up of 70% in each of them. The first experiment, IRIS-1, was designed 
with ground powder and low temperature (75°C).  The extensive program of post irradiation 
examinations has confirmed the very good behavior of the high uranium loading UMo7 and UMo9 
plates up to 240 full power days and peak burn-up of 67.5% [6].  The second experiment, UMUS, 
performed in HFR, was stopped after two cycles due to the failure of the 35%-enriched plates.  This 
experiment has shown that operating limits related to oxide (boehmite) thickness must be imposed on 
U-Mo fuel plates [7]. The third experiment, FUTURE, was irradiated in BR2 with a BOL clad 
temperature of ~130°C. At the end of the second cycle, and maximum local burn-up of 33%, an 
abnormal thickness increase, or plate pillowing, was detected in the hot spot region. So, it was decided 
to stop the experiment to investigate this local deformation.  The complete results of that investigation 
are presented later in this meeting [8].  The more recent experiment, IRIS-2, was performed in OSIRIS 
at the maximum BOL clad temperature of ~100°C. The thickness changes have been checked plate by 
plate and cycle after cycle. The behavior of the four plates was satisfactory during the first three 
cycles, but at the end of the fourth one, for a maximum burn-up of 40%, it was necessary to stop this 
experiment also, due to the abnormal change in thickness of all the plates.  So, in spite of a low level 
of BOL clad temperature (~100°C), the result of this last experiment was also unsatisfactory.  This 
result dictated major changes in the schedule of the western qualification program (see Section 4). 
 
2.3 Russian Program 
 
The Russian RERTR program is developing and qualifying U-Mo for the traditional tubes and for the 
new aluminum-clad pins.  The work on tubes is being carried out by RDIPE, NCCP, and IPPE.  The 
work on pins is being carried out by VNIINM, in collaboration with the U.S. RERTR program, and by 
NCCP. Irradiation to an LEU-equivalent average burn-up of 40 and 60% of two combined fuel 
assemblies, each containing two 5.4-gU/cm3, 36%-enriched U-Mo fuel tubes fabricated using 
atomized powder, has been completed in the IVV-2M reactor at RDIPE�s Sverdlovsk Branch [9].  Post 
irradiation examinations are now completed.  Detailed results will be presented elsewhere, and some 
conclusions are summarized in Section 3.  The next step in the qualification of tube-type U-Mo fuel is 
the development and fabrication of IRT-3M fuel assemblies for testing, first the MIR reactor at 
Dimitrovgrad and then in research reactors in Uzbekistan and the Czech Republic. Qualification of U-
Mo tube-type fuel is scheduled to be completed not early that at the end of 2007. 



 

Irradiation of mini-fuel pins with fuel meat densities of 4 and 6 gU/cm3 and containing both atomized 
and HD powders began last year, in the MIR reactor [10].  Following the end of the irradiation in 
August 2004 and a suitable cooling period, post irradiation examinations will be performed during 
2005.  In addition, irradiation of a full-sized U-Mo pin-type fuel assembly containing 5.3 gU/cm3 
began in September 2003, and will be completed as early as the end of 2007, in the 
WWR-M reactor at Gatchina, if upcoming calculations show that the power level of the assemblies 
can be increased [10].  Plans are being developed to test pin-type fuel assemblies in the MIR and in the 
IVV-2M reactors. Work is also underway to design and fabricate two assemblies each containing ~160 
fuel pins for irradiation tests in Uzbekistan [11].   
 

Experiment / Reactor IVV-2M MIR WWR-M 
Location Zarechniy Dimitrovgrad Gatchina 

Number and type of fuel assemblies (FA) 2 IRT-type FA 2 capsules  with 
32 FE 

2 WWR-M2-
type FA 

Type of fuel elements (FE) Tube-type FE Mini pins Pin-type FE 
U-Mo powder (a) Atomized At, HD Atomized 

Enrichment (% 235U) 36 19.7 19.7 
Fuel loading (g U/cm3) 5.4 4.0 � 6.0 5.3 

Max. heat flux at BOL (W/cm2) 120 90 67 
Max. cladding temperature at BOL (°C) 106 110 104 

Coolant velocity (m/s)  2.3 - 3 2.7 
Status of experiment Complete In irradiation In irradiation 

Total duration (full-power days)   600 
Average burn-up at EOL (% 235U) 40 - 60 (b) 50 60 

Max. local burn-up at EOL (% 235U)  75  
(a) At = Atomized, HD = hydriding / dehydriding. 
(b) Real values of average burn-ups are 22.2 � 33.3 % 235U and they correspond to average burn-ups of 40 � 60 

% 235U for the 19.7% enrichment.  
Table 3:  Current status of the Russian irradiation program on UMo FA dispersion fuels 

 
2.4 Argentine Program 
 
The CNEA is performing a development program to qualify the technology for the fabrication of UMo 
dispersion fuel for research reactors. Simultaneously, it is collaborating in the international effort to 
qualify the UMo alloy as a fuel material for this type of reactor. 
 
The activities performed in CNEA as part of the UMo development program during 2003 were 
initially mainly focused in the adjustment of the processes to produce UMo powder by the HMD 
process (Hydriding-Milling-Dehydriding) and to manufacture full-sized fuel plates.  These were the 
first steps in producing fuel elements for irradiation tests in the HFR in the Netherlands and in the 
RA3 in Argentina.  The adjustment of the fabrication procedures was performed with HMD powder, 
developed in CNEA, and with atomized powder. 
 
The results of setting up the fuel plate fabrication process showed, mainly with the HMD powder, an 
unexpected significant interaction between the UMo and the Al that produced an important reduction 
of the Al available in the meat and an increment in the porosity within the interaction layer.  These 
results seem to be consistent with the observations in irradiated samples from both failed and non-
failed plates and miniplates already mentioned in this report.  A summary of these observations is 
presented in this meeting [12]. 
 
As a consequence of the above-mentioned observations, the fuel fabrication for the irradiation 
program was postponed and the activities were focused in the study of fuel aluminum reaction rates 
and reaction-product characterization, exothermic fuel-aluminum-reaction energy release, and fuel-
aluminum thermal compatibility. Some of the findings of these studies were presented in the last 
RERTR meeting in Chicago [13]. 
 



 

3. Main Results on Plate-Type Fuel 
 
3.1 Plate Swelling 

 
• US RERTR results 
 
The RERTR-4 and 5 swelling results were presented at the last RERTR meetings [3, 4]. They are 
reproduced below as a function of burn-up (Fig. 1a), and as a function of beginning of life (BOL) meat 
temperature (Fig. 1b). 
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Fig.1: UMo mini plates swelling with burn-up (1a), and with BOL fuel temperature (1b) 
 
The fuel swelling due to the build-up of the fission product on one hand, and the formation of a 
interaction compound (see section 3.2) on the other hand, result in an increase in plate thickness with 
burn-up (Fig.1a).  The scatter in the results was attributed to the fabrication and operational variables, 
as the type of powder, U density in the meat, and temperature history.  
 
The swelling of miniplates made with machined powder (open symbols) is generally lower than that of 
plates made with atomized powder (closed symbols), most prominently for the higher-loaded 8 g/cm3 
miniplates.  This can be attributed, primarily, to the higher volume fraction of as-fabricated porosity in 
the fuel meat made with machined powder, approximately 7-8% compared to 2% for atomized powder 
at 8g/cm3. This porosity accommodates a roughly equivalent amount of fuel swelling that therefore 
does not translate to an increase of plate thickness. 
 
The amount of swelling in the higher-loaded 8 g/cm3 miniplates is larger than in the 6 g/cm3 plates 
particularly in the case of atomized powder where as-fabricated porosity is small and where, thus, the 
larger volume of fission products that is generated in the higher-loaded meat is more completely 
transferred to an increase of plate thickness. 
The general trend of the data shown in Fig.1b suggests a rather weak temperature dependence of the 
meat swelling, tending to apparently athermal behavior at high temperatures. 
 
 



 

• French UMo Group Results 
 

The French CEA IRIS device used in the OSIRIS reactor permits following the dimensional changes, 
plate by plate and cycle after cycle. So, complete plate thickness measurements of IRIS-1 and IRIS-2 
experiments were made at each intercycle, on five axial and one transverse profiles, the latter one at 
the maximum flux plane (MFP).  For other tests, UMUS in HFR and FUTURE in BR2, measurements 
were made at the end of the experiment only. Fig.2a gives the results of the MFP plates thickness 
increase for all the plates tested: Three in the IRIS-1experiment, four in IRIS-2, and two in FUTURE. 
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Fig.2:  French Group plates swelling with burn-up (2a), comparison with RERTR-4, 5 results (2b) 
 
The results are remarkably similar for the different plates of each experiment.  For IRIS-1, i.e. at low 
heat flux (~120W/cm2), low fission rate (~2.4.1014 f/cm3/s), and low temperature (TBOL~75°C), the 
plate swelling is moderate up to ~70% burn-up.  Moreover, nil values were obtained in the burn-up 
range of 0-25%, due to the high value of the as-fabricated meat porosity (~12%, table 2). For higher 
burn-up, the plate thickness grows linearly at the rate of 1.4µm (0.10%) for each percent burn-up. 
 
For the IRIS-2 experiment, i.e. at higher thermal flux (~240W/cm2), higher fission rate (~4.8.1014 
f/cm3/s), and higher temperature (TBOL~100°C), break away swelling have affected all the plate for 35-
40% burn-up. Before, the plate thickness increases linearly at the rate of 1.8 µm (0.13%) for each 
percent burn-up, that is to say ~30% higher than IRIS1 plates.  Due to the plate pillowing, the end of 
life results are affected by a large scattering (Fig.2a). 
 
As explained above, see section 2.2, same pillowing has affected the hot spots of the FUTURE plates 
(~340W/cm2, ~6.5.1014 f/cm3/s, and TBOL~130°C) for the same burn-up ~35% [8]. 
 
The Fig. 2b compares these results with those obtained on RERTR-4, -5 miniplates. There is a quite 
good agreement. The swelling of the IRIS-1 test is much lower due to a favorable combination of 
different factors: use of ground powder, as-fabricated high porosity, and low operating conditions. 
 
Incidentally, it is clear from the Fig. 2b, that the same break-away swelling have appeared on several 
miniplates as it did on IRIS-2 and FUTURE full-sized plates by pillowing. 



 

• Russian Results on IVV-2M Tube-Type FA 
 

Post irradiation examinations of the lower-burn-up fuel tubes have been completed.  Dimensional and 
metallographic examinations showed that the fuel had behaved in an excellent manner.  The results 
appeared to be consistent with those obtained in the lower-temperature US RERTR and French 
experiments.  However, each of the higher-burn-up fuel tubes experienced pillowing.  Post irradiation 
examinations are currently underway but are at too preliminary a stage to allow a determination about 
the cause of the swelling.  In addition, the irradiation conditions are not well understood at this time. 

 
3.2 Fuel matrix interaction 

 
Fig.3 is an optical micrograph of the pillowed region of the failed FUTURE fuel plate.  The visible 
pillowing is the result of large porosities which have coalesced in the center of the meat. It seems now 
quite evident that these large porosities are the result of gross swelling of fission gas bubbles not in the 
fuel itself, but inside the interaction layer due to the poor irradiation resistance of this product [5].   
 

 
 
Fig.3:  FUTURE metallography in the region of abnormal thickness increase (plate transverse section) 
 
As it can be seen in Fig. 4, these porosities appeared at the interfaces between Al matrix and 
interaction layer. With characteristic lenticular shape (Fig. 4), they porosities are clearly at the origin 
of meat decohesion. Similar results have been observed on RERTR-4, -5 specimens, especially for the 
highest-temperatures miniplates [4].  The final failure of the plate (pillowing) was probably resulting 
from the combined effect of interconnection of the porosities and fission gas pressure. 
 

   
  

Fig.4:  FUTURE metallographies with (UMo)Alx  interaction product around the UMo particles, 
lenticular shape porosities at the interfaces with Al matrix, and final meat decohesion 

 
Out-of-pile experiments have shown that U reacts with Al to form all the aluminides of the U-Al 
diagram (UAl2, UAl3, UAl4), but mainly UAl3 due to the higher diffusion rate of this compound.  The 
interaction between UMo and Al is much lower than between U and Al due to the effect of Mo, but in 
pile, due to the combined effect of temperature and neutron flux, this interaction rate is greatly 
increased.  The product formed (UMo)Alx  is hardly discussed [5], but the law commonly used is: 
 

y2/t = KUMo/Al  with  KUMo/Al (µm2/h) = 2.56.103(1.625-6.25wMo) φ 0,75 exp(-10000/RTK)      (1) 

 
with y layer thickness (in µm), t time (in h), wMo Mo content in UMo alloy,  φ fission rate in the UMo 
particles (in 1014f/cm3/s), and TK absolute temperature [14]. 
 
For example, with wMo = 0.07, φ = 2.1014 f/cm3/s, T = 473K and t = 1000 h, we can get y = 11.5µm. 
 



 

The results of (UMo)Alx thickness layer versus burn-up are summarized in Fig. 5a, for all French and 
US experiments. 
 
In this figure as in the next one, the closed symbols represent miniplate tests or plate regions that failed 
or showed signs of incipient failure (pillowing or porosities), and the open symbols represent those 
that showed no evidence of porosity or pillowing. The black line of FUTURE experiment corresponds 
to the different points of the MFP transverse section.  On this specific line, the closed symbol, labeled 
#1, represents the position of the hot spot (pillowed region), and the open symbol, labeled #2, the 
position of the highest flux at the edge of the fuel where temperature is much lower due to conduction 
of the aluminum edge rails (6.4.1014n/cm2/s-165°C for #1, and 6.8.1014n/cm2/s-105°C for #2). 
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Fig. 5: Failure � non-failure curves for UMo dispersion fuel based on interaction layer product 

thickness (5a) and life average fission rate (5b) 
 
The pink and blue lines are associated with the RERTR-4, -5 specimens.  The two last lines describe 
the evolution of the layer thickness for the FUTURE regions #1 and #2, as given by the law (1). 
 
As it can be seen on the figure 5a, all the interaction layer thicknesses of failed specimens are greater 
than a minimum value (say ~10µm), proving the primary role of (UMo)Alx volume in the poor 
behavior of high density UMo dispersion fuel. 
 
A complementary failure � non-failure curve is proposed later in this session [5].  This curve, based on 
the life average fission rate, is reproduced here (Fig. 5b). It is suggested that UMo fuel behavior is safe 
for fission rate under 3.1014 f/cm3/s, or for burn-up lower than 30% if fission rate under 7.1014 f/cm3/s.  
 
This diagram is not applicable, however, to very specific conditions, such as the high fission rate-low 
temperature regions, such as FUTURE region #2.  Indeed, for those conditions, due to the low 
temperature, the volume fraction of interaction is not high enough to affect the stable swelling of the 
meat.  This reinforces the explanation proposed later in this meeting [5], that the unstable behavior of 
the UMo fuel is not due to the UMo fuel itself, the behavior of which remains stable, but to the 
unstable swelling (break-away swelling) of the interaction product (UMo)Alx, which is considered to 
be an amorphous compound, and therefore unable to retain the fission gas in stable bubbles. 
 
Therefore, instability can occur for medium or high operating conditions (fission rate greater than 
3.1014 f/cm3/s) but if only the interaction volume is high enough to affect the behavior of the meat. 
 



 

3.3 Consequence 
 
The UMo failures observed in French plates as well as in US miniplates or Russian tubes, at high or 
medium heat flux, can be clearly attributed to the excessive formation of the interaction product and 
the inability of this compound to retain fission gas in the form of stable bubbles. Thus, it is clear that 
the only way to improve UMo dispersion fuel behavior for high or medium operating conditions is to 
reduce drastically the formation of the interaction compound.  A number of modifications to the fuel 
and/or the matrix aluminum, based on available literature and experience, are under evaluation.  One 
of the most promising remedy appears to be an addition of silicon to the matrix [5]. 
 
4. Future programs 
 
Last year�s paper [1] discussed the plans of the three developers of plate-type UMo fuels to begin 
irradiation of eight full-sized elements during 2004 as the final step in the fuel qualification process.  
However, these tests have been postponed in order to understand the cause of the failures discussed 
above and to investigate ways to mitigate or eliminate them.  Collaboration is planned with the 
Russian program in interpreting the results of the Zarechniy test in order to explain the failures 
experienced there.  As mentioned above, various modifications of the dispersion fuel matrix are being 
investigated [5].  Miniplates with these variants will be included, along with monolithic plates, in two 
experiments, RERTR-6 and -7, which will be similar to RERTR-4 and -5.  In parallel with the 
RERTR-6 and -7 irradiations in ATR, full-sized plates of optimized dispersion fuels will be irradiated 
in the French reactor OSIRIS.  Following as quickly as possible after the beginning of these programs 
monolithic full-sized plates will be tested.  At the end of the full-sized plate irradiations, a decision 
will be made about continuing the development of dispersion U-Mo fuel.  If the monolithic fuel 
appears to have behaved well in full-sized plates to high (~75%) burn-up, the decision may well be 
made to stop any further work on dispersion fuel in order to avoid the high cost of the element 
irradiations.  In parallel, the RERTR program will continue to work with the Russians to develop 
dispersion and/or monolithic fuels in both tube-type and pin-type fuel assemblies. 
 
Although a number of discussions must occur among the program and its partners during the coming 
months, a very preliminary estimate indicates that, if all goes well, UMo monolithic fuel could be 
qualified by mid 2010 and UMo dispersion fuel a little sooner (assuming that work on the dispersion 
fuel is not stopped before that).  The table below presents the schedule for the following years: 
  

 Average 
Burn-up 2004 2005 2006 2007 

French IRIS-2 - PIE 40%   -----            
50% ------- Irradiation 70% --------
50% ------US RERTR-6, -7 

- PIE 70% --- ---    
65% -------- Irradiation 65% -------
65% ------French IRIS-3, -4 

- PIE 65% ------
55% ------- Irradiation 70% 
55%

Full-sized 
elements - PIE 70% 

   Qualification Report Preparation Postponed in 2009-2010 
 
5. Conclusions 
 
Several failures in UMo dispersion plates and tubes, like pillows or large porosities, have occurred 
during irradiation in French, US RERTR, and Russian experiments.  These failures are clearly due to 
an excessive formation of the (UMo)Alx interaction product between UMo particles and Al matrix 
under high or medium operating conditions (temperature and fission rate): 
Due to these results, planned irradiations of qualification fuel elements have been postponed to allow 
time to search for a cure for the failure problem, knowing that the only way to improve the UMo 
dispersion fuel is to reduce drastically the formation of the interaction compound. A very preliminary 
estimate shows that qualification of UMo fuel will be delayed, at best, until around the end of 2010.   
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ABSTRACT 

 
The advanced fuel development effort for the Reduced Enrichment for Research and Test 
Reactors (RERTR) program is developing high-density fuel based on the uranium-
molybdenum system.  Fuel development has concentrated on U-Mo powder dispersed in a 
pure aluminum matrix.  Recent questions about the fissile loading limit and the in-pile 
performance of this fuel type have led to intensified efforts to fabricate monolithic fuel and 
to modify the matrix of the dispersion fuel.  These fuel types will be irradiated in upcoming 
tests. 

 
1. Introduction 
 
Argonne National Laboratory (ANL), as part of the U.S. RERTR program, is tasked with developing 
the technology necessary to allow conversion of research and test reactors to low enriched uranium 
(LEU) fuel (LEU is defined as containing less than 20% U235).  This has been done in the past by 
either increasing the loading density of existing dispersion fuels or by the development of a new fuel, 
U3Si2, which contains a higher uranium density than previously available.  These fuel enhancements 
have made possible the conversion of the majority of the world’s reactors that use highly enriched 
uranium (HEU).  There remain, however, several reactors that are unconvertible with present fuel 
technology.  These reactors require a much higher fissile loading than is available in existing fuel. 
 
To allow conversion of these reactors, the US Department of Energy restarted the RERTR advanced 
fuel development program in 1996.  Since the restart of this effort, five irradiation tests have been 
performed investigating over 20 different fuel types.  This program has focused on metallic fuel types 
as having the best chance of meeting the fissile loading requirements of the reactors that remain to be 
converted [1].  
 
Uranium-molybdenum metallic alloys dispersed in an aluminum matrix have shown promise in 
several irradiation tests but there remain some questions about irradiation performance.  These 
questions focus on the degree and nature of the chemical interaction between the fuel particles and the 
aluminum in the plate [2].  Two alternate technologies are thus being investigated: monolithic fuel, 
where the fuel particles and matrix are replaced with a single fuel foil; and alternate matrix fuel where 
the matrix of pure aluminum is replaced with a material more resistant to chemical reaction with the 
alloy fuel particles. 
 
2. Monolithic Fuel 
 
As a fuel type, monolithic foil has the potential to obtain a fissile loading that would allow LEU 
conversion of many of the reactors that cannot be converted with dispersions.  The monolithic fuel 
type has some advantages over dispersion fuel: first, it has a much higher loading (up to 17.5 g U/cm3 
for U-7Mo) enabling more reactor conversions; second, it has a much lower surface area than 



dispersion fuel leading to less reaction with the aluminum plate and no reaction in the hotter, central 
region of the plate; finally, lacking the insulating buildup of large amounts of reaction product, the fuel 
remains much cooler for a given heat flux.  Two monolithic fuel plates were included in the RERTR-4 
high burnup experiment with promising irradiation performance [3].   
 
Questions remain about the ability to fabricate this fuel type, as conventional roll bonding is 
unworkable for monolithic plate production.  Two methods are being pursued at ANL: friction stir 
welding (FSW) and transient liquid phase bonding (TLPB) [4].  A third method, hot isostatic pressing 
(HIP), is being investigated by BWX Technologies under an ANL contract [5]. 
 
The FSW process is performed by impinging a rotating tool onto the surface of a metal.  The heat and 
friction caused by this contact produce localized plastic deformation of the surface of the material 
allowing the tool to be forced into the metal.  Travel of the imbedded tool results in displacement of 
material and creation of a weld, (figure 1 a-d).  This process, as originally developed, is used to form 
butt welds where the edges of two pieces of metal are joined [6].  Construction of a fuel plate requires 
several overlaying lap welds to bond the cladding plate faces together and to bond the cladding to the 
fuel foil.  The welding action, as the rotating tool passes over the foil, smears the aluminum cladding 
onto the foil giving good interfacial contact.  Care must be taken to keep the tool far enough from the 
foil to avoid stirring the fuel alloy into the cladding but close enough to achieve the desired interface.  
 

 
 

Figure 1.  Friction stir welding schematic a) shows the plate assembly for FSW of Monolithic 
Plates.  b) Shows the rotating pin contacting the surface of the plate causing heat and pressure.  In 
c) the tool has been plunged into the surface of the material up to the shoulder of the tool.  The 
rotating tool is stirring the metal in the plastic deformation region.  In d) the tool has been dragged 
across the weld plane causing a disrupted interface and bonding to occur between the plates and 
between the cladding and the foil.  e) Shows a close-up of the tool and the beveled edge. 

 
Advances have been made in the FSW process specific to fuel plate fabrication at ANL to allow 
production of plates suitable for irradiation.  These changes include refining various processing 
parameters and a modified tool design that eliminates the need for a previously used constraint sled 
[4].  A beveled edge on the tool face surrounding the shoulder serves to force the material in the 
vicinity of the processing area to flatten, reducing warping in the finished plate (figure 1-e). 
 
Previously, fuel development work using FSW had been done with stainless steel foil as a surrogate 
material.  Building on the development of the surrogate process, small disks of U-10Mo foil have been 
encased in Al-6061 cladding by FSW.  Optical analysis of the resulting interface shows a very good 
fuel to cladding bond with no noticeable voids and little, if any, deflection of the fuel foil by the 
stirring process (see figure 2).  This small disk arrangement will allow diffusion couple and bonding 
studies to be undertaken between the fuel foil and various aluminum alloys. 
 
TLPB, a specialized case of diffusion bonding, is performed by using silicon as a rapidly diffusing 
interlayer between the aluminum cladding plates.  The silicon is applied in powder form between the 
cladding plates and between the cladding and the fuel foil.  The assembly is placed under uniaxial 
pressure and heated above the eutectic temperature where a liquid phase forms, acts as a flux to disrupt 
any surface oxide layer, and diffuses into the bulk cladding where it resolidifies [7].  The action of this 
transient liquid phase forms both a bond in the cladding and a favorable interface between the 
aluminum and the fuel foil. 



 

 
 

Figure 2.  Friction stir welded interface.  A U-10Mo foil is shown encased in Al-6061 cladding. 
 
Despite the promising nature of the TLPB process, some questions remain about the ability to 
reprocess this fuel type due to the elevated silicon content.  Tests are underway to determine the final 
silicon content of the fabricated fuel plates. 
 
3. Dispersion Fuel 
 
U-Mo dispersion fuel, the focus of the RERTR advanced fuel development for the past several years, 
has been showing some limitations under high temperature and burnup conditions.  It is thought that in 
the right circumstances a detrimental phase forms at the interface between the pure aluminum matrix 
and the fuel powder. 
 
Studies into this phenomenon have indicated that small silicon additions to the matrix material may 
inhibit formation of the problematic phase.  The plate cladding material for the RERTR tests, Al-6061, 
contains some silicon (see Table 1) and is markedly more resistant to reaction with the fuel than the 
pure aluminum found in the matrix.  An in-depth discussion of this phenomenon is found in the paper 
by G.L. Hofman, these proceedings [8]. 
 
It is anticipated that silicon additions to the matrix will inhibit excessive reaction layer formation and 
improve fuel irradiation performance under high-power operation.  Several alloys are being considered 
as matrix replacements for pure aluminum.  In addition to the alloys listed in Table 1, two binary 
alloys are being examined: Al-2 wt.% Si and Al-5 wt.% Si. 
 
In addition to the standard roll bonding method used to produce dispersion plate fuel, a new method is 
being investigated.  This process will employ both FSW and rolling to form a hybrid-type dispersion 
fuel.  In standard roll bonding, the rolling passes are employed to obtain the needed bond between the 
plate cladding and frame, placing lower limits on temperature and reduction during the initial rolling 
passes.  Alternate matrix materials, unlike pure aluminum, which is very compliant at the plate 
processing temperatures, tend to be stiffer making it more difficult to fabricate satisfactorily using roll 
bonding alone.  The hybrid process may allow fabrication of magnesium matrix fuel plates; 
magnesium does not react with uranium but is very difficult to fabricate as a fuel plate material. 
 

Alloy Si Fe Cu Mn Mg Cr Ni Zn Ti Other Al 
6061 .40-.80 .70 .15-.40 .15 .8-1.2 .4-.35 -- .25 .15 .15 Balance 
6061* .58 .50 .22 .07 .93 .17 <.05 <.10 <.05 <.15 Balance 
4043 4.5-6.0 .8 .30 .05 0.05 -- -- .10 .20 .15 Balance 
All amounts in weight %, a single number represents the maximum allowable content 
* Analysis for RERTR 4&5 cladding 

Table 1.  Composition of Aluminum Alloys 
 



To fabricate the plate, the fuel powder and the matrix material are blended, compacted and loaded into 
the aluminum alloy “picture frame” in the standard fashion.  The region around the compact is then 
welded using FSW.  This welding step hermetically seals the fuel zone in the assembled plate.  This 
“prebonding” allows the rolling process to focus on a thermal regime more favorable for uniform fuel 
zone reduction. 
 
4. Irradiation Testing 
 
New fuel types will be tested in the Advanced Test Reactor (ATR) in Idaho.  The ATR has a number 
of high flux positions that have been used for previous RERTR irradiation tests.  Current planning 
calls for two irradiation tests, RERTR-6 and RERTR-7.  RERTR-6 will focus more on the monolithic 
fuel type while the RERTR-7 test will be focused more on alternative matrix dispersion fuel.  It is 
anticipated that both experiments will use the same hardware design employed for the RERTR-4 and -
5 irradiation tests (see Fig. 3-l).  This hardware consists of four capsules containing eight miniplates 
(measuring 2.54 cm x 10.16 cm x 1.4 mm) each.  The capsules are open on each end to the primary 
coolant water, which will flow in direct contact with the plates.  The capsules are housed in an outer 
basket that is inserted into a large B-hole near the ATR driver fuel (Fig. 3-r).  Table 2 gives the 
anticipated parameters for the upcoming irradiation tests in comparison to those of past tests. 
 

 

 
 

Figure 3.  l) Cross section of the hardware for the RERTR-6 and -7 irradiation tests. 
 r) ATR diagram showing the planed positions for the upcoming irradiation tests. 

 
The current anticipated RERTR-6 test matrix is comprised of 21 monolithic fuel plates and 11 
dispersion plates.  The monolithic plates will consist of a foil sized 8.3 cm x 1.9 cm with corner 
radiuses of 0.32 cm.  The thickness will be varied as an experimental parameter.  The plates will be 
fabricated by the FSW and the TLPB processes.  Composition of the foil will be 7 and 10 wt.% Mo.  
The standard thickness for the foil will be 250µm but will be expanded for a limited number of plates 
to 500µm.  
 
Dispersion fuel plates will also be tested in the RERTR-6 experiment.  As in previous tests, U3Si2 
dispersion fuel will be included as a known control.  Tests will also be run looking at various matrix 
alternatives to pure aluminum.  Current plans include using the alloys (ASTM alloy designation) 
Al-6061 (commonly used as the cladding material in the RERTR tests), Al-4043 (containing 4-6 wt.% 
Si) and two binary alloys: Al-2 wt.% Si and Al-5 wt.% Si.  In addition, plates will be included to test 
the hybrid fabrication method outlined above.  
 



RERTR Experiment Number 1 2 3 4 5 6* 7* 
ATR Reactor Position I-22 I-23 B-7 B-12 B-11 B-12 B-11 

Number of Experimental Plates 32 32 47 32 32 32 32 

U-Mo Powder Fabrication† G, A G, A G, A G, A, M G, A M, A A, M 

Fuel Loading (g-U/cm3) 4 4 8.5 6, 8 6, 8 6-16 6-16 

Enrichment (% 235U) 19.5 19.5 19.5 19.5 19.5 19.5 19.5 

Maximum Heat Flux (W/cm2) 70 50 400 210‡ 320‡ 250 250 

BOL Cladding Temperature (°C) 70 65 150 130‡ 175‡ 130 175 

Peak Fuel Temperature (°C) 70 75 235 >200‡ >200‡ 150 >200 

Coolant Velocity (cm/s) 920 920 600 400 400 400 400 

Status of Experiment CompletedCompletedCompleted In PIE In PIE Planned Planned 

Number of Irradiation Cycles 2 8 2 7 3 3 7 

Total Duration (days) 94 232 48 230 116 >100 >200 

Burnup at EOL (% 235U) 40 70 40 80 50 50 75 

* All data for RERTR tests 6 & 7 is anticipated 
† G = Ground Powder; A = Atomized Powder; M = Monolithic 
‡ Uncertainty in power of experimental position  

Table 2.  RERTR Experiment Comparison 
 
The RERTR-7 test will be irradiated under conditions in which excessive fuel matrix interaction and 
void formation has been found in previous in-pile tests.  It is anticipated that this test will be 
comprised primarily of dispersion fuel plates with some monolithic plates added to fill out the test 
matrix.  This test will be run to an estimated burnup of ~75%.It is anticipated that the RERTR-7 test 
will be comprised of many of the fuel and matrix compositions being included in the RERTR-6 test 
but the makeup of the matrix is awaiting more detailed results from postirradiation examinations of 
previous tests and for a number of diffusion couple experiments to be performed on the various alloys 
being considered. Irradiation tests of full-sized plates are planned in addition to the miniplate tests in 
ATR.  These tests could start at about the same time as the miniplate tests, or they could start up to six 
or more months later, depending on fabrication schedules and on which reactor is used for the tests.  If 
the plate tests are successful, full-sized element tests and review of the data by the U.S. Nuclear 
Regulatory Commission are anticipated to complete the fuel qualification process. 
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ABSTRACT 
 

The French program for the development of UMo fuel benefits from the support of the 
French U-Mo Group gathering partners active in the MTR business (CEA, CERCA, 
COGEMA, Framatome-ANP). The aim of this program is to deliver a high performance 
LEU UMo fuel able to be reprocessed, and suitable for a wide range of Research Reactor, 
covering the expected needs for MTR next generation.  
Launched in 1999, the first stage of the program is dedicated to the industrial 
manufacturing, the characterization and testing of U-7%Mo with a density up to 8 gU/cm3. 
Among the international effort to develop and qualify UMo dispersion fuels the French U-
Mo Group program has distinctive features due to the used of full sized fuel plates and 
advanced devices and facilities for the irradiation experiments and post-irradiation 
examinations.   
This paper describes the status of the French UMo program as of beginning of 2004. Since 
the last RRFM meeting in March 2003, significant achievements have been obtained. The 
recent discover of performance limitations is presented and is a direct issue of the FUTURE 
and IRIS-2 experiments. The next steps of the French UMo Group program will take into 
account the necessary fuel design modifications. The corresponding actions and the updated 
time schedule are presented. 
 
 

1.  Introduction 
 
The French UMo development program was launched in 1999, taken into account the choice of UMo 
as the suitable candidate to ensure LEU conversion of research reactors and to achieve high uranium 
density (higher than 6gU/cm3) and reprocess abilities. This selection of a new LEU UMo dispersion 
fuel was the main issue of the US RERTR program, leading by ANL, and the parametric studies based 
on small plates irradiation experiments and examinations.  
 
The French UMo development program is supported by the French UMo Group that implies the close 
collaboration between CEA and AREVA's companies strongly involved in the MTR field (CERCA for 
manufacturing aspects, COGEMA for reprocessing aspects and Framatome-ANP for other engineering 



aspects). These companies present a leading offer covering MTR fuel supply and reprocessing, MTR 
engineering and services.  
 
The objective of the French UMo fuel development program is to contribute to the international effort 
to qualify this new high performance fuel and is focussed on the following features :  

• density up to 8 gU.cm-3 in order to make possible the conversion to LEU of reactors that still 
require HEU and make possible the design of new high-performance LEU reactors, 

• experiments on full-sized plates, 
• master of the whole fuel cycle that covers manufacturing aspects, irradiation behaviour, fuel 

characterization and code development (in cooperation with ANL), and reprocessing 
validation. 

 
This program takes the advantage of the dedicated and advanced R&D means provided by the CEA 
(IRIS irradiation device for full-sized plates, OSIRIS reactor, LAMA and LECA hot cells laboratories 
for PIE) with the contribution of HFR and BR2 (SCK/CEN) facilities in Europe. It intends also to 
master the industrial aspects to issue performing products to the MTR community. 
 
2.  Manufacturing aspects  
 
Two types of powder have been used by CERCA for the manufacturing of the UMo plates. In a first 
stage the UMo powder was produced by grinding. The powder so produced contained a large number 
of small particles having a large surface-to-volume ratio. Grounded powder was used both in IRIS-1 
and UMUS experiments. For more recent experiments (FUTURE and IRIS-2), atomized powder, with 
spherical particles, has been used. 
 
One of the main parameters influenced by the type of powder used is the porosity of the meat. This 
porosity is greater than 10% for grounded powder, and lower than 4% for atomized powder (see 
section 3).  
 
CERCA was able to supply the first UMo plates since 1999 to start the IRIS-1 and UMUS 
experiments. In 2002, CERCA has produced a new set of full-sized plates, dedicated to IRIS-2 and 
FUTURE experiments, and one lead test element was issued for R2 in a very short time. In 2003, 
CERCA was ready to start the fabrication of two new lead test elements to be irradiated in OSIRIS, 
but the green light for this new experiment is now delayed (see Section 7).  
 
Based on its proprietary advanced process, early developed for the highly loaded U3Si2 plates with 
densities up to 6 gU.cm-3, and a sustained R&D effort as regards the manufacturing aspects [3][7], 
CERCA is ready to take into account the necessary evolution in the fuel design as it is required today 
(see Section 6) in order to produce plates or elements and support the international effort to qualify 
UMo dispersion fuels. A range of quality controls methods are available (X-ray, ultrasonics) to ensure 
the respect of the end users specifications.     
 
3.  Irradiation experiments status and results 
 
Up to now, the French UMo Group irradiation program has been performed on four experiments on 
full-sized plates with increasing surface heat flux and clad temperature (see Table 1). The values 
tested, as regards the heat flux, have been ~140 W/cm2 for IRIS-1 experiment, ~240 W/cm2 for UMUS 
and IRIS-2, and ~340 W/cm2 for FUTURE.  
The extensive program of post irradiation examinations has confirmed the very good behaviour of the 
high uranium loading UMo7 and UMo9 plates of IRIS-1, with a peak burn-up of 67% that correspond 
to 240 full power days [5].  The UMUS experiment was stopped after two cycles due to the failure of 
the 35%-enriched plates related to uncontrolled oxide (boehmite) thickness on the cladding [1]. 
Concerning the FUTURE experiment, an abnormal thickness increase was detected at the end of the 
second cycle in the hot spot region (local burn-up of 33%). So, it was decided to stop the experiment. 
The complete results of the investigation of the local deformation are presented in [6]. IRIS-2, that is 
the more recent experiment, allows the check of the thickness changes plate by plate at each intercycle 



period. The behaviour of the four plates was satisfactory during the first three cycles, but at the end of 
the fourth one, for a maximum burn-up of 40%, it was necessary to stop this experiment also, due to 
the abnormal change in thickness of all the plates, in spite of less severe operating conditions than the 
FUTURE ones.  
 

Experiment IRIS-1 UMUS IRIS-2 FUTURE 
Reactor OSIRIS (Fr) HFR (Neth) OSIRIS (Fr) BR2 (B) 

Number of full-sized plates 3 2 / 2 4 2 
U-Mo powder Ground Ground Atomized Atomized 

Enrichment (% 235U) 19.75 19.75 / 35.00 19.75 19.75 
Fuel loading (g U/cm3) 8.0 8.0 8.0 8.0 

As-fabricated meat porosity (%) 11-13 11-13 1-2 1-2 
Max. heat flux at BOL (W/cm2) 140 175 / 250 240 340 

Max. cladding temperature at BOL (°C) 75 90 / 110 100 130 
Coolant velocity (m/s) 9 8 9 12 
Status of experiment Complete Failed Stopped Stopped 

Number of irradiation cycles 10 2 4 2 
Total duration (full-power days) 240 48 60 40 

Average burn-up at EOL (% 235U) 50 15 30 25 
Max. local burn-up at EOL (% 235U) 67 20 40 33 

Table 1:  French program irradiations on full-sized plates. 
 
The large amount of thickness measurements issued from those four experiment can be analyzed (see 
Fig. 1). For IRIS-1, i.e. at low heat flux (~120W/cm2), low fission rate (~2.4.1014 f/cm3/s), and low 
temperature (TBOL~75°C), the plate swelling is moderate up to ~70% burn-up.  For IRIS-2 and 
FUTURE experiment, i.e. at higher thermal flux, higher fission rate, and higher temperature, break 
away swelling has affected all the plates for 35-40% burn-up.  
 

 
 

Fig.1:  French Group plates swelling with burn-up             Fig. 2 : FUTURE metallographies 
 
Fig.2 shows the pillowed region of the failed FUTURE fuel plate. The visible pillowing is the result of 
large porosities which have coalesced in the centre of the meat. It seems now quite evident that these 
large porosities are the result of gross swelling of fission gas bubbles not in the fuel itself, but inside 
the interaction layer due to the poor irradiation resistance of this product. These porosities appeared at 
the interfaces between Al matrix and interaction layer. They are clearly at the origin of meat 
decohesion with a probable combined effect of fission gas pressure. 



Similar results have been observed on RERTR-4/5 experiments, especially for the highest-temperature 
miniplates [9]   
 
4.  Reprocessing aspects 
 
One main requirement as regard the qualification of the UMo fuel concerns the reprocess ability in 
order to overcome the lack of an available back-end solution for most users of U3Si2 fuel. 
 
The reprocessing feasibility of UMo has been obtained in 1998. COGEMA with the technical support 
of CEA is pursuing research and development actions, in the frame of the French UMo Group 
program to confirm and adjust the operating industrial process. The main concerns deal with the 
solubility of Mo as a function of the temperature, the U, Al and HNO3 mass fraction. It has been 
shown that only the Al concentration can affect the Mo solubility. On the other hand, the interaction 
products UMoAlx don't affect the dissolution kinetics.  
 
In the last few years the reprocessibility of UMo has been demonstrated on fresh plates. Tests on UMo 
irradiated full scale plates (coming from the IRIS-1 experiment in OSIRIS) are in progress at the 
ATALANTE facility (CEA Marcoule) and they will be completed in 2004. The objective is to validate 
the process that ensures a total dissolution of UMo plates into standard fuel dissolution solution, in 
order to be compatible with La Hague's Purex process.   
 
Among the French UMo Group COGEMA is a key feature as regard reprocessing with La Hague plant 
as the main remaining facility for the reprocessing of research reactor fuels. COGEMA will follow the 
necessary design evolution of the UMo fuels that are envisaged (see section 6) to make sure that the 
reprocess criteria will still be satisfied.  
 
5.  Fuel characterization and code development 
 
The fuel characterization is based on a wide range of measurements on fresh and irradiated materials. 
IRIS-1 and FUTURE post irradiation examinations have issued important results in that frame [5][6]. 
All those measurements allow the definition of the proper physical laws applicable to the UMo 
behaviour, that cover : UMo / Al interaction, microstructure identification, thermal properties, 
mechanical properties. In addition to the physical models, numerical codes are needed to determine the 
global behaviour of the fuel, combining the different aspects.      
 
The thermo-mechanical code MAIA is developed by CEA for that purpose [5], with the collaboration 
of ANL. The physical model capabilities have been extended to take into account swelling effects, 
growth of the interaction compound and diffusion of the Al matrix. More recently, thermo-mechanical 
modelling has been done with MAIA [8].  The recent discover of an unstable behaviour of the UMo 
dispersion fuel will have an impact on the MAIA physical model formulations. The final objective is 
to obtain a large understanding of the in-reactor fuel behaviour. This numerical tool and all the 
associated physical models will play an important role in the qualification process of UMo.  
 
6.  Further steps of the French UMo Development program 
 
Due to the unstable swelling effect observed in the French experiments as well as in other programs 
using UMo dispersion fuel [9] the priority is to understand the cause of this unexpected behaviour. At 
this stage, based on post-irradiation examinations, the most probable origin of this swelling effect that 
appears for high or medium operating conditions, is due to an excessive formation of the interaction 
product and the instability of this compound to retain fission gas in the form of stable bubbles.  
 
The objective is to reduce in great proportions the interaction between the UMo particles and the Al 
matrix. It is envisaged for instance to modify the fuel and/or the matrix. The first step is to analyse the 
existing literature and experience in order to evaluate the more promising options. It could be 
mentioned that one of this promising solutions consists of adding silicon to the Al matrix. The second 
step will be a new full-sized plates irradiation experiment in OSIRIS, with an optimised dispersion 



fuel (IRIS-3), following by the irradiation of monolithic full-sized plates (IRIS-4) as quicly as possible 
to be able to compare the two main options.  
 
In parallel, the US RERTR program will manage two new experiments in ATR. The RETR-6/7 
experiments will be based on miniplates with various modifications of the dispersion fuel and 
monolithic samples.   
The lead test elements program needs to be postponed until the issue of the IRIS-3/4 and RETR-6/7 
results. 
 
7.  UMo Development Time Schedule  
 
The updated time schedule of the French UMo development program is presented below. A sustained 
effort will be spent by the F.UMo.G to adapt its program according to the results of the various 
modification of the dispersion fuel that are being investigated and to start as quickly as possible full-
sized plates irradiation in OSIRIS with optimised dispersion fuel in a first step, and the monolytic 
plates irradiation in a second step. The lead test elements irradiation that was initially planed in 2004 is 
postponed to 2007. The contribution to the topical report required for the qualification procedure is 
postponed to 2009-2010 depending on the fuel type selection (dispersion fuel and/or monolithic). This 
expected time schedule is in accordance with the complementary program that will be performed 
through the RERTR-6 and 7 experiments [9].  

 
 
 
8.  Conclusions 
 
The French UMo development program has played a major role as regard the UMo dispersion fuel 
qualification route by issuing evidence of severe performance limitations. An unstable swelling is 
obtained under high or medium operating conditions. The thickness measurements made on IRIS-1 
and IRIS-2 at the end of each cycle, and the detailed PIE performed especially on FUTURE plates 
revealed that the origin of the unstable swelling effect has a close connection with the interaction 
product UMo(Al)x behaviour. Those technical results of first importance have induced a reinforced 
international collaboration and the definition of complementary plates or miniplates irradiations 



experiments respectively IRIS-3/4 for the F.UMo.G program and RERTR-6/7 for the US program, in 
order to improve the UMo dispersion fuel by reducing the interaction between the UMo and the Al 
matrix. All the last steps of the qualification route have to be postponed to issue, if possible, an 
alternative solution for the UMo dispersion fuel and the comparison with monolithic UMo behaviour 
that will be tested in parallel.   
 
The French UMo Group is determined to pursue the development of UMo fuel and will adapt its 
program on the basis of the new technical results that will be issued from the combined IRIS-3/4 and 
RETR-6/7 experiments in the next two years.  
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ABSTRACT

CNEA, the Atomic Energy Commission of Argentina, has defined development and
fabrication programs to qualify the technology for the manufacturing of high-density
nuclear fuels for research reactors. These programs include at the present the fabrication,
testing and irradiation of silicide fuel and UMo fuel.

This paper continues previous presentations in past RRFM meetings and
summarizes the main activities performed in both programs during 2003.

Within the framework of the qualification of the silicide fuel manufacturing the
irradiation of the two fuel elements considered in the program, P-06 and P-07, and the
corresponding PIE of one of them were completed.. The PIE activities covered plate
thickness measurement, oxide thickness measurement, metallographic examination and
absolute burnup determination.

This paper also presents the activities related with the U-Mo fuel manufacturing
qualification and development program. This program was slightly modified after
considering some results and observations from our local activities and also from programs
of other developers and manufacturers. The activities now have been focused on the study
of the interaction between UMo and Al and the study of possible solutions to reduce its
effect.

1 Introduction
CNEA, the Atomic Energy Commission of Argentina, has defined development and

fabrication programs for the qualification of the manufacturing of high-density nuclear fuels for
research and test reactors. These programs include the fabrication, testing and irradiation of
silicide fuel and UMo fuel.

This paper follows previous presentations in another RRFM meetings [1-4] and
summarizes the main activities performed in both programs during 2003.

2 Silicide fuel qualification program

2.1 Current Status
This program was completed during the last year. Two fuel elements called P-06 and

P-07 were designed and fabricated in CNEA as part of the qualification program. These fuels
were irradiated in the Argentine Reactor RA3 reaching in both cases the foreseen target burnup
without any signal of defects or abnormalities. After the irradiations a complete PIE of P-06
including hot cells examination and a visual inspection of P-07 were performed.



2.2 P-06 and P-07 irradiations

2.2.1 P-06
The irradiation of P-06 started on September 30, 2000 and was completed on May 28,

2003. The fuel element stayed in the RA3 core during 452.5 days of operation. The positions
occupied by this fuel during the irradiation were shown in [4]. During the residence of P-06 in
the RA3 the reactor was uprated from 5 MW to 10 MW in a gradual transition.

2.2.2 P-07
The irradiation of P-07 started on November 24, 2001and reached the first target burnup

(55 %)  on November 26, 2003. Since the beginning this fuel was irradiated in the central zone
of the core. This first part of the irradiation lasted for 381.6 effective days of operation. After a
detailed visual inspection the P07 was introduced again in the core  to continue its irradiation up
to a higher burnup. The new target value is approximately 70%.

2.3 P-06 PIE
P-06 PIE included:
a) a detailed visual inspection of the fuel element in the pool side station,
b) the removal and visual inspection of one external fuel plate and
c) a non destructive and destructive examination of the same external fuel plate in the

hot cells laboratory.
The plate was removed under water in spent fuel pool of the reactor by machining. The

PIE activities on the removed plate were mainly plate thickness measurement, oxide thickness
measurement, metallographic examination of a cross section and absolute burnup determination.

2.3.1 Complete element pool side inspection

The purpose of this inspection was to verify the structural integrity of the FE and the state
of the fuel plates, structural components and cooling channels. The FE was visually inspected.
The test also included the inspection for blisters, distortions or other phenomena affecting the
gap between the fuel plates.

P06 kept its structural integrity and no anomalies were observed. No evidence of
deformations or distortions was distinguished. There was no evidence of interaction with the
other fuel elements during irradiation or during the refueling operations. The inspection with
backlighting through the coolant channel showed that the fuel plates are perfectly flat and no
distortion was observed.
The gap between fuel
plates remained uniform
all along the coolant
channels length.

The fuel plates
didn’t show any blister or
rough zone. The surface
of the outer plates has a
uniform oxide layer.
There are no signs of
pitting or cracking and
the oxide layer kept its
integrity and its
protective properties
despite the long P-06
residence time.

Figures 1 and 2
show a top view of the fuel element with focus on its upper and bottom ends.

Figure 1 Figure 2



2.3.2 Hot Cells inspection
After the visual examination of the entire element, one outer plate from P-06 was

removed in a RA3 spent fuel pool by means of an underwater cutting procedure especially
developed for this task.  This plate was also visually examined underwater and the oxide layer
thickness on its outer surface was measured using an eddy current procedure.

On October 4, 2003, less than five months after the end of the irradiation, the plate was
transported to the Hot Cells located in the Ezeiza Atomic Center. The visual inspection inside
the hot cells confirmed that the plate doesn’t show any type of distortions, abnormalities or
blisters. The oxide layer is uniform and does not reveal any pitting or other kind of localized
corrosion. Plate thickness measurements were made at several positions.  The results are within
the expected values. The oxide layer thickness was also measured on metallographic samples.
As was mentioned above, this parameter had been measured with eddy current probe during the
plate inspection in the reactor pool.  The agreement between both results is excellent and the
values are within the expected range.

Oxide layer thickness (µµµµm)Position
Metallographic Eddy current

Top 9 9.2

Center 11 10.8

Bottom 10 10.3

Figure 3 shows the overall meat microstructure
at medium magnification. The meat microstructure is
uniform, fuel particle swelling has diminished the as-fabricated porosity and no large fission gas
bubbles have formed. The fuel swelling compares well with NUREG-1313 trend and with fuel
swelling data generated during irradiation of RERTR mini-plates.

3 UMo qualification program

3.1 Current Status
CNEA is participating in the international effort to qualify U-Mo as a fuel material for

research and test reactors. At the same time is working on a program to qualify the domestic
technology and facilities involved in the manufacturing of aluminum dispersed U-Mo fuel.
Within the framework of the international program there has been planned the fabrication of
two fuel elements using UMo powder coming from both, the atomization process and the HMD
process (Hydriding-Milling-Dehydriding). The last one is an alternative process for the
production of UMo that is being developed and set up in CNEA [5-6].

The activities performed during 2003 were initially mainly focused on the adjustment of
the processes to produce UMo powder by the HMD and also to manufacture full-sized fuel
plates. These were the first steps in producing fuel elements for irradiation tests in the HFR in
the Netherlands and also in the RA3 in Argentina. The adjustment of the fabrication procedures
was performed with HMD powder and also with atomized powder.

Some observations obtained during these activities and also the experimental results
obtained by another developers and fabricators [7] showed the convenience of focusing our
activities on the study of the interaction between UMo and Al.  Therefore, although the main
objective in the U-Mo qualification program is still the fabrication of the fuel elements for
irradiation in HFR and RA3, the activities related with fabrication were temporally postponed.

3.2 Fuel plate fabrication set up
During the set up of the fabrication process, some fuel plates showed a large interaction

between the UMo and the Al.  These plates were made using a UMo powder with high specific

300µmFigure 3



area and rolled at 485 ºC. Other plates fabricated at lower temperatures and with different
powders did not show this effect. The interaction produced a reduction of the Al available in the
meat, an increment in the porosity within the interaction layer and an increase of the meat
width. These unexpected results seem to be consistent with the observations in irradiated
samples from both, failed and non-failed plates or microplates also presented in this meeting
[7].

3.3  Fuel interaction studies
New results were obtained and presented in the last RERTR meeting  [8] on the

characterization of the reaction layer from investigations in the U-7wt% Mo / Al diffusion
couples at 580°C.  This characterization was performed using optical microscopy, scanning
electron microscopy with EDAX, and X-Ray diffraction (XRD). The identification of the
phases was discussed in view of previous data and the effect of the decomposition of the γ (U,
Mo) phase was also analyzed in connection with time and temperature used for the fabrication
of the fuel plates.

The reaction layer at
580°C was analyzed in [9,
10]. Besides the two well
characterized zones
observations with SEM
showed the existence of a
very narrow third zone  (~ 2
µm) in contact with the
aluminum. See Figure 4.
Qualitatively determination
of its composition by EDAX
gave ~85%Al.

The detailed study of
the reaction layer between
(U-Mo) alloy and Al at 580°C, when γ (U-Mo) is not decomposed, showed that the compounds
constituting the layer were identified as (U,Mo)Al4, (U, Mo)Al3 and Al20Mo2U. No Al in
solution into the γ (U-Mo) alloy was detected.

When decomposition of γ (U, Mo) phase occurred, the width of the reaction layer
increased considerably. The growth with a non-planar interface left islands of unreacted γ (U,
Mo). The compounds due to the reaction, identified by XRD, were (U, Mo)Al3 and possibly
Al43U6Mo4. No UAl4 was found when gamma decomposed.

3.4 Future activities
As a consequence of the above mentioned observations and studies the fuel fabrication

for the irradiation programs is temporally postponed and the activities will be concentrated in
the study of fuel aluminum reaction rates and reaction-product characterization, exothermic
fuel-aluminum-reaction energy release and fuel-aluminum thermal compatibility. Additionally
the activities will cover the analysis of possible solutions to reduce the interaction phenomena.
Among them are considered the fabrication of less active powders, the use of other materials for
the matrix of the meat and also modifications of the fabrication parameters. Irradiations of
miniplates, in the RA3 reactor,  to test these possible solutions are also being planed. This
studies can also be applied on monolithic fuels.

4 Final remarks

CNEA has completed the irradiation of the fuel elements (P-06 and P-07) corresponding
to the qualification program of the domestic technology and facilities for the fabrication of
silicide fuel. PIE of P-06, including hot cells destructive examination is now completed and the
results are within what is expected for this type of fuel according NUREG-1313. A post
irradiation visual inspection of P-07 is also finished without any evidence of defect, distortion or
anomaly. This  excellent result  allowed us to continue the irradiation of P-07 to increase its

Figure 4



discharge burnup
The UMo domestic qualification program was slightly modified after considering some

results and observations from our local activities and also from programs of other developers
and manufacturers. The activities now have been focused on the study of the interaction
between UMo and Al and the study of possible solutions to reduce its effect.
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ABSTRACT 

 
Metallographic examination of high-density U-Mo dispersion fuel miniplates, irradiated to 
high burnup has revealed performance limitations under high temperature and high-fission-
rate conditions.  The underlying effect is porosity formation in the U-Mo/Al interdiffusion 
phase.  The observations are characterized and the implications regarding the overall 
irradiation behavior and qualification of U-Mo/Al dispersion fuel are assessed. 

 
1. Introduction 
 
Experimental irradiation tests of full-size high-power-density U-Mo dispersion fuel plates were 
terminated before reaching their goal burnup because of local excessive plate swelling.  Although, no 
cladding rupture or fission-product release occurred, this excessive swelling (pillowing) in effect 
constitutes failure of these test plates. 
 
Miniplate test, RERTR-4, reached its goal burnup of ~80% without signs of pillowing.  However, 
metallographic examination of several miniplates has revealed that the phenomenon that led to the 
failure in the full size plates was evident, albeit in its early stage, in the higher power miniplates as 
well. [1] 
 
2. Excessive Fuel Plate Swelling 
 
Metallographic examinations of the high-swelling region in one of the full-size plates from test 
FUTURE [2], have shown that the excessive swelling that led to the termination of this test at ~30% 
burnup is due to the formation of large interconnected pores (see Fig. 1).  Such excessive fission gas-
driven pore formation is not uncommon in nuclear fuels in general, particularly at high temperatures 
where fission gas is very mobile.  It has also been observed at very low temperatures in high-density 
uranium compounds dispersed in aluminum, for example in U3Si and U6Fe.  At low magnification, the 
appearance of the U-Mo and the U6Fe dispersion fuels is rather similar.  A distinct difference, 
however, becomes apparent when the fuel meat microstructure is viewed at higher magnification. 
 
 
# Argonne National Laboratory’s work was supported by the U.S. Department of Energy, Office of International 

Policy and Analysis (NA-241), National Nuclear Security Administration under contract W-31-109-Eng-38. 



Whereas the porosity formation in the case of U6Fe occurs within the U6Fe fuel particles, in the case of 
U-Mo fuel it is entirely confined to the fuel-Al interaction product.  This is more clearly shown in Fig. 
2 – a metallographic section of an RERTR-4 miniplate.  The U-Mo fuel particles remain distinct and 
free of large bubbles.  Indeed, high-magnification scanning electron microscopy has shown the fuel 
alloy itself to have extremely stable swelling behavior to very high burnup over a wide temperature 
range [1].  It has been shown that the large gas bubble formation in uranium compounds is related to 
fission-induced amorphization of these compounds [3].  Such amorphous compounds exhibit viscous 
flow and high fission gas mobility (see the appearance of the pores in Fig. 3).  Comparison of Figs. 1 
and 3 suggests a similar behavior of the U-Mo/Al interaction material.  The development of large 
interconnected fission gas pores in dispersion fuel may occur when the following set of factors are 
met: 

1. The material is amorphous and has low fission-induced viscosity and high fission gas 
mobility; these are primarily a function of fission (damage) rate. 

2. The volume fraction of the amorphous phase is large enough to form a continuous phase 
to allow interlinkage of the gas bubbles.  In the case of U-Mo/Al this appears to be a 
function of fuel loading-temperature-time-and fission rate. 

3. A sufficient quantity of gas is present to drive bubble growth, which is a function of 
burnup. 

 

 
 

 
 

Fig. 1.  Low and high magnification of gross swelling in U6Fe 

 
 

Fig. 2.  RERTR 4, mini-plate V6022M, U-10Mo (atom.) average burn-up 82% 



 
Fig. 3.  Low and high magnification of gross swelling in U-7Mo 

 
The graph shown in Fig. 4 roughly captures the combination of these factors in delineating satisfactory 
and unacceptable fuel behavior of the U-Mo/Al plate type tests performed to date.  This graph is not 
meant to be a design guide, as several fabrication and operational factors, that may independently 
affect the fuel temperature, are not included in this simplified illustration of the results. 
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Fig. 4.  Proposed failure – no failure curve for U-xMo dispersion fuel 

 
3. Fuel-Al Interdiffusion 
 
Interdiffusion of the constituents of uranium compounds and the matrix aluminum in dispersion fuels 
is a general phenomenon resulting in the formation of aluminide compounds at the expense of the fuel 
particle and Al volume fractions in the dispersion.  The main concern thus far has been the very low 
thermal conductivity of this aluminide interaction product.  Because the formation of the interaction 
product involves consumption of the high-conductivity Al matrix, it results in higher fuel-meat 
temperatures.  This, in turn, increases the rate of interaction, as the interdiffusion is temperature 
dependent.  This was not a big concern for silicide dispersion fuel because the reaction rate is 
relatively low, as is the Al content of the reaction product, U(Si0.3 Al0.7)3.  This is, however, not the 
case for U-Mo/Al dispersions. 
 



As shown in Fig. 5, depending on the power density of the fuel, the interaction product rapidly 
becomes the major volume fraction of the fuel meat while the matrix Al virtually disappears.  The 
temperature increase associated with this does not appear to affect the U-Mo swelling behavior; 
however, there is a volume increase associated with the formation of the interaction product.  In view 
of the recent irradiation tests, it is clear that not just the extent but, more importantly, the behavior of 
the interaction product has become the major issue in the behavior of U-Mo/Al dispersion fuel. 
 
Measurements of the various volume fractions in the fuel meat after irradiation indicate that the 
interaction product is not one of the compounds of the U-Al alloy system, in particular, not an 
equivalent of UAl3 (as is the case in U3Si2/Al), which is a very irradiation stable compound. 

 
As shown in Fig. 6, the amount of the Al contained in the interaction product corresponds 
approximately to that of (U-Mo)Al7.  The calculation of this stoichiometry relies on an assumed 
density of the product, which is the more difficult to determine if, as presumed, the product is 
amorphous.  Characterization of the interaction product as well as the mechanism of porosity 
formation needs further study.  To this effect, detailed postirradiation examinations and out-of-reactor 
experiments are ongoing.  It is clear, however, that the behavior and the extent of formation of the 
reaction product in U-Mo/Al dispersion fuel drastically limits the higher-power utilization of this fuel 
type, as shown in Figs. 2 and 3.   
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the pure Al matrix.  This difference is much too large to be explained by the very small temperature 
difference across the fuel particles in question.  This difference is common in all our miniplate 
irradiations and is qualitatively shown in Fig. 8.  Interestingly, such a difference is not observed in the 
full-size elements that were made with type AG3NE cladding (see also Fig. 8).    

 
Fig. 7.  Variation of reaction layer thickness across the fuel cross section of plate V03 from RERTR-3.  

U-10Mo at 38% Bu. 
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Fig. 8.  Comparison of reaction layer thickness at cladding side and Al matrix side 

for test plates from RERTR-3, 4 and 5, UMUS, IRIS-1 and FUTURE 
 
The major alloying elements in both alloys are, respectively, 0.6 wt% Si and 1.0 wt% Mg in 6061, and 
0.3 wt% Si and 3.0 wt% Mg in AG3NE.  The fact that no effect of the higher-Mg alloy, AG3NE, is 
observed seems to rule out Mg as having a retarding effect on interdiffusion.  Silicon therefore appears 
to be the more likely agent.  This is lent support from past experiments on U-Al alloy and UAlx-Al 
dispersion Fuels that showed that small amounts of Si added to either the alloy or the matrix Al 



prevented the formation of UAl4 and reduced the Al-fuel interdiffusion rate.  Out-of-reactor diffusion 
experiments are in progress to further clarify the Si effect.  If proven positive, irradiation tests with 
miniplates having appropriately modified matrix composition will be included in future tests. [4] 
 
5. Conclusion 
 
• Extensive porosity formation in the U-Mo/Al reaction layer has been shown to result in 

unacceptable pillowing of the fuel plate. 
• This behavior imposes an operational limit on the use of U-Mo dispersion fuel, beyond medium 

power densities. 
• The limit is not readily defined but appears to be influenced by fission rate, temperature, and 

burnup. 
• A remedy to the swelling problem by minor modification to the Al matrix composition appears 

to be promising. 
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ABSTRACT 

 
Two low enriched uranium fuel plates consisting of U-7wt%Mo atomized powder 
dispersed in an aluminum matrix, have been irradiated in the FUTURE irradiation rig of the 
BR2 reactor at SCK•CEN. The plates were submitted to a heat flux of maximum 340 
W/cm2 and a surface cladding temperature of less then 130°C. After 40 full power days, 
visual examination and profilometry of the fuel plates revealed an increase of the plate 
thickness. In view of this observation, the irradiation campaign was prematurely stopped 
and the fuel plates were retrieved from the reactor. At their end-of-life the U-7wt%Mo fuel 
plates showed a maximum burnup of 29% 235U. The microstructure of one of the fuel plates 
has been characterized in an extensive post-irradiation campaign. Amongst the findings is 
that the composition of the interaction layer between the Al matrix and the UMo fuel 
particles, can be identified as (U,Mo)Al3 and (U,Mo)Al4. This result differs from the 
findings in the PIE of U-7wt%Mo ground powder fuel plates irradiated at the OSIRIS 
reactor, where only an Al-rich interaction layer (U,Mo)Al7 is found.  

1. Introduction 
Through the French working group, whose aim it is to contribute to the qualification of  UMo 
dispersion fuel, CERCA is in the process of qualifying the fabrication of uranium-7wt% molybdenum 
(UMo) dispersion fuels with a density loading up to 8 g U/cm3 and slightly more. In this framework 
CERCA has manufactured fuel plates consisting of U-7wt%Mo atomized fuel powder dispersed in an 
aluminum matrix and surrounded by an aluminum alloy cladding.  
The fuel plates have been irradiated in the FUTURE irradiation rig of the BR2 reactor at SCK•CEN. 
The objective of the program was to test the behavior of this type of fuel with a surface heat flux up to 
340 W/cm2 and a maximum fuel cladding temperature of 130 ºC. After the second irradiation cycle,  
profilometry of the atomized UMo fuel plates showed an increase of more than 10% in plate thickness. 
After 40 FPD's the plates had a maximum burnup of 29% 235U.  A sample of the most deformed area 
was taken and submitted to a post-irradiation campaign. 

2. Post-irradiation campaign 
 
Profilometry showed that the most deformed area the fuel plate shows an increase of 13% in thickness 
compared to the initial value. 
A sample was cut from the most deformed area, which is characterized by a maximum count rate in 
the axial and transverse direction of the gross gamma spectrum. For reason of comparison a sample of 



a sibling unirradiated fuel plate has been taken. The samples are embedded in an epoxy resin in such a 
way that the complete section of the fuel (meat and cladding) can be observed. The samples are 
polished with SiC paper of successively finer grain size, finishing on cloth with diamond paste of 3 
µm and 1 µm. They have been examined with optical microscopy (OM), electronprobe microanalysis 
(EPMA), scanning electron microscopy (SEM). X-ray diffraction (XRD) data is only recorded of the 
unirradiated sample.  

3. Microstructure of U-7wt% Mo fuel plates 
The phases present in the UMo 
powder of the sibling sample are 
measured by X-ray diffraction. 
The measured X-ray diffraction 
pattern (Fig. 1) shows that the 
meat, after fabrication but prior to 
irradiation, contains a significant 
amount of orthorhombic α-U in 
addition to γ-U.  Diffraction peaks 
due to the Al of the cladding and 
matrix are also present. From the 
detailed optical microscopy image 
(Fig. 2a) of a UMo fuel particle of 
the unirradiated sample in as-

polished condition, it can be seen that the spherical UMo particles consist of smaller grains and as 
such give the fuel particles a cellular aspect. It should be noted that the grains at the edge of the 
particle appear to be smaller and more elongated than the grains in the center of the fuel particle. 
There is no indication of 
the formation of an 
interaction layer between 
the UMo fuel particle and 
the Al matrix (Fig. 2a) after 
fabrication, prior to the 
irradiation. After 
irradiation the cellular 
structure in the fuel 
particles can only be 
observed after etching of 
the sample (Fig. 2b). 
Interaction between the Al 
matrix and the UMo fuel 
particle has occurred, 
resulting in a U-Mo-Al 
layer surrounding the fuel 
particle.  
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deformed area is located near t
in fuel plate thickness has to be
Fig. 2 The cellular structure of the fuel particles in (a) the unirradiated
U-7Mo fuel plate (as-polished) and (b) in the irradiated fuel plate 
(etched).
Fig. 1 X-ray diffraction pattern of the unirradiated sample.
s (Fig. 3) covering the complete width of the sample reveals that the 
he center of the sample. More importantly, it is shown that the increase 
 attributed to an increase in the thickness of the fuel meat, as the  
Fig. 3 A composition of optical micrographs of the irradiated sample reveals the increase in fuel meat 
thickness and the large voids in the center of the meat, which give the fuel a torn aspect.   



cladding has remained intact at all positions on the sample. Over almost the complete width of the 
sample, voids can be observed in the meat. In the central zone of the meat these voids become very 
large, in part due to pull-out during sample preparation. 

a ba b

Fig. 4 The secondary electron image of fuel particles at a lower heat flux position (a) and in the 
distorted area of the sample (b). 

From the secondary electron image (Fig. 4a) of fuel particles submitted to a lower heat flux, the 
thickness of the interaction layer is measured to be approximately 4 µm. In the meat submitted to a 
high heat flux (central area of the sample), areas are observed where the consumption of  the 
aluminum matrix has been complete (Fig. 4b). The thickness of the interaction layer at this position 
has increased to ≈ 11 µm. Although little to none of the Al matrix is left, a strong delineation of the 
former boundary of the U-Mo-Al interaction layer is present.  
The detailed backscattered electron image (Fig. 5) not 
only reveals the cellular structure of the UMo 
agglomerate but also shows fission gas related bubbles 
at the UMo cell boundaries. 
The X-ray map of Mo Lα (Fig. 6 left) illustrates that 
the cellular structure of the UMo particle consist of 
UMo cells surrounded by a boundary which has a 
lower Mo content. This is reflected in the semi-
quantitative linescan (Fig. 6 right), where the Mo 
signal inside a UMo agglomerate fluctuates between 6 
and 8 wt%. 
The Xe and Nd X-ray maps and semi-quantitative 
linescan (Fig. 6) show the homogeneous distribution of 
fission products inside the UMo fuel particle. In the U-
Mo-Al intermixing layer their concentration is lower, 
but at the interface with the Al matrix (and cladding) a 
clear rise in fission product concentration is observed. 

Fig. 5 After irradiation fission gas related 
bubbles can be observed at the UMo cell 
boundaries. 
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Fig. 6 Local X-ray maps (left) and semi-quantitative x-ray 
analysis covering the Al matrix, the interaction layer and the 
UMo fuel particle (right). 



At several positions on the sample, the composition of the interaction layer has been measured. There 
are two types of layers found, i.e. U19Mo4Al77 and U15Mo3Al82. As the ratio of U over Mo in both 
phases is nearly equal to the ratio U/Mo in the original U-7wt%Mo alloy, the composition of the 
interaction layers can be denoted as respectively (U,Mo)Al3 and (U,Mo)Al4.4 [1].  
The major interaction layers L1 and L2 formed in a U-10wt%Mo vs. Al diffusion couples annealed 40 
h at a temperature of 550 ºC [2] are approximately similar to respectively (U,Mo)Al3 and (U,Mo)Al4.4 
and compare well to the composition of the interaction layers found in the current study (Fig. 7).  

The third interaction layer L3 found in 
the out-of-pile experiment has been 
characterized as being very thin and high 
in Al and can be denoted as a (U,Mo)Al7 
layer. It should be mentioned in this layer 
L3 the ratio Mo/U is higher than the 
original ratio. A similar phase has also 
been found in the IRIS 1 experiment [3]. 
The irradiation of U-7wt% Mo ground 
powders at the OSIRIS reactor resulted 
in the formation of interaction layers 
with a composition ranging between 
(U,Mo)Al6 and (U,Mo)Al8.  
 Secondary electron macrographs are 
used to calculated the average particle 
and interaction layer size.  For the fuel 
particles of the sibling unirradiated 
sample, the mean Feret diameter is found 
to be 24 µm. In the irradiated sample the 
mean U-7wt%Mo particle diameter 
equals 18 µm, while the mean Feret 
diameter of the fuel particle including its 
interaction layer equals 30 µm. This 
implies that on average the former UMo 

particle diameter in the irradiated sample was 24 µm and that the interaction layer has grown equally 
in the fuel particle and in the Al matrix. 
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Fig. 7 The partial ternary U-Mo-Al phase diagram 
shows that the observed composition of the interaction 
layers in this study, identified as being either (U,Mo)Al3 
or (U,Mo)Al4.4,  are similar to the major layers (L1 and 
L2) found in an out-of-pile diffusion experiment. 

4. Discussion 
The optical microscopy images of the as-polished unirradiated sample and the micrographs of the 
irradiated sample in etched condition, show the cellular microstructure which has formed as a result of 
rapid solidification during atomization. The compositional difference between the Mo enriched region 
in the cell interior and the Mo depleted cell boundary is approximately 2 wt%. This is in agreement 
with literature [4-6] and the EPMA results, showing a fluctuation between 6 and 8 wt% of the Mo 
signal measured inside a UMo particle.  Because the spotsize (≈ 1 µm) is slightly larger than the width 
of the cell boundary (< 1 µm) it is not possible to obtain a more quantitative result on the composition 
of the boundary. 
Over the width of the sample, voids are observed. It is thought that the large voids in the central area 
of the sample are a result of mechanical pull-out during sample preparation. Probably aided by the 
stress zone caused by the growth of the interaction layer [7] or the presence of fission products at the 
peripheral boundary, weakening of the particle boundary has occurred. Also on a macro level, thermo-
mechanical stresses are expected to have weakened the cohesion of the meat, which could have lead to 
the observed shearing effect (Fig. 3). Simple mechanical manipulation such as polishing would be 
enough to remove loose particles or Al matrix from the sample. 
Small voids occur in-between the U-Mo particles. The origin of these voids can be found in the so-
called Kirkendall effect. Small voids can be created as a result of vacancy movement which 
accompanies the unequal mass flow in a diffusion process [8, 9]. Image processing on the irradiated 
sample has shown that the former UMo particle diameter, calculated from the mean of the fuel particle 
diameter and the diameter of the fuel particle including the interaction layer, has not altered. This 



indicates that the interaction layer has grown equally into the UMo particle and the Al matrix. 
Considering the observed composition of the interaction layer ((U,Mo)Al3 or (U,Mo)Al4), the rate at 
which aluminum diffuses has to be faster than the diffusion rate of UMo. This is in accordance with 
the original Kirkendall experiment which leads to the conclusion that the element with the lower 
melting point (Al ≈ 660 ºC, U-7wt%Mo ≈ 1140 °C) in general diffuses more rapidly [8]. 
The X-ray diffraction pattern of the unirradiated sample reveals the existence of α-U next to the 
desired γ-U phase. As molybdenum is the γ-stabilizing component, it is believed that the Mo rich fuel 
cells consist of the stabilized γ-U, while the Mo depleted cell boundary is composed of more α-U. It 
would be at these boundaries that the diffusion between Al and the UMo particle preferentially occurs, 
as the reaction between Al and γ-U is slower than with α-U [10]. In the current study the boundaries of 
the elongated cells at the particle edge could therefore act as such diffusion pathways, which can give 
the UMo fuel particle edge the jagged form as observed in the SEM images.  
The found composition of the interaction layers ((U,Mo)Al3 and (U,Mo)Al4.4) can probably also be 
related to the α-uranium containing cell boundaries acting as easy diffusion pathways in the atomized 
UMo powder. The ground powder used in the IRIS project consists of nearly pure γ-stabilized UMo, 
making the diffusion between Al and UMo more difficult. Still the diffusion rate of Al is faster than 
the rate for UMo resulting in the formation of an Al-rich interaction layer (U,Mo)Al7. Of course the 
fuel temperature in the IRIS irradiation was much lower than in this project, which could also have an 
influence on the compound formation. 
From the post-irradiation examination, it is obvious that the observed swelling of the UMo fuel plate 
has to be attributed to an increase in the thickness of the fuel meat, as the cladding has remained intact 
at all positions on the sample. The fission products are homogeneously dispersed in the fuel particle 
interior, except at the cell boundaries where fission gas bubbles can be detected. The observed halo in 
the X-ray maps around the fuel particles is the result of sweeping up the ejected fission products by the 
formation and growth of the U-Mo-Al interaction layer. Considering the low burnup, fission gas 
production has been low and stable. The observed swelling of 13% can therefore be related to the 
combined effect of the formation of an interaction layer and thermo-mechanical stresses. 
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ABSTRACT 
 

U-Mo foils for a monolithic fuel have been fabricated at KAERI by the cooling-roll casting 
method.  The U-Mo foils have been obtained through a rapid cooling directly from a melt.  
The fabrication and characterization of the U-Mo foils with various thickness by the 
cooling-roll casting method have been carried out in this study. The U-Mo foils with a 
width of about 50 mm and a thickness of less than 300µm were cast using the cooling-roll 
casting process.  Major results of the cooling-roll casting process were obtained as follows: 
1) a simplified process without the hot-rolling process and heat-treatment process, 2) an 
improvement in the productivity and the quality of the foil fabrication, 3) a fine and 
uniform polycrystalline cell structure with the meta-stable gamma phase, irrespective of the 
foil thickness, and 4) a good roughness on the surface, with a few impurities.  

 
 

1.  Introduction 
Generally, the conventional fabrication method for uranium foils [1-2] has the disadvantages of 
complicated processes such as the following: casting the uranium; cutting the resulting ingot to a 
suitable size for hot rolling; rolling a thick piece of the ingot through many passes to gradually thin it 
to fabricate a uranium foil with a thickness of about 100 µm; and finally heat-treatment at ~800 °C and 
quenching the fabricated uranium foil to produce the required gain size and orientation. 
In the conventional method, the U-Mo must be heated and rolled under a vacuum or in an inert 
atmosphere because it is a reactive material.  The hot rolling is repeated several times to obtain a 
suitable thickness of the U-Mo foil.  As the hot-rolling process takes a long time, productivity is 
relatively low.  A washing/drying process must be done to remove the surface impurities after hot 
rolling. In order to obtain a fine polycrystalline structure which has a more stable behaviour during 
irradiation, heat-treatment and quenching must be performed.  The high hardness and the low ductility 
of the U-Mo make it difficult to roll the foil.  The foil is liable to crack owing to residual stress during 
the process, resulting in a low yield.  
Monolithic fuel has been investigated as a very-high-density fuel candidate for high-performance 
research reactors since 2000 [3].  Excellent in-reactor results have been obtained from the irradiation 
of mini-plates containing monolithic LEU U-Mo fuel elements with a uranium density of 15.6 g/cm3.  
If an economically viable manner of fabricating the monolithic LEU U-Mo fuel elements is developed, 
and if the preliminary irradiation tests are confirmed, this fuel holds the promise of enabling LEU 
operation of all the existing and future research reactors in combination with an unprecedented 
performance.  
As the monolithic U-Mo fuel specimens irradiated in the RERTR-4 were fabricated at a laboratory 
scale, not at a commercialized scale, by the hot-rolling method due to some problems in foil quality, 
productivity and economic efficiency, attention has shifted to the development of an alternative 
technology.  In the present study, U-7wt.%Mo foils for a monolithic fuel have been fabricated at 
KAERI by the cooling-roll casting method.  The wide U-Mo foils have been obtained through a rapid 
cooling directly from a melt.  The fabrication and the characterization of the U-Mo foils with various 
thickness by the cooling-roll casting method have been carried out.   
 



2.  Experimental procedure  
 

U-7wt.%Mo ingots, melted and cast with a proportioned charge of depleted uranium lumps (99.9 % 
pure) and molybdenum button (99.7% pure), were charged and induction-melted in a high-
temperature-resistant ceramic nozzle.  The superheated molten U-Mo alloy was discharged through a 
small slot in the nozzle onto a rotating cooling-roll under the condition where the slot was located 
close to the cooling roll.  The U-Mo foils were rapidly cooled by contact with the rotating roll driven 
by an electric motor in an inert atmosphere, so that the fine crystalline grains of the U-Mo foil with the 
meta-stable γ-U phase are formed.  The rapidly solidified foil was collected in a container.  
The thickness of the U-Mo foils was measured at several positions along each foil using a micrometer. 
The morphology and the microstructure of the U-Mo foils were characterized with a scanning electron 
microscope (SEM). X-ray diffractometer (XRD) using Cu Kα radiation and a Ni filter was used to 
determine the alloy phase and the preferred orientation of the foils.  

 
 

3. Results and Discussion  
 

Fig. 1 shows the typical appearance of thick U-Mo foils of less than 50 mm in width and 300 µm in 
thickness. The U-Mo foils with a maximum width of 50mm could be cast, using the cooling-roll 
casting process.  The width of the foil was almost the same with the slot width under the stable process 
condition.  The U-Mo foils have a relatively good surface state, a high strength and a high stiffness.  
Since the U-Mo foil is directly fabricated form the melt of U-Mo alloy by rapid cooling, which is 
difficult to roll due to its high strength and toughness, it may be easily fabricated.  The fabrication 
process of U-Mo foil by a cooling roll is greatly simplified compared to the conventional fabrication 
method, which includes a vacuum induction melting process, a tedious and repetitive hot-rolling 
process, a washing/drying process to remove the impurities, such as surface oxides, and a refinement 
heat-treatment process to obtain fine crystalline grains with the meta-stable γ-U phase.  The melt may 
be cast at once to fabricate the U-Mo foils of ~1 kg in a few seconds by the cooling-roll casting 
method, thereby having a high productivity, which leads to high economical benefits in producing the 
U-Mo foil.  However, as the U-Mo alloy has a low thermal conductivity, it is not easy to soundly 
fabricate the U-Mo foils without cracks in the collection process of the cooling-roll casting method.  
 

 
Fig. 1. U-Mo foil fabricated by the cooling-roll casting method. 

In addition, Figs. 2~3 show the scanning electron micrographs having various magnifications of the 
free surface (Fig. 2) and the wheel-contact surface (Fig. 3) of the obtained foils.  The wheel-contact 
surface has a smooth surface state like the surface of the cooling roll; however, the free surface 
exhibits a somewhat rough surface state, with some defects.  The roughness test revealed that Ra and 
Rmax are 2.0 µm and 13 µm for the free-side surface; however, the Ra and Rmax of the roll-side surface 
are 0.3 µm and 3 µm, respectively (Fig. 4).  The U-Mo foils exhibited a rough state on the free surface 
and a fairly smooth state on the cooling-roll contact side. In addition, because the U-Mo is lacking in 
ductility, the U-Mo foil may be damaged and cracked owing to an induced stress during the hot-rolling 
process, which leads to a low yield and a reduced economic efficiency.  Furthermore, the U-Mo foil 
fabricated by a cooling roll has a smaller residual stress than the foil obtained through the repetitive 
hot rolling of a U-Mo plate.  Defects in the deformation areas or cracks can act as penetration paths for 
the monolithic U-Mo fuel during irradiation at a high temperature.  The interaction between the U-Mo 
and the cladding can be enhanced by the defects or the cracks.  However, the U-Mo foil fabricated by 
a cooling roll does not have such paths.  
 



             
Fig. 2. Scanning electron micrographs of the free surface of the obtained foils with various 
magnifications; (left) x16, (right) x1000. 

             
Fig. 3. Scanning electron micrographs of the wheel-side surface of the obtained U-Mo foils with 
various magnifications; (left) x16, (right) x1000. 

 

 
Fig. 4. Results of the roughness test of the free surface side (a) and the cooling-roll contact surface (b)  
of the obtained U-Mo foils. 

Figs. 5~6 show the scanning electron micrograph, and the X-ray diffraction pattern of the obtained 
foils.  The U-Mo foils have homogeneous and fine cells below 10 microns in size irrespective of the 
foil thickness.  The U-Mo foil fabricated by a cooling roll has homogeneous and fine grains with a 
random orientation so as to prevent the U-Mo foil from excessively growing during irradiation.  In 
addition, all the phases of the rapidly solidified foil are found to be the meta-stable isotropic γ-U 
(body-centered cubic) phase, irrespective of the foil thickness.  It is expected that monolithic fuel with 
the U-Mo foil may not have a breakaway swelling behaviour but a stable in-reactor behaviour during 
irradiation, as shown in the monolithic fuel specimens irradiated in the RERTR-4.   Therefore, it is not 
necessary to heat-treat the hot-rolled foil and quench it from about 800 °C to form fine grains with the 
γ-U phase, as the U-Mo foil having fine grains is directly obtained by the rapid solidification effect. It 
is seen that the microstructure of the U-Mo foils is polycrystalline, with many non-dendritic γ-U 
grains. The grain size becomes smaller as the foil thickness becomes thinner.  This suggests a more-
rapid cooling of the thinner foil owing to the increase of the specific surface area. Because the cooling 
rate of the thinner foil is higher, the time available for solidification decreases and the tendency to 



form finer polycrystallines enhances. Despite the rapid solidification, the SEM images reveal some Mo 
segregation, or cored microstructure, the characteristic of an alloy with a substantial liquidus-solidus 
gap, such as U-Mo alloy. At extremely high rates of solidification (~ 100 cm/sec),  micro-segregation-
free alloys may be produced by solute trapping [4]. However, the U-Mo foil fabricated by cooling-roll 
casting does not impose such high growth rates, and shows micro-segregation.  
 

              
Fig. 5. Scanning electron micrograph of the polished U-Mo foil; with various magnifications;  
(left) x1000, (right) x2000. 

          

 
Fig. 6. X-ray diffraction pattern of the obtained U-Mo foils; (left) free surface, (right) 
wheel-contact side surface. 

 
4. Conclusions 
 

1) Polycrystalline U-Mo foils  with a width of about 50 mm were fabricated, by adjusting the process 
arameters of the cooling-roll casting apparatus.  p

c
2) The U-Mo foils had a good roughness on the surface, with a few impurities.  The cooling-rolling 

asting process produced U-Mo foils with a high purity and a high productivity.   
3) The U-Mo foils had fine and uniform polycrystalline cells below about 10 microns in size with the 
γ-U phase, irrespective of foil thickness.  It is expected that monolithic fuel with the U-Mo foils  
show a breakaway swelling behaviour but a stable in-reactor behaviour during irradiation.  

4) The fabrication of U-Mo foils by the cooling-roll casting method can be suggested as an alternative 
process for the fabrication of monolithic U-Mo fuel.  
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ABSTRACT 
 

The construction and operation of HANARO had required the fuel production in KAERI. 
The U3Si dispersion fuel R&D for HANARO fuel localization has been carried out since 
1987. The fuel fabrication process was established through basic R&D of the fabrication 
technology, its property characterization, process equipment procurement, preliminary 
fabrication, and optimizing parameters. In order to overcome the difficulties of mechanical 
comminuting and a low yield an atomization process was developed. Two irradiation tests 
for the developed fuel were performed and acceptable results were obtained. The 
fabrication facility was designed and constructed by focusing on safety such as its nuclear 
criticality and most of the process equipment was manufactured domestically in Korea. A 
quality control system was established to guarantee the product quality. All possible 
measurements and detections have been applied. The fabrication license for HANARO fuel 
was obtained from the Ministry of Science and Technology through appropriate the 
evaluations and reviews by regulatory body. The fabrication operation for HANARO fuel 
will commence this year and all the fuels to be used for HANARO will also be produced 
from this year.  

 
 

1. Introduction  
In conjunction with the construction of HANARO around the middle of 1980s a necessity for the fuel 
production at KAERI was proposed. A R&D project for HANARO fuel fabrication was established in 
1987 and started with a basic study about the technology related to fuel fabrication. After establishing 
the fabrication equipment for the U3Si dispersion fuel meats some efforts were made to produce a few 
fuel meat samples preliminary. Some difficulties were incurred in producing U3Si powder by 
mechanical chipping and pulverization. In order to overcome the difficulties of mechanical 
comminuting and a low yield, a development of the atomization process was launched in 1989. U3Si 
powder having a spherical shape could be produced successfully from U-Si alloy melt. Consequently 
the tedious and troublesome processes of chipping U3Si ingot and pulverizing U3Si chips could be 
eliminated. In addition, it was found that the spherical fuel powder has beneficial effects in the 
fabrication process as well as the fuel behavior[1][2].  
 
Efforts were made to optimize the fabrication parameters and some modifications of process 
equipment were done. In addition, it has been devoted to establish the Q/C system. And then some 
dummy fuel assembles of HANARO could be fabricated according to the developed process. 
Hydraulic tests were performed for two different assemblies consisting of 18 DU3Si fuel rods and 36 
DU3Si fuel rods, respectively. In these tests the pressure drops and vibrations were measured and the 
endurances were investigated.  
 
Around the middle of the 1990s, in order to do an irradiation test (KOSI-1 Test) for the developed 
U3Si dispersion fuel rod a fuel bundle consisting of three atomized U3Si fuel rods and three 
comminuted U3Si fuel rods was fabricated using LEU metal. From the safety point of view the length 
of the fuel rods was taken as 200 mm, which is shorter than the full length of 700 mm. The bundles 
were irradiated in HANARO at a relatively lower power than the normal operating condition from 
December 16, 1997 to June 6, 1999. The PIE results were acceptable[3]. In order to verify the 
developed fuel the 2nd irradiation test (KOSI-2 test) was performed for six full size fuel rods, which 
consisted of three atomized U3Si fuel rods and three comminuted U3Si fuel rods as in the 1st test. The 
fuels were irradiated at the normal power rate, which was higher than the 1st test, from June 17, 1999 
to July 25, 2000. The PIE results were evaluated as acceptable[4]. 
 
The successful achievement in developing the fuel fabrication technology attributed to the available 



funds for the construction of fuel fabrication facility. The design and construction of the facility have 
been done from 1999.  
 
2. Brief description on the PIE Results of the KOSI irradiation tests  
 
The irradiation conditions are summarized as shown in Table 1. The KOSI-1 irradiation test was 
performed with a full length of the fuel meat at a higher power and burnup compared to the 2nd 
irradiation test. However, the burnup of the KOSI-2 test was lower than the KOSI-1 irradiation test. 
From the optical observation for fuel rods the abnormal behavior phenomena have not been found.  
 

Table 1. Irradiation conditions of the 1st and 2nd irradiation tests for the U3Si dispersion fuel rods 
 

 The 1st irradiation test The 2nd irradiation test 
U-density 

(weight fraction) 
3.15 g-U/cc 

(Al-61 wt.%U3Si) 
3.15 g-U/cc 

(Al-61 wt.%U3Si) 
Test fuel bundle 18 rod type 35 rod type 
Fuel meat size  φ6.35 mm x L 200 mm φ6.35 mm x L 700 mm 

Fuel rods 3 atomized U3Si fuel rods 
3 comminuted U3Si fuel rods 

3 atomized U3Si fuel rods 
3 comminuted U3Si fuel rods 

Irradiation hole OR-4 (HANARO) CT (HANARO) 
Max. Linear 

power 88.9 kW/m 121.6 kW/m 
Center line 
temperature 262 °C 320 °C 

Average burnup ∼87 at.% U-235 ∼63 at.% U-235 
 
The swelling estimations by the dimensional and density measurements showed that the maximum 
swellings of the two different fuel meats were almost the same as about 5 %. On the other hand, the 
KOSI-2 test results showed that the swelling of the atomized U3Si dispersion fuel meat was lower than 
that of the comminuted U3Si dispersion fuel as shown in the Table 2.  
 

Table 2. PIE results of the KOSI-1,2 tests 

The KOSI-2 test  The KOSI-1 test 
(Both types of fuels) Atomized fuel Comminuted fuel 

Maximum Swelling About 5 % About 5.9 % About 7.1 % 
Interaction layer 

thickness 
8∼12 µm 5∼15 µm 7∼19 µm 

Average bubble size About 0.3 µm About 0.36 µm About 0.55 µm 
 
The interaction layer thickness of the fuel particle and matrix aluminum in the KOSI-1 test was 
measured to be relatively small at 8∼12 µm in atomized and comminuted fuel meats. The fuel meats 
irradiated at a higher power in the KOSI-2 test revealed thicker layers than in the KOSI-1 test. The 
measurement for the interaction thickness showed that the atomized fuel meat was interacted with a 
little thinner interaction layer than the comminuted fuel meat as in Table 2. Even though the 
interaction thickness was very large at more than 15 µm, the un-reacted aluminum matrix phase 
remained considerably as shown in the figure 1. 
 
In comparing the fission gas bubble sizes in the two different fuel meats, the KOSI-1 test showed 
almost same bubble sizes but the KOSI-2 test revealed that the fission gas bubbles in the atomized fuel 
particles were observed to have a narrower distribution and a smaller average bubble size than in the 
comminuted fuel particles as shown in figure 2 and 3. There was no observation indicating any 
interlinking of the bubbles in all fuel meats.  
 
The corrosion on the cladding surface of the fuel rods was observed in the PIE. The corrosion is 
considered mainly to depend on the linear power of fuel rod mainly. The maximum corrosion layer in 
the KOSI-2 test irradiated at a higher power was measured to be 75 µm. 
 
 



  
a                                b 

Fig. 1. Observation on the cross sections of the atomized and comminuted U3Si 
fuel meats; (a) atomized fuel meat, (b) comminuted fuel meat 

 

  

(a) Atomized U3Si fuel meat    (b) Comminuted U3Si fuel meat 
Fig. 2. SEM observation for the cross-sections of the two different fuel meats 

  
Fig. 3.  Bubble size distributions in the fuel particles of the two different fuel meats;  

(a) atomized U3Si fuel meat, (b) comminuted U3Si fuel meat 
 

3. Design and Construction of the Facility  
 
The annual fuel consumption in HANARO is small at less than 100 kg based on LEU metal. So the 
space for the HANARO fuel fabrication facility was situated in a part of the new facility, which is 
called the Nuclear Fuel Development Facility at KAERI. The other part is used for the R&D of the 
various nuclear fuels. The capacity of the fuel fabrication facility was designed in order to supply all 
the fuels needed for HANARO. However, the well-equipped atomization system for the fuel powder 
production has enough capacity such as five times than the powder quantity for HANARO. This 
facility could be characterized to be available for the production of rod type fuel such as the 
HANARO fuel as well as the U-Mo powder. 
 
The facility was designed by Korea Power Engineering Company by referring by the power reactor 
fuel fabrication facility of the Korea Nuclear Fuel Company. The aseismatic design was applied. 



Nuclear criticality safety was taken into consideration in designing the facility. The calculation was 
conducted based on the double contingency principle by assuming the immersion condition in water 
with the computer code of SCALE4.4. The maximum effective multiplication factor was calculated at 
0.68955, which was evaluated to be safe.  
 
4. Process Description and Equipments  
 
The fabrication of the U3Si dispersion rod type fuel starts with LEU metal and silicon metal. The LEU 
metal lumps and silicon chips are charged into a crucible in the atomization equipment and then it is 
heated up to a temperature to melt them under a vacuum atmosphere. The homogenized melt is poured 
into a tundish having a small nozzle and then flows through the nozzle on to a rotating disk with inert 
gas being fed into the in the chamber. The melt is disintegrated into droplets by centrifugal force. The 
fine droplets are solidified during the flight very rapidly and form as a spherical shape due to the 
surface tension. The atomized powder is collected in the receiving container at the bottom of the 
chamber. The atomized powder is heat treated under a vacuum atmosphere for 6 hours in a vacuum 
heat-treatment furnace in order to transform the as-cast structure consisting of the U3S2 and Uss phases 
to the U3Si phase. The U3Si powder is sieved to get the appropriate particle size distribution. The 
sieved U3Si powder is mixed with aluminum powder by a V-type blender and then it is compacted. 
The compacts are extruded into fuel meat rods by extrusion. The fuel meat rod is machined and 
attached with plugs at both ends. Co-extrusion is done on the fuel meat rod for the cladding with 
aluminum. After removing the cladding on the plugs by machining, electron beam welding is done at 
the interface between the cladding and the plug in order to seal the fuel meat. Finally the fuel rods are 
assembled. The parts are manufactured outside of KAERI.  
 
All the process equipment except for the electron beam welding machine were manufactured 
domestically in Korea. Most of the equipment for the quality control was imported form foreign 
counties.  
 
5. Quality Control  
 
The activities associated with the quality control in the fuel fabrication process are the dimension 
measurement, chemical analysis, phase analysis of the U3Si fuel particle, X-ray real time radiography 
inspection and the penetration test for the defects in the welding parts, soundness check for the 
cladding by the eddy current test, and the homogeneity analysis for the fuel meat rod by the gamma 
scanner.  
 
The accelerating voltage and the spot size for the X-ray real time radiography are 160 kV and 10 µm, 
respectively. An image processor is used for inspecting the defects. The acceptable length of a sound 
welding part is 0.33 mm. The welding parts are additionally inspected by a penetration test. In the 
eddy current test a standard fuel cladding specimen with various artificial defects is used. The detected 
defects in the cladding should be less than 17% of cladding thickness.  
 
The uranium homogeneity of the fuel meat rod is inspected by analyzing the detected gamma intensity 
of the gamma ray emitted from the U-235 distributed in the fuel meat. In order to determine the 
acceptable homogeneity, standard fuel specimens with different uranium density fuel meats are used. 
The maximum variation of the U-235 contents in the fuel meat rod obtained from the standard 
specimens is ± 8.5%. The above inspections will be done for the fuel rods.  
 
For the assembled fuel bundles, the welding points for fixing the assembly parts are inspected by a 
penetration test and a sort of Go/No-go test is done using a Jig to check the loading function in the 
HANARO. All the activities associated with the quality control are recorded in the Q/C computer 
system and the situation relating to the quality control can be monitored at every personal computer.  
 
6. Licenses  
 
The nuclear fuel fabrication license was obtained from government. All the evaluation work was 
committed to the Korea Institute of Nuclear Safety, which is a regulatory body (KINS) in Korea. The 
submitted documents relating to the license were a report describing the facility design and 
construction plan, environmental impact analysis report, a document representing the processing 
capability of the fabricating fuel, nuclear criticality safety analysis report, quality assurance program 
and so on. First an acceptable evaluation from KINS was obtained and an additional review was done 
by the National Atomic Energy Commission. After receiving the nuclear fuel fabrication license from 
the Ministry of Science and Technology, the construction could be started. KINS audited the 



construction work to ensure it conformed properly to the submitted documents and then a report on the 
completely constructed facility and the installed process equipment was submitted to the Ministry. 
Finally, the fuel fabrication was permitted from January 2004.  
 
The license associated with the loading of the fabricated fuels into HANARO is being  processed 
separately. From the results obtained from the 1st and the 2nd irradiation tests it is expected that the 
loading of a lead bundle will be allowed in HANARO. After the lead fuel bundle demonstrates an 
acceptable fuel performance in reactor, the produced fuels will be loaded successively.  
 
7. Production plans  
 
First a kind of rework will be done for the useless HANARO fuels imported from AECL in CANADA. 
The fuels were created due to a few fuel design changes. The number of fuel bundles to be reworked is 
estimated to be about 50 sets. It is assumed to take about 6 months to do the rework for all the fuel 
bundles. In the mean time some startup operation will be done in each process step. An effort will be 
made to produce one lead fuel bundle as soon as possible. It is expected that the production of the 
HANARO fuel can start from around June this year. The fuel bundles to be consumed in HANARO 
annually under normal operations are 45 sets, which consist of 27 sets of 36 rod type bundles and 18 
sets of 18 rod type bundles. It is expected that this facility can produced all the fuels needed for the 
operation of HANARO.  
 
8. Summary 
 
The various activities conducted to obtain the localization of the HANARO fuel production could be 
summarized as follows;  
1) The HANARO fuel fabrication process has been established through basic R&D of the fabrication 

technology, its property characterization, process equipment procurement, preliminary fabrication, 
and optimizing parameters.  

 
2) In order to verify the developed fuel two irradiation tests were performed and they showed 

acceptable results.  
 
3) The fabrication facility was designed and constructed by focusing on safety such as the nuclear 

criticality and most of the process equipment was manufactured domestically in Korea. 
 
4) A quality control was established to guarantee the product quality. All possible measurements and 

detections have been applied.  
 
5) Through the safety evaluation by the regulatory body and the review by the National Atomic 

Energy Commission the fabrication license for the HANARO fuel was obtained from the Ministry 
of Science and Technology. 

 
6) The fabrication operation for the HANARO fuel will commence this year and all the fuels to be 

used for HANARO will also be produced from this year.  
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ABSTRACT 
As one of the most complex fuel assembly produced by CERCA, this paper 
describes the technical manufacturing challenge leading to successful production 
needed for the FRM II reactor. After six fuel elements already produced, and two 
delivered to the reactor, experience from the downstream part to the upstream part 
of the process flow outline is presented.  

 
 
 
1. Short description of FRM-II element 
 
FRM II element is a cylindrical element, made of one outer and one inner grooved tubes, forming a 
ring shaped structure, to which are attached by EB welding 113 fuel plates. Each element contains 
about 7500 g U 235, to the enrichment of 93 %, and each of the 113 plates contains 66 g of fissile 
material Fuel plates are classically made using the picture frame technique, with an AlFeNi alloy as 
cladding, and U3Si2 alloy dispersed in Al matrix to form the fuel part itself. In order to satisfy thermal 
and neutronical requirements, the core of the fuel plates is separated in two regions with different 
Uranium densities, 1.5 and 3 gU/cc, the first one forming the outer cylinder of the fuel region of the 
element. Upper and lower end fittings, welded to the outer and inner tubes, and a filtering grid 
complete the structural parts of the element. 

                                                     
 
 
2. Fabrication of fuel plates 
 
Development of new process for FRM II plates fabrication, and associated quality controls has been 
extensively described during a former IGGORR meeting, but a quick overview will nevertheless be 
given hereafter. 



2.1. Cores and fuel material 
 
To reach the amount of Uranium 235 needed for the optimal performance of FRM II fuel, it is 
necessary to use high enriched uranium (93 % U235 nominal), and a high density alloy. Hence the use 
of U3Si2 alloys. The large quantity of silicide powder to be produced annually, and the fact that FRM 
II is the only reactor to use U3Si2 with 93 % enrichment leaded to build a new glove box, dedicated to 
this powder production. U3Si2 powder is produced by alloy melting in an arc furnace. The ingots are 
then crushed in a mill and reduced to fine powder. This powder is sieved and separated in two 
different grain sizes. Oversized grains are either recycled in the mills or treated as production scraps. 
After the U3Si2 powder has been checked and analyzed, the amount to be weighed to fulfill the 
specification is calculated from isotopic composition, U content, and impurities content. 
Computer assisted process allows for operator assistance during Al powder and fuel powder weighing, 
and for full treacability of the products, from the core to the finished plate and the fuel element After 
weighing, the powder mix is homogenized and the core is pressed, ready for final control and plate 
rolling. 
 
2.2. Plates fabrication 
 
Plates fabrication is performed in three main steps : sandwich preparation, hot rolling, cold rolling and 
finally cutting to size and etching. Sandwich preparation must be performed with very high cleanliness 
standards to prevent stray particles presence between cladding elements. FRM II sandwiches are 
especially delicate to prepare, due to the fact that two cores (a small one with U density of 1.5 gU/cm3, 
and the large one with U density of 3 gU/cm3 ) have to be laid aside in the frame. Sandwiches are 
preheated before hot rolling. The preliminary hot rolling pass is crucial for bonding of aluminum 
cladding and fuel meat. The following rolling passes are merely done to give the final plate geometry. 
Development of high density fuel and especially of FRM II fuel plates leaded to develop new 
computerized radioscopic equipment. Tight specification regarding the ends of the core region 
(straightness, stray particles…) was not readily achievable with the old radioscopic equipment. Last 
fabrication steps are heat treatment, used to get a satisfactory metallurgical behavior, cutting to size, 
identification number engraving, and etching which gives the final smooth and clean visual plate 
aspect. After Customer inspection, plates are curved to accommodate the involute shape needed to 
give regular water channels after insertion in the structural tubes of the element. 
 
2.3. Plates control 
 
FRM II plates control is not really different from standard plate ones, but due to the presence of a 
double core some caution has to be taken. First examination is the blister test, performed immediately 
after the plate's heat treatment. Second operation is UT control. Interface between two cores could 
cause numerous concerns and leaded to false rejection. By improving our rolling process and adjusting 
some inspection parameters we successfully solved such delicate item. By taking a x-ray radiograph of 
each plate, the fuel core geometry and the absence of stray particles are checked. A second radiograph 
will be taken after plates are curved to check the correct position of both fuel cores with respect to the 
curvature. Metallographic examination is performed on a sample of plates, representative of the 
fabrication batch. This examination is used to evaluate core and cladding thickness.  
 
 
3. Development of fuel element construction 
 
Although the main fuel element manufacturing techniques were mastered by CERCA some 
adjustments, new equipment and processes were needed to develop in order to challenge the 
manufacture of the most complex element worldwide. 
 
3.1. Welding equipment 
EB welding of the FRM II element is performed with specific equipment. The welding chamber with 
an internal volume of about two cubic meters was designed by CERCA. Two generators, with a power 
of 6 kW have been build by a French company. The external gun is a very classical one, but the inner 



one has a diameter of only 90 mm, and is equipped with a 90° deflection coil. These features are 
needed to weld the inner joints (plates to inner tube, and inner upper end fitting to inner tube) in a 
satisfactory manner. This very tiny but loaded with performance EB gun represented a very high 
challenge, which has been met by CERCA. 
 
3.2. Control equipment 
 
Specific control device has been designed and build for welding control and geometrical inspection of 
the element. All plate to tube welds are controlled by mean of an ultrasonic equipment. The ultrasonic 
beam is coupled to the controlled tube with a water jet. Special care had to be taken because of 
criticality problems linked to the presence of water needed for coupling the UT beam to the material to 
be tested. About 3000 welding points have to be tested for each element. Welding assembly of end 
fittings on outer and inner tubes, are classical circular joints, and are controlled with x-ray radiographs. 
Special tooling had to be developed to accommodate with the very small focal distance due to the 
small diameter of the element. Water channels (space between the plates) are individually checked. 
Two test blades, equipped with capacitate gages are fed in the gap between each plate, and the 
dimension of this gap is continuously recorded. Displacement from one gap to the other is fully 
automatic. Position of fuel plates is also automatically checked. 
 
3.3. Dummy elements 
 
Several dummy elements have been built for adjusting the processes as well as performing specific 
tests for safety items. Element FRM II-001 was made entirely of aluminum, when elements FRM II 
002 and 003 have been successfully fabricated with depleted Uranium. One of them has been equipped 
with vibration gages and pressure measurement holes between the plates for specific mechanical 
evaluation resistance. 

 
 
 
4. Safety issues 
 
With a new design, not previously referenced in the safety report, CERCA has challenged the 
manufacturing safety aspect in a relative short term considering the numerous aspects to take into 
account. U3Si2 with a 93% enrichment is much more reactive than UAlx 93% or U3Si2 20%. This 
leaded to adjustment in Uranium, plates and element workshop. Numerous criticality calculation, and 
adjustments of processes, handling ways in the workshop, storage, have been deeply affected by FRM 
II operation. The number of powder container used to weigh small or large core, have been lowered 
with respect to usual practice, and the number of cores stored after pressing has also be reduced. Also 



the number of fuel plates in a rolling batch have been dramatically reduced. A new storage room for 
fuel plates and fuel elements has been build, and is now licensed for operation. 
 
5. Fabrication of the structural parts 
 
Structural parts used in the FRM II element are made of AG3 alloy, mainly drawn from round bars. 
Inner components (inner tube and inner end fitting) are drawn from a ⎠ 150 mm bar and outer 
components (outer tubes, outer end fittings and the grid) are taken out a ⎠ 300 mm aluminum alloy bar. 
For the tubes and the end fittings, the bars are first bores to get a first approach of dimensions, and 
then machined to the final shape and geometry. Those operations are usually performed by highly 
skilled sub contractors, duly qualified by the QA department. Regarding the outer and inner tubes, first 
steps are sub contracted, up to get a tube of the correct thickness and length. The machining of the 
grooves is performed in CERCA mechanical workshop on a milling machine equipped with a long 
arm carrying a circular saw designed to cut the grooves while respecting the very high tolerances 
needed to ensure the good position of the plates in the element. The grid is taken from a slice of the 
large diameter bar. Thermal treatment before and during holes boring, is needed to avoid deformation 
of the material and deviation from the tolerances. For this grid about 5000 holes with a diameter 
around 2 mm are bored, and statistically controlled with a diameter gage. 
 

 
 
 
6. Fabrication of actual fuel elements 
 
6.1. Main steps in fuel element production 
 
Fabrication of FRM II fuel element starts with structural parts preparation and careful positioning of 
outer and inner tubes. Fuel plates are then introduced one after the other in the groves of the tubes, and 
tooling is placed to prevent rotation of the assembly during EB welding. EB welding of plates to tubes 
is done in two sequences. Each sequence is designed so as to minimise thermal deformation due to 
welding. After each sequence, UT weld inspection is performed. Next step is combs welding. Each 
TIG welding point is visually controlled, and weld resistance is checked with a scale. Before end 
fitting welding, the fuel section is machined on a lathe to prepare the weld surface and to give to the 
element its round shape (geometrical deformation due to welding are machined)  Water channel are 
controlled at this step, because access is very limited after end fittings welding. End fittings are welded 
in the EB equipment, and the joints are controlled by x-ray. The end fittings are machined on a lathe 
equipped with a copying device to give the final shape to the nuts needed for the element Finally, the 
holes for assembly of the grid are bored and threaded, and a last cleaning operation is carried out. 



6.2. Status of present and future FRM-II elements production 
 
Since 2001, six FRM-II fuel elements have been fabricated, and inspected by FRM-II and TÜV. 
Almost continuous operation of dedicated equipment assures the good training of operators, and is the 
way to keep the utmost quality needed for nuclear fuel. In 2004, it is expected to fabricate elements 
FRM-II 009 to FRM II 012, and to deliver to the reactor the elements FRM II 006 to FRM-II 009. 
 
 
7. Element transportation 
 
Nowadays, transportation of nuclear fuel is not a simple aspect, and numerous, local, national, or 
international laws and regulations must be considered and their requirement fulfilled. To cope with the 
latest demands, CERCA has developed a new transport cask, named CERCA 01, which can 
accommodate a very large number of fuel elements designs including FRM-II. The first transport from 
Romans factory to the FRM-II site gave proof that this transport cask is easy to use and has been well 
accepted by one of the more severe safety authorities. 
 
 
8. Conclusion 
 
Development of FRM II element fabrication has been a very long process, lasting more than ten years, 
from the first tests made by NUKEM around 1986, up to the first fissile element build in 2001 by 
CERCA. Close collaboration between CERCA and TUM, with engineering details prepared by 
FRAMATOME-Anp in Erlangen has brought finally the finest and most powerful element compared 
to it size. Every actor of this rewarding challenge is now awaiting with very great hope and confidence 
the high flow of neutron produced by the reactor, to provide to scientists the most modern and 
powerful research equipment. 
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ABSTRACT 
 

The Australian Nuclear Science and Technology Organisation (ANSTO) has historically 
produced fission product Mo-99 using Low enrichment Uranium (LEU) UO2 targets for 
nearly thirty years. The Replacement Research Reactor (RRR) will provide an ideal 
opportunity to review and improve the current ANSTO Mo-99 production process.  This 
paper presents the developmental and commercialisation efforts performed by CERCA for 
implementing LEU targetry developed under the auspices of the U.S. Department of 
Energy (U.S. DOE). 
 

1 Introduction 
Australia is a nuclear signatory country to the Nuclear Non-Proliferation Treaty.  As such, ANSTO is 
committed to comply with national requirements which dictate the use of Low Enrichment Uranium 
(LEU) for research reactor related projects. 
99Mo is a major medical radioisotope produced by ANSTO for the Australian medical community.  It 
is routinely manufactured by extraction from fission products of 235U.  Current production is made 
from thermal neutron irradiation of uranium targets enriched to approximately 2.2 % in 235U in the 
ANSTO HIFAR reactor.  The Replacement Research Reactor (RRR) will replace the aging HIFAR 
about 2006 and its installation has provided the impetus to review and improve our current 99Mo 
production process and targetry. 

The uranium target improvements were made through a collaborative effort with the U.S. DOE 
Argonne National Laboratory to promote the use of LEU in research reactors.  Changes to our targets 
were made to improve 99Mo production efficiency and waste minimization, and included design and 
materials changes.  Design changes were made to improve target cooling and materials changes 
included an increase in the 235U enrichment from 2.2 % to 19.8 %.    

The new target design was further improved, and CERCA was approached to implement the 
commercial production of the new ANSTO target as designed.  CERCA was selected on the basis of 
its invaluable technical and commercial expertise at reactor nuclear fuel production, and their desire to 
provide innovative production support for the new technology required for commercial production of 
LEU metal foils targets. 

2 New Target Design 

The new target design adopted is based on the work done under the auspices of the U.S. Department of 
Energy and embodied in U.S. DOE Patent number 5,615,238, issued March 27, 1997, Wiencek et al.  
Argonne National Laboratory (ANL) presented this new target design at the 16th RERTR conference 



in 1994 [1].  ANL further demonstrated a complete process for 99Mo production that included uranium 
foil manufacture, target production, irradiation, and chemical separation of 99Mo. The published 
results [2][3][4] provided the impetus to commercialise LEU target production and use.   

The target consists of two concentric aluminium cylinders with two nickel-wrapped uranium metal 
foils sandwiched between the cylinders.  

The cylinders are swaged by drawing a plug along the cylindrical structure and then welded together 
along the circumference at both extremities. Swaging causes plastic deformation of the internal 
aluminium cylinder and elastic deformation of the external cylinder. Swaging ensures maximum 
contact between the aluminium surfaces and the nickel-wrapped uranium foil. Targets are presented in 
Figure 1. CERCA developed the methodology to commercially produce the completed target assembly 
to meet all design and safety requirements. CERCA validated the new target design manufacturing 
process by manufacturing targets using depleted uranium. All manufacturing specifications were met 
as identified.  

Trial irradiations of the targets at ANSTO will include testing of targets instrumented with 
thermocouples. These targets will also be manufactured by CERCA since they have an extensive 
expertise in thermocouple implantation on reactor fuel plates. The data collected from these 
experiments will provide part of the required safety analysis. 

 
Figure 1: Assembled Finished Targets  

The cylindrical targets are assembled into an irradiation rig to facilitate their insertion and removal 
from the neutron irradiation facilities. The rig is designed for optimum coolant flow to remove the 
fission-generated power. Details of the target assembly with two targets attached are shown in Figure 
2. The target and rig designs, and their dimensions incorporated optimisation of coolant flow, 
neutronics, mass of uranium, and ease of assembly/disassembly.  

 

 

Figure 2: Targets Assembled on Irradiation Rig 
Details of the target/irradiation rig for assembly are shown in Figure 3. 



 
Figure 3: Partially Assembled Targets and Rig  

 

 
Figure 4: Main Stages of CERCA's Annular Targets Manufacturing Process 

3 Annular can targets manufacturing   
CERCA developed an industrial scale production process to manufacture the new ANSTO targets.  
The manufacturing process flow consists of four main stages and the scheme is outlined in Figure 4.  
Each stage of the process is explained below. 

3.1 U foils  

Target design requires that the uranium foils should not have a preferential grain orientation to ensure 
that growth due to neutron irradiation does not occur in any specific direction and cause physical 
target failure. CERCA has access to technology for uranium foil production that grows isotropically 
under neutron irradiation. The foils are produced by cooling roll casting and have a thickness ranging 
between 100 and 120 µm. An industrial production process, that will yield uniform thickness U foils 
thinner than those produced, is currently being developed. This will assist in target dissipation of heat 
generated during irradiation.   

3.2 Wrapping, assembling and swaging  

The uranium foils are wrapped in Ni foil then placed in a longitudinal undercut along the inner 
aluminium cylinder. The assembly is then inserted into the outer cylinder and swaged. The diameter of 
the swaging draw plug was determined by considering the aluminium mechanical properties, the tubes 
dimensions, and specified tolerances. The final assembly must provide intimate contact between the 
different target areas i.e. Al / Al or Al-Ni-U-Ni-Al parts. ANSTO provided the specifications for these 



details.  CERCA has developed a non-destructive method to inspect the finished targets and is suitable 
for industrial scale production. The testing method decreases waste of finished target assemblies and is 
based on thermal resistivity measurements at room and/or high temperature. These resistivity 
measurements will be used by ANSTO in developing the target Safety Analysis. 

3.3 TIG welding  

The assembled targets must provide a hermetic seal to fission products under irradiation conditions.  
This is assured by using a TIG welding process. CERCA has developed expertise in this welding 
technology through years of metallurgical and reactor fuel production experience. CERCA has applied 
its expertise in aluminium pre-treatment to achieve the required welding specifications reliably and as 
an industrial operation.  In particular, reproducible weld quality and reliability were essential to the 
welding methodology. In addition, detailed attention was placed on target weld surface preparation, 
storage conditions, welding atmosphere, gas content of the targets prior to welding, and welding 
sequence. CERCA demonstrated and validated the preparation and welding sequence on prototype 
samples and Depleted Uranium prototype targets. 

3.4 Target quality inspection   

Targets must meet rigorous design and construction specifications prior to their irradiation as target 
failure may have serious safety consequences.  In particular, thermal transfer, as measured by target 
thermal resistivity, and assurance of fission product containment during irradiation impose challenging 
inspection issues that must be carefully performed and assured.  Thermal transfer and cooling 
assurance are discussed in section 3.2. Target sealing integrity inspection is assured by a CERCA well 
known technology based on Helium leak test. The methods were validated to meet ANSTO 
specifications on targets manufactured with DU. Other tests for target specifications and quality 
assurance include identification of the uranium foil position in the assembled target.  This is performed 
through X-ray inspection.  Results of this test are required for proper disassembly after irradiation. 
Final Target inspections include dimensional measurements, -final swaged diameters of the assembled 
Annular Target, length…- as well as visual inspection.  

4 Conclusion 
CERCA has successfully responded to a client’s need (ANSTO), developed, and implemented an 
optimised industrial solution to produce a leading product in compliance with the Non-Proliferation 
Treaty in the form of the ANSTO Annular LEU Target.  To achieve this goal, CERCA has developed 
new technology showing once again is ability to shift production from a laboratory scale to an 
industrial one in a relatively short time. We intend to continue supporting ANSTO towards meeting its 
goal of producing 99Mo with LEU targets beyond target manufacture. 
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ABSTRACT 
 

The last decade has been a very unsure time for the research reactor community concerning 
the supply of enriched uranium needed to fuel its reactors.  Events such as passage of the 
Schumer Amendment, a stand down of the U.S. Department of Energy (DOE) Y-12 
National Security Complex facility in 1994, uncertainties with Russian supplies, and the 
depletion of surplus and scrap enriched uranium inventories became a major concern to the 
research reactor community.  Many in the community are searching for a surety of supply 
and are entering into longer-term contracts.  The U.S. National Nuclear Security Ad-
ministration (NNSA) of DOE has stepped forward with several initiatives to assure the 
supply of enriched uranium to the research reactor community while accomplishing other 
key nuclear nonproliferation missions. NNSA has made a dramatic turnaround on the status 
of its processing operations, flexibility in contracting, pricing policies and variety of 
material forms offered. 
 
 

1. Introduction 
 
Research reactors cannot perform their critical missions without fuel.  The fact that research reactors 
use fuels of enrichments that are not part of the normal commercial light water reactor fuel cycle 
increases the risk of not having an assured supply.  The U.S. Department of Energy’s National Nuclear 
Security Administration (NNSA) understands these issues and the importance of the research and 
isotope production from research reactors and is committed to help firm up the supply. 
 
 
2. Background on Historical Enriched Uranium Supplies  
 
The two primary suppliers of enriched uranium above 5% 235U enrichment are the major weapon 
states of the U.S. and Russia.  These two suppliers exist primarily as a result of enrichment and 
uranium processing facilities from their nuclear weapons and naval propulsion programs. 
 
The 1990’s were a time of unsure supplies of enriched uranium for research reactors.  A combination 
of U.S. legislation and U.S. DOE facility issues disrupted supplies and was a cause of great concern to 
the research reactor community. 
 
Schumer Amendment: The Energy Policy Act of 1992 (H.R. 776) [1] contained an amendment 
referred to as the Schumer Amendment that placed additional restrictions on the U.S. export of highly 
enriched uranium.  The amendment specifically required that the following conditions be met prior to 
an export license being issued: 



1) there is no alternative nuclear reactor fuel or target enriched in the isotope 235 to a lesser percent than 
the proposed export, that can be used in the reactor; 

2) the proposed recipient of that uranium has provided assurances that, whenever an alternative nuclear 
reactor fuel or target can be used in that reactor, it will use that alternative in lieu of highly enriched 
uranium; and 

3) the United States Government is actively developing an alternative nuclear reactor fuel or target that 
can be used in that reactor. 

 
This legislation stopped all U.S. exports of HEU except for those meeting the Schumer requirements, 
such as reactors in the Netherlands, Belgium, and Canada. 
 
Y-12 Stand Down: On September 22, 1994, the Y-12 Plant in Oak Ridge, Tennessee went into a 
voluntary stand down of operations to review conduct of operations deficiencies, especially in 
criticality safety areas.  This review lead to the overall finding that the culture at Y-12 had not 
properly embraced required conduct of operations principles and was seen to rely too much on 
experience-based operations rather than procedure-based operations.  Changing this culture was time 
consuming; therefore, the stand down of some operations extended beyond a threshold time period 
that required the operations to be restarted under a full DOE operational readiness review.  Restarting 
these complex operations was a massive undertaking; taking more than five years for the most 
complex operations to restart.  Some of the less complicated operations were restarted in less than one 
year.  During September 1994 to mid-1997, enriched uranium deliveries from Y-12 were suspended. 
  
Alternative Supply: The combination of the Schumer Amendment and the Y-12 Plant stand down 
forced the usage of existing inventories of enriched uranium in Europe and elsewhere, and increased 
the dependency on Russian uranium supply.  Through these efforts of brokers, fabricators, and 
processors, enough scrap and excess materials were processed to bridge the gap of the supply short 
fall [2].  However, most of these inventories have now been depleted. 
 
 
3. NNSA Provides Surety of Supply 
 
The NNSA has taken several actions to assure that research reactors have ample enriched uranium 
supply for the long term.  These actions are detailed below.   
 
Focus on long-term contracts: Understanding that “spot” market, short-term orders are not always in 
the best interest of either the research reactor or the supplier, NNSA has focused its efforts on long-
term contracting.  This aids the fuel buyer in not having to go out with annual procurement requests 
and allows the supplier to better forecast demand and make longer-term investments in its production 
capabilities.  In the past two years, NNSA has entered into several long-term contracts with research 
reactor customers around the world and is in negotiations with several others. 
 
Competitive pricing: Up until 2001, DOE’s pricing policy was based on enriched uranium component 
values that were established as part of the DOE Uranium Enrichment Enterprise values.  The 
components were based on the operational costs of DOE’s original production of high-assay 
enrichment material, and resulted in a requirement that DOE charge $922 per high assay separative-
work-unit (SWU) and $153 per low assay SWU.  The uranium component value was set at the current 
industry average for UF6 and a metal conversion fee of $50 per kgU was charged.  In addition to these 
costs, Y-12 National Security Complex (Y-12) processing costs and Federal Administration Charge 
(FAC) were included.  These costs were not tied to any market prices and made it difficult for DOE to 
remain competitive. 
 
In 2001, DOE changed its pricing policy to allow for market pricing of enriched uranium to research 
reactors. The revised policy did not require the price to be broken down into components based on 
historical uranium and enrichment costs.  The new pricing policy was further refined in late 2003 to 
adjust to the changing market (uranium and enrichment values) and remain competitive.  
DOE/NNSA’s actions have been very important in keeping the prices of enriched uranium product 
competitive.  However, the research reactor community should be aware that the upward climb in 



market prices in the commercial low-enriched uranium market (<5% 235U) can have impacts on the 
research reactor markets as well.  The current NNSA pricing policy requires that the uranium and 
enrichment component values of the product be recouped based on current market indices.  Figure 1 
shows the upward climb in these commercial indices.  Research reactor customers that have signed 
long-term contracts with NNSA are protected from these upward trends.  As shown in Figure 1, since 
NNSA instituted its new pricing policy in 2001, both the market prices for UF6 (uranium feed 
associated with the product) and SWU (enrichment value in the product), have been on an upward 
trend.  This upward movement is having a significant impact on the price of nuclear fuel for 
commercial reactors worldwide.  This trend is expected to continue as worldwide uranium demand 
significantly exceeds current supply capacity worldwide.  Closure of the Portsmouth Gaseous 
Diffusion Plant in the United States has also caused upward pressure on the market SWU price. 

 
Figure 1. Enriched Uranium Component Pricing Trend [3] 

 
NNSA will continue to make its best efforts to minimize the impact of these market increases through 
increased production efficiencies; however, there may come a point where NNSA does not have a 
choice but to reconsider these market trends.  Y-12 has several initiatives that will further improve 
efficiency and mitigate the impact of these market trends. 
 
Enhancements in product form: The NNSA Y-12 facility has always provided high quality enriched 
uranium in various forms.  The primary uranium feed form for research reactor fuel is uranium metal.  
The Y-12 uranium metal product shown in Figure 2 is in the form of broken metal pieces ranging in 
size from 80-300 grams.  

 
Figure 2. Current Y-12 Uranium Metal Form 



As an enhancement in form consistency, NNSA will be offering sized material with less variation 
between pieces and fewer “jagged edges.”  Although Y-12 is able to offer a variety of forms and 
uranium metal alloys, it has the goal to standardize its metal product in order to gain efficiencies.  
Figure 3 shows a representation of the latest form and dimensions that Y-12 is considering (units in 
inches).  These pieces will weigh approximately 200 grams apiece.  NNSA will discuss this new 
design with individual customers and fabricators to assure their needs are accommodated.  In addition, 
Y-12 is moving toward standardization of the chemical specifications of its product, with the 
agreement of its customers and fabricators.  
 

 
Figure 3. New Y-12 Uranium Metal Form 

 
Pre-produced inventory to minimize any disruptions of supplies: In the nuclear industry the risk of 
facility disruptions, fuel problems, or reactor operation issues are greater than some other industries.  
For this reason, NNSA has begun to develop an “on-the-shelf” inventory of standardized material to 
minimize the impacts of potential disruptions and to enhance delivery options. By having material 
“on-the-shelf” ready for packaging, the risk impact of a facility stand down is mitigated.  As 
mentioned above, the standardized form would meet the dimensional specifications of the major fuel 
fabricators.  The on-the-shelf inventory of standardized material will allow Y-12 to accommodate 
shorter delivery times in the event of an emergency need for material. 
 
Dedicated inventory for research reactors: The U.S. ceased its capability to enrich material above 5% 
235U in 1991 with the shut down of the high enrichment facility in Portsmouth, Ohio.  Today, Y-12 
uses existing stockpiles, primarily from surplus, former weapons useable uranium to produce the 
19.75 weight % 235U material. NNSA has reserved a large portion of the U.S. surplus HEU inventory 
strictly for down-blending for the world’s research reactors.  In addition to the surplus HEU inventory 
set aside, quantities of non-surplus HEU are available for research reactors.  
 
 
Conclusion 
 
In conclusion, NNSA considers this program a key component of its nonproliferation and international 
security missions.  The continued production of medical isotopes and key nuclear research is vital to 
the world and support of these activities is a key DOE/NNSA objective.  Y-12 is working and will 
continue to work hard to assure that research reactors around the world have a long-term supply of 
quality uranium at a competitive price.  Although the overall uranium and enrichment markets are on 
an upward trend, Y-12 is continuously looking for more efficient ways to do business, such as 
standardizing the dimensional and chemical properties of its product, and the development on an “on-
the-shelf” inventory to be responsive to urgent customer needs. 
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ABSTRACT 
 

The new research reactor FRM-II of the Technische Universität München (TUM) has been 
designed to provide a thermal neutron flux as high as 8.0 × 1014 cm-2s-1 (unperturbed) out-
side of the core at mere 20 MW power. This is achieved by using a single fuel element with 
a combination of highly enriched uranium (HEU, with 93 % U235) and silicide fuel with a 
relatively high density of uranium (graded, with maximum 3.0 g/cm3), which is cooled by 
light water, placed in a large moderator tank with heavy water, and provides for a cycle 
length of 52 days at full power. However, the final nuclear license, which the FRM-II was 
awarded in May 2003, contained the condition that the FRM-II – whilst initially operating 
with its HEU fuel element – should develop a new fuel element with medium enriched ura-
nium (MEU), with not more than 50 % U235, until the end of the year 2010. The TUM has 
established an international working group to do everything to meet this target. – This pa-
per reports on the arguments which have led to this conversion compromise (since LEU 
with less than 20 % U235 could be shown to be not realistically feasible) and on the activi-
ties so far. 

 
 
 
1.  Introduction 
 
The new research reactor FRM-II has been designed as a high performance neutron source optimised 
primarily for beam tube experiments in fundamental research but also for various technical, medical 
and industrial applications. So it should provide, on the one hand, a value of the thermal neutron flux 
as high as possible in a large volume outside the reactor core to be accessible for the experiments, for 
a reactor cycle of approaching two months. But considering, on the other hand, the boundary condi-
tions at a university as the Technische Universität München (TUM), the FRM-II should still represent 
a relatively small facility whence the reactor power has been limited to 20 MW (comparable research 
reactors have thermal powers of about 60 or 100 MW). These diverging requirements have been met 
by designing a particularly compact reactor core which uses a combination of highly enriched uranium 
(HEU, with 93 % U235) in a fuel with a relatively high density [1]. The general features of this novel 
design have been established already in the early 80’s. 
 
In the year of 1998 the German Federal Government changed from a coalition between conservatives 
and liberals to a coalition between social-democrats and ecologicals. The new German Government 
intended from the beginning to phase out of nuclear and to convert the FRM-II to low enriched ura-
nium (LEU, with less than 20 % U235). In consequence of that the 3rd and final nuclear license, which 
the FRM-II was awarded in May 2003, contained the condition that the FRM-II should develop – until 
the end of the year of 2010 – a new fuel element containing medium enriched fuel (MEU, with not 
more than 50 % U235) instead of HEU. It was understood that this conversion should neither reduce 
the reactor safety nor worsen the scientific quality of this advanced neutron source. Only a marginal 
degradation of the product of neutron flux and reactor cycle time could be tolerated. The decision for 
MEU represented a compromise since it could be pointed out that a conversion of the FRM-II to LEU 
was not realistically feasible. – This paper reports on the physical and technical arguments which are 
related to this conversion problem, the process of finding the MEU compromise, the installation of a 
working group at the FRM-II and the present status of the combined efforts. 
 



2.  The Compact Core Design of the FRM-II 
 
The compact core of the FRM-II consists of only one cylindrical fuel element (24.3 cm outer diame-
ter, 70 cm fuel zone height) which is cooled by light water and placed in the centre of a large heavy 
water moderator tank. The unperturbed maximum of the thermal neutron flux in the D2O moderator is 
as high as 8.0 × 1014 cm-2s-1 at mere 20 MW reactor power and for a reactor cycle length of about 52 
full power days. A cross section of the fuel element has been presented in Ref. [1] where the neutronic 
reasoning and further benefits of this HEU design as well as non-proliferation arguments have been 
outlined, too. A horizontal cut through the inner part of the moderator tank with the fuel element is 
shown in Fig. 1.  

 
Fig. 1.  Horizontal cut, 30 cm above core midplane, through the inner part of the 
moderator tank with the fuel element in the central core tube. The control rod (not 
shown) moves in the inner space of the fuel element. The 5 shutdown rods (AS-1 
through AS-5) are plotted in their shutdown positions. One further recognizes some of 
the 10 horizontal and 2 inclined beam tubes as well as some vertical irradiation facili-
ties. KQ indicates the cold source and HQ the hot source. 

The fuel element contains about 8.1 kg of HEU (with 93 % U235) in 113 plates which each include 
uranium-silicide dispersion fuel (U3Si2-Al) between two Al cladding layers. These fuel plates are 
about 1.3 mm thick and welded to the inner and outer core tubes; they have involute geometry to pro-
vide cooling channels of constant width (2.2 mm). Because of the extremely strong gradient of the 
thermal neutron flux between the highly absorbing fuel zone and the virtually absorptionless D2O 
moderator it is necessary to reduce the power density peaking effects at the outer edge of the fuel zone 
by grading the fuel density in each plate: the density of uranium is 3.0 g/cm3 inside and only 1.5 g/cm3 
outside of a “grading radius” of about 10.5 cm.  
 
As can be seen from Fig. 1, the fuel element is placed in the central core tube which separates the H2O 
cooling circuit from the D2O moderator. The control rod which also serves as one of the two fast shut-
down systems moves in the free inner space of the fuel element (not shown). The other of the two fast 



shutdown systems consists of 5 shutdown rods which are arranged in the D2O tank as close as possible 
to the core tube: the safety margin (closest distance) is only 1 cm. They are shown in Fig. 1 in their 
shutdown position, but they are fully withdrawn during reactor operation. One further recognizes 
some of the 10 horizontal and 2 inclined beam tubes as well as some vertical irradiation facilities. The 
5 shutdown rods and the cold and hot sources had to be installed at angles more or less oblique to the 
vertical direction because of obvious space limitations. 
 
3.  Conversion Scenarios 
 
At present more than 100 research reactors worldwide – many of the low or medium flux reactors and 
all of the high flux reactors - use HEU fuel. In cases where the discussion of non-proliferation ques-
tions has led to the conversion of a research reactor from HEU to LEU, this principally goes along the 
following schedule: the reduction of the enrichment from some 93 % U235 to about 20 % is compen-
sated by an increase in the total density of the uranium (U) so that the inventory of the fissile isotope 
U235 remains about the same. In practice, however, the inventory of U235 even has to increase in 
such a conversion because the concentration of the isotope U238, which acts as a “neutron poison” to 
absorb neutrons without fission, increases from some 7 % to about 80 % [1]. The International Nuclear 
Fuel Cycle Evaluation (INFCE) Conference of 59 States and 6 International Organisations, which was 
performed during the years 1978 – 1980 to provide the basis for all reduced enrichment activities, 
stated with respect to a conversion from HEU to LEU that “… the agreed criteria are that safety mar-
gins and fuel reliability should not be lower than for the current design based on HEU and that neither 
any loss in reactor performance, e.g. flux per unit power, nor any increase in operating costs should be 
more than marginal” [2]. It is widely understood that the term “marginal” means about 5 %. 
 
In conventional low or medium flux reactors this requirement does not represent a problem. These 
reactors typically use HEU fuel with uranium densities of 0.4 – 0.8 g/cm3 whereas the uranium-silicide 
dispersion fuel (U3Si2-Al) presently available allows densities of up to 4.8 g/cm3. This corresponds to 
a “gain factor” in the uranium density of 4.8/(0.4 – 0.8) = 6 - 12 to be compared with the “loss factor” 
in the enrichment of 93/20 = 4.6. So the overcompensation, which is necessary as just mentioned, can 
easily be realized at constant core volume. But even more – the remaining margin can be made use of 
to improve the reactor performance by either reducing the core volume – to produce a higher neutron 
flux – or by further increasing the U235 inventory – to allow a longer reactor cycle. These benefits and 
the fact that funding was somewhat easier to obtain in such a case have definitely promoted the con-
version of quite a number of research reactors. 
 
However, such a conversion from HEU to LEU would not be feasible at the FRM-II (as at other high 
flux reactors, too). In the high-density zone of the FRM-II fuel element the uranium density is already 
as high as 3.0 g/cm3 which would - if related to the present maximum of 4.8 g/cm3 for silicide fuel – 
yield a gain factor in the density of only 1.6. This is by far too small if compared with the loss factor 
of 4.6 in the enrichment. And even more – also in the future there will never be a fuel available to 
allow such a conversion of the FRM-II. This has been demonstrated by the RERTR group at Argonne, 
USA, which performed neutronic calculations using the geometry of the FRM-II compact core design 
but just replacing the HEU dispersion fuel by LEU uranium metal with a density of 19 g/cm3 – “a to-
tally unrealistic possibility” [3]. The result was that the reactor performance would be far below that of 
the present FRM-II with HEU – “which would not be acceptable” [3]. 
 
It follows that the FRM-II reactor design would have to be modified considerably to allow a conver-
sion from HEU to LEU. To meet the requirement of equal neutron flux and cycle length the core vol-
ume would have to be enlarged by a factor of at least 2.5 and the reactor power increased from the 
present 20 MW to at least 32 MW [3] [4]. However, this scenario is not realistic at all since it would 
require a new reactor design with much higher cooling capacity and a larger reactor pool (to maintain 
the outstanding safety features of the present HEU design) – i.e. a totally new reactor [1]. 
 
So any scenarios to convert the FRM-II to LEU would have to keep the reactor power constant at 20 
MW. But the core volume would still have to be enlarged as has been shown above. The details of 
such a modification crucially depend on the fuel available and its maximum density of uranium. 



Rough neutronic calculations have been performed at the TUM maintaining the 52 days reactor cycle 
and assuming an advanced fuel with a maximum density of 7.0 g/cm3. The result was that, even if the 
height of the fuel zone were increased from 70 to 80 cm, the outer diameter of the fuel element would 
need to increase from 24.3 to about 29.4 cm (the inner diameter would have to be larger, too, to pro-
vide the same reactivity worth of the central control rod). These changes would have at least two dra-
matic consequences. The larger core volume would necessarily lead to a reduction of the unperturbed 
maximum of the thermal neutron flux in the D2O tank from 8.0 × 1014 cm-2s-1 to about 5.6 × 1014 cm-2s-

1, i.e. by nearly 30 % which is far from being “marginal”. Further, it is obvious from the space limita-
tions at the FRM-II, see Fig. 1, that increasing the fuel element diameter by about 5.1 cm (and increas-
ing the core height) would require a new design of the whole D2O moderator tank with all its installa-
tions and probably with a need of 6 instead of 5 shutdown rods. Further penalties for the experimental 
utilization would come, e.g., from the enhanced back ground radiation in the experimental hall since 
the existing beam tube penetrations in the concrete pool structure would no longer be optimised. The 
reconstruction of the central part of the FRM-II would require a complete new licensing procedure and 
involve a reactor shutdown period of many years and costs of more than 150 million Euros. All of this 
is totally unrealistic and could not be accepted. 
 
The only solution to this problem could be a compromise: to maintain the dimensions of the HEU 
compact core fuel element of the FRM-II and to reduce the enrichment only as far as can be compen-
sated by an increase in the fuel density. This means that such a new fuel element should be developed 
in the near future (the technical feasibility of that depends on details and is not self-evident) and that 
the operation of the FRM-II could be continued, then, with this new fuel element and without major 
modifications of the reactor facility. - This scenario leads to some medium enrichment of the uranium 
(MEU). If the existing uranium-silicide fuel (U3Si2-Al) would be used with its maximum approved 
uranium density of 4.8 g/cm3 (but graded as with the HEU design, Section 2) the enrichment would be 
about 70 % U235 and the reduction of the thermal neutron flux maximum in the D2O moderator tank 
about 3.7 %. For a still lower enrichment an advanced fuel with higher density is required. The new 
uranium-molybdenum dispersion fuel (UMo-Al) presently under development worldwide promises to 
achieve uranium densities of about 8.0 g/cm3. Our neutronic calculations have shown that for this den-
sity the enrichment would be about 50 % U235 and the thermal flux depression about 8.0 % (which is 
somewhat more than extrapolated for silicide fuel of the same density because of the higher neutron 
absorption in Mo than in Si). Further challenges with regard to this new fuel are the increase of the 
power density form factor of the reactor core (because of the much stronger neutron absorption of 
MEU with respect to HEU) and, accordingly, of the maximum fission density in the fuel meat which is 
expected to be about 2.3 × 1021 cm-3. Other concerns are the reduced thermal conductivity in the mo-
lybdenum fuel and the tolerable maximum fuel temperatures. 
 
4.  Reduced Enrichment Activities for the FRM-II 
 
Towards the end of 1998, immediately after the change of the German Federal Government (Section 
1), the Federal Ministry of Research (BMBF) established an “Experts Commission” to assess the fea-
sibility of a conversion of the FRM-II from HEU to LEU. This commission comprised 6 permanent 
members, representatives of the Federal and Bavarian State Governments and of the FRM-II, and fur-
ther experts as required (including the RERTR program, USA, and the fuel manufacturer CERCA, 
France). In June 1999 the commission submitted its final report [5] which – as a consequence of the 
difficult and controversial discussions - did not establish a certain recommendation but rather a list of 
5 scenarios which were more or less identical with the conversion scenarios as discussed in Section 3 
(further distinguishing between a conversion before the nuclear start up of the FRM-II or afterwards). 
 
The final decision on how to proceed was reserved to direct negotiations between the Federal Ministry 
of Research (BMBF) and the Bavarian Ministry of Science and Research (StMWFK). These negotia-
tions were taken up immediately after the availability of the experts report [5] and led to an “Agree-
ment between the Federal Republic of Germany and the Free State of Bavaria on the Conversion of 
the FRM-II”. This agreement was initialled in October 2001 but the formal signature was postponed 
until the award of the final nuclear license of the FRM-II. The message was essentially that the FRM-
II shall be permitted to begin its operation with HEU fuel elements but shall be converted until the end 



of the year of 2010 to use MEU fuel enriched to not more than 50 % U235; this conversion, however, 
must not lead to any significant penalties with regard to the utilization of the FRM-II. In May 2003 the 
relevant Bavarian nuclear licensing authority (StMLU) was in a position to award – on instructions 
received from the Federal Ministry of Environment (BMU) – the 3rd and final nuclear license allowing 
the FRM-II to start up and operate. The statements of the agreement between the Federal Republic and 
the Free State of Bavaria were included in this license. Consequently, the agreement was signed by the 
competent ministers end of May and a relevant project grant was allocated to the Technische Univer-
sität München (TUM) end of September 2003. 
 
Already in November 2001, i.e. after the agreement as mentioned above has been initialled, the TUM 
had established on a yet preliminary basis an international working group as composed of representa-
tives of the TUM (FRM-II), the fuel element manufacturer CERCA and the research reactor designer 
Framatome-ANP (formerly Siemens-KWU). In its kick-off meeting end of July 2003 the group de-
clared to accept the challenge of the technological feasibility and extremely short time limit (the date 
“end of 2010” was kept in the license in spite of the delay which had occurred after the initialisation of 
the agreement) and to do everything to meet this target. The project was broken down into three 
phases of 2 ½ years duration each: (1) search for the fuel type / (2) decision on the fuel type and de-
sign of the fuel element / (3) fabrication of the fuel element and licensing. For Phase 1 it was decided 
to plan an irradiation of 4 test plates in the French OSIRIS reactor: these plates should be made of 
UMo-Al dispersion fuel with U-8%Mo and uranium densities of the order of 8.0 g/cm3, if possible 
with additional “diffusion blocker additives” as presently under development abroad. The alternative 
of monolithic UMo fuel as presently under study at the US RERTR Program will be carefully ob-
served, but since the development of a plate fabrication technique is still in its beginnings and since 
only 2 test irradiations of very small miniplates have been performed so far it is still too early to draw 
any conclusions. 
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ABSTRACT 
 

Construction of the new Replacement Research Reactor (RRR) at ANSTO's Lucas Heights 
site near Sydney began in April 2002 and is now well advanced. Commissioning is 
scheduled for 2005. The new state-of-the-art RRR is a multipurpose facility for 
radioisotope production, irradiation services and neutron beam research. Medical and 
industrial isotopes will be produced by introducing targets into several dedicated irradiation 
positions in the reflector vessel. The thermal and cold neutron sources with modern 
instrumentation and enhanced experimental access will provide a world-class neutron 
research facility. 
 
 

1. Introduction 
 
On the 3rd of September 1997, the Australian Government Minister for Science and Technology 
announced that a Replacement Research Reactor (RRR) would be built at ANSTO's Lucas Heights site 
near Sydney. The A$286 million (1997 dollars) facility would replace the existing High Flux 
Australian Reactor (HIFAR), a 10 MW DIDO type reactor that has been successfully operating since 
1958. The new state-of-the-art facility will produce the volume and comprehensive range of diagnostic 
and therapeutic radiopharmaceuticals needed to satisfy Australia's requirements in the coming 
decades. The replacement reactor will support ANSTO's nationally important work in such areas as 
environmental studies, agriculture and assisting industry. It will also support scientific research and 
higher education through improved access to a modern, versatile neutron source. 
 
2. Reactor 
 
The RRR employs a pool design with a thermal power of 20MW. The reactor is cooled and moderated 
by light water with a heavy water reflector. The core is a compact design of 16 fuel elements in a 4 x 4 
array with core dimensions of 35 x 35 x 61.5 cm. The standard LEU fuel element has 21 fuel plates 
and contains 484g U-235 per fuel element. In the equilibrium fuel cycle, three spent fuel elements will 
be discharged after an average cycle time of 29 FPD. 
 
3. Construction Progress 
 
Following the announcement of the RRR proposal, a comprehensive Environmental Impact Statement 
was prepared and approved by the Minister for Environment and Heritage in April 1999 and the 
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) issued a licence to prepare 
the site in September 1999. ANSTO signed a contract with the Argentinian company INVAP S.E. and 
its Australian partners John Holland Construction and Engineering and Evans Deakin Industries for 
the design, construction and commissioning of RRR on 13 July 2000. The Preliminary Safety Analysis 
Report (PSAR) was completed in 2001 and the facility licence for construction issued in April 2002. 



By February 2004: 
• The reactor building structure is built up to the +17m level  
• The final reactor hall roof level will be +24.5m 
• The Neutron Guide Hall structure and roof is complete 
• The reactor vessel was installed in January 2004 
• The service pool was installed in February 2004 
Cold system commissioning is planned to start in 2005. 
 
4. RRR Utilisation 
 
Utilisation of the RRR will cover two broad areas.  Firstly, the irradiation of materials for the 
production of medical and industrial isotopes and secondly, the use of neutron beams as a research 
tool. 
 
4.1. Irradiation Facilities 
 
Medical and industrial isotopes will be produced by introducing targets into several dedicated 
irradiation positions in the reflector vessel.  There are no in-core irradiation facilities. Different 
irradiation facilities are used for different types of irradiations and applications.  
There are many facilities accommodating a range of fluxes and target materials.  The facilities are 
located outside the core, in the reflector vessel to reduce the effect of irradiation facility operations on 
reactor operations. 
 
The irradiation facilities include: 
• Bulk Production Irradiation Facilities (BIF) 
• Long Residence Time General Purpose Irradiation Facilities (LRT) 
• Short Residence Time Irradiation Facility (SRT) 
• Large Volume Irradiation Facilities (LVF) 
 
Bulk Irradiation Facilities (BIF) 
The BIF (mainly for the production of medical isotopes) enable irradiation targets contained in sealed 
irradiation cans to be placed in removable rigs to be located vertically inside irradiation tubes within 
the reflector vessel. There are seventeen irradiation tubes arranged in three different classes, which 
accommodate the production of molybdenum-99 from LEU, iodine-131 from tellurium dioxide and 
iridium-192 from iridium metal and are capable of handling a range of other targets in each class of 
tube.  The rigs are handled by operators from the Operations Bridge above the Reactor Pools and may 
be loaded or unloaded while the reactor is at power. 
 
Each irradiation rig has a locking system in the tube so as to avoid accidental removal and a cover 
device to keep the targets safely inside and allow for rig cooling during the irradiation process. 
 
Circulation of demineralised water by the Reactor and Service Pools Cooling System (RSPCS) 
provides the cooling for the facilities.  Cooling of the rigs/targets is achieved by downwards forced 
cooling flow by the RSPCS, which has an inlet at the Irradiation Facilities Plenum below the Reflector 
Vessel.  The irradiation tubes are provided with a replaceable nozzle at the bottom that permits 
individual adjustment of the coolant flow in each tube. 
 
Long Residence Time General Purpose Irradiation Facilities (LRT) 
LRT facilities allow the irradiation of targets contained in sealed irradiation cans to be transferred into 
and out of the facilities located in the Reflector Vessel by means of pneumatic transfer. There are 55 
LRT irradiation positions distributed in 17 rigs.  The pneumatic loading and unloading operations are 
performed automatically by Terminal Stations located inside two Pneumatic Hot Cells. 
 
All the targets will be contained inside suitable sealed metal cans (aluminium or titanium).  Where 
necessary, inner cans, capsules or ampoules may be used within an outer can to provide higher levels 



of containment for targets (such as powdered or fluid targets) and activation products. Targets can be 
loaded and unloaded while the reactor operates at Power, and residence time ranges from one minute 
to one operating cycle. 
 
The pneumatic system both cools and transfers targets to and from the fifty-five irradiation positions. 
The system is based on the use of a single closed nitrogen gas system to minimise nitrogen gas 
consumption. This arrangement minimises the amount of argon-41 released into the environment. The 
entire system is connected to the Active Ventilation System. 
 
Short Residence Time Irradiation Facility 
The SRT Facility is designed to irradiate samples for Neutron Activation Analysis (NAA). A Neutron 
Activation Laboratory is provided in the reactor building for the analysis of samples that are irradiated 
in large pneumatic conveyor irradiation tubes for only a few minutes. The samples travel from the 
reactor to the laboratory for immediate analysis of the very short activation products. 
 
A further facility is provided in the Reflector Vessel to install equipment for Delayed Neutron 
Analysis (DNA) at a future date.  The facility consists of one rig and one set of transfer tubes similar 
to the pneumatic conveyor systems for the LRT rigs.  The pneumatic transfer system and cooling 
system of the NAA and proposed DNA facility integrate into the LRT pneumatic conveyor system.  
One target at a time will be transferred and irradiated in the facility and irradiation times range from 3 
seconds to several minutes. All target movements are possible with the reactor in Power State and the 
facility is capable of handling up to 40 target cans per day. 
 
Large Volume Irradiation Facilities 
The LVF facilities are dedicated to the Neutron Transmutation Doping (NTD) of single-crystal silicon 
ingots.  The silicon ingots in unsealed containers are placed inside rigs installed in six rotating 
irradiation facilities within the Reflector Vessel.  The facilities are capable of irradiating silicon ingots 
of 600mm length and diameters of 127mm  (one facility), 154mm (three facilities) and 205mm (two 
facilities).  The cans containing silicon ingots are loaded and unloaded with the reactor at power by 
operators from the Operations Bridge above the Reactor Pools.  
 
A neutron transmutation doped silicon laboratory is provided for the post irradiation scanning, 
cleaning and packaging of the silicon ingots. 
 
Transfer Facilities 
Shielded hot cells for target loading, unloading and transfer to the radioisotope production plant are 
located beside the reactor service pool.  Two pneumatic conveyor hot cells are provided for the 
transfer of targets from the irradiation tubes to the radioisotope production buildings. An additional 
isotope transfer hot cell is provided for the unloading of the bulk irradiation rigs and for the transfer of 
the targets removed to the loading hot cell. 
 
The radioisotope handling facilities provide a flexible and safe means of handling and transporting 
radioisotopes within the Reactor Building as well as provide a safe means of dispatching radioisotopes 
out of the Reactor Building to the Radioisotope Production and Processing Facility (RPPF). 
 
The total system is designed for the minimum involvement of staff, and for the minimum exposure of 
those staff to radiation from the targets being transferred. 
 
4.2. Research facilities 
 
Neutron beam facilities include cold and thermal neutron source systems, neutron guides, neutron 
beam shutters and auxiliary systems. There is a provision for a future hot neutron source. 
 
The majority of neutron beam instruments are located outside the reactor building in the neutron guide 
hall. Neutron supermirror guides are used to efficiently transport neutrons from the high-density 
neutron areas located in the reflector vessel to the research instruments located in the neutron guide 



hall. The hall will also provide for workshops, laboratories, offices and a viewing gallery. 

The liquid deuterium type cold neutron source is located close to the peak thermal flux in the reflector 
vessel. It has a maximum neutron yield with energy less than 5 meV, an operating temperature below 
25 K, and serves two neutron beam assemblies located on opposite sides of the vessel. 

The cold neutron flux at the performance measurement locations at the reactor face will be of the order 
of 1.4x1010 n/cm-2-s-1 and at the performance measurement locations in the neutron guide hall will be 
of the order of 2.7x109 n cm-2 s-1. 

The cooling system is a double-wall liquid helium design that promotes reliable and safe operations. 
The reactor is capable of operation with or without the cold neutron source in operation. All 
instrumentation and control systems are equipped with uninterruptible power supplies. Postulated 
failures of the cold source do not affect reactor safety.  

The thermal neutron source comprises a heavy water zone located close to the region of peak thermal 
flux in the reflector vessel. The nominal thermal neutron flux at the performance measurement 
locations at the reactor face will be higher than 1.6x1010 n cm-2 s-1 and at the performance 
measurement locations in the neutron guide hall will be higher than 1.6x109 n cm-2 s-1. The neutron 
spectrum has a temperature in the range from 40°C to 60°C. Two neutron beams originate at the 
thermal neutron source. 

The neutron guides transport the neutrons from the neutron sources to the research equipment. One 
thermal neutron beam assembly can hold three thermal guides in the same horizontal plane. The other 
thermal neutron beam assembly holds one thermal guide, but with provision for two more to be added 
at some point in the future. Similar provisions exist for the cold neutron beam assemblies. The 
possible future hot neutron beam assembly is able to hold two neutron guides in the same horizontal 
plane. 
 
Three Axis Spectrometer 
This spectrometer, the only instrument located at the reactor face, is one of the most versatile of the 
neutron scattering instruments.  It enables the determination of the energy transfer as a function of 
momentum transfer.   This instrument is designed to achieve the shortest distance possible between the 
monochromator and the sample. 
 
The following seven instruments will be located within the Neutron Guide Hall: 
 
Thermal Guide 
 
High Resolution Powder Diffractometer (HRPD) 
This instrument will provide a high-resolution powder diffraction capability equal to the current best 
instrument of this type (D2B at Institut Laue Langevin, [∆δ/δ]min = 0.0006). This instrument enables 
high-resolution studies to be performed on complex crystal structures such as ceramics and minerals. 
 
High Intensity Powder Diffractometer (HIPD) 
This instrument shares many of same components as the High Resolution Powder Diffractometer such 
as the monochromator, shielding assembly and motion control system.  However this instrument is 
optimised for providing kinetics and diffraction information in a reasonable timescale while delivering 
data of sufficient quality.  This instrument determines crystal structures for phase transitions, chemical 
reactions and kinetic studies. 
 
Quasi-Laue Diffractometer 
This instrument will be used for neutron diffraction research to obtain structural information, 
particularly the location of hydrogen in biological samples. This is the first of a new generation of very 
large solid angle, broad-band instruments, using neutron image-plate detectors. The idea is that crystal 
structures will be determined much more rapidly than is presently possible, and on much smaller 
crystals. 
 



Residual Stress Diffractometer 
This instrument will be used to study strain distributions in industrial components such as turbine 
blades and welds for the manufacturing, mining, oil and gas, rail transport and defence industries. 
 
Cold Guide 
Polarisation Analysis Spectrometer 
This instrument uses polarised neutrons together with a device that reverses the polarisation direction 
and a polarisation sensitive detector system.  The analysis of polarisation allows the separation of 
nuclear and scattering mechanisms and permits energy analysis by the time-of-flight method. This 
instrument is particularly useful for studies of magnetic short-range order and flux pinning 
mechanisms in HTS crystals. 
 
Small Angle Neutron Scattering (SANS) 
This instrument will be used to determine large-scale structures such as macromolecular complexes, 
porous materials, polymers, nanoparticles, metals, superconductors, magnetic materials and so on. 
 
Reflectometer 
This instrument, used to measure neutron optical reflectivity at grazing angles to probe the neutron 
reflective index of materials, will have a high resolution perpendicular to the materials surface to the 
depth of approximately 1000!.  This will allow determination of structural profile in liquid and solid 
interfaces and in organic and inorganic multilayers. 
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ABSTRACT 
 

The last ten-year safety reviews of the ILL's High Flux Reactor took place in 1994 and 
2002. The first allowed the reactor to be restarted following the replacement of the reactor 
block. The second one resulted in the decision to carry out a major refit programme, one of 
those aims being compliance with recent changes in seismic regulations. The bulk of the 
work programme spams the period 2003-2005, during which the reactor is to operate for 
three cycles per year. Through this programme ILL will go on being a centre of excellence 
in the scientific use of slow neutrons for the next twenty years. 
 

1. Introduction 
 
This presentation develops the major steps, first for the replacement of the reactor block and secondly 
for our present refit programme. As the reactor isn't shutted down during this period, experimentation 
goes on. Because of the very high flux delivered by the HFR, specific high performance experiments 
can be conducted, for example :  
• 
• 
• 
• 

Magnetic structure detremination under high hydrostatic pressure conditions (above 7Gpa). 
Diffraction studies form minute sample volume (less than 0.001 mm3). 
Physical measurements on atoms which present a large nucleon excess. 
Actinide transmutation in compliance with French regulations on nuclear waste management. 

These types of experiment have also been made easier thanks to improvements in the efficiency of the 
detectors and other devices achieved in the framework of the Millennium Programme, which will 
produce an overall gain of neutron signals above a factor 10. 
 
2. Replacement of the reactor block from 1991 to 1994 
 

                      
Fig. 1..On April 1991, during a periodic internal examination of the 
reactor vessel, uncommon traces were observed on the upper 
antiturbulence grid. 

Fig. 2  It was decided to change the 
design of the antiturbulence grid 



 
Fig. 3  General view of the reactor building 

 

          
Fig. 4  Cutting the reactor block Fig. 5  New reactor block 

 

 
Fig. 6  Reactor restarting 

 
Experience gained 
Administration point of view : 2 safety authorisations were required to start the dismantling phase ; 

A public inquiry, a new governmental decree and a radioactive effluents 
authorisation were necessary for the restart of the reactor. 

Technical point of view : Underwater cutting is simple and effective ; 
Radioprotection point of view : Main problems came from contaminated alumina (Co 60) and from tritium 

risk (786 mSv / 50 people / 36 months). 



Financial point of view :    
 Estimated Effective 

External coast 26 M� 23 M� 
Internal coast 23 M� 18 M� 
Wastes 2 M� 1.5 M� 

 
3. Present Refit Programme 
 
As it is planned to operate the reactor for at least a further twenty years, the main subject of the second 
review was the compliance of the reactor with revise seismic standards. The new Safe Shutdown 
Earthquake level is SMK VIII-IX (0,6 g at 6Hz). During 2002, most of our efforts focussed on 
reinforcing our organisation with the creation of the Refit Management Committee, including the 
bringing in of outside specialists. Many design calculations and studies were performed and sent to the 
French safety authority. As a result, several improvements are planned: 
• 

• 

• 

the connection between the concrete shell of the reactor building and the upper floor which is 
presently linked only with the central reinforced concrete core containing the reactor pool, in order 
to withstand a Safe Shutdown Earthquake, 
the reinforcement of the office building and the sectioning of the guides halls to avoid any contact 
with the reactor building in the event of an earthquake, and finally, 
the qualification of the Equipment Important for Safety, such as the effluents ventilation system 
and the emergency water makeup system. 

 

 
Fig. 7  Seismic reinforcement of the reactor building Fig. 8  Grid 



4. Magnetism of Co under pressure of up to 7GPa 
 
The monoxides of 3d transition metals, MnO, FeO, CoO and NiO form an interesting class of 
materials. Because of their apparently simple crystal and magnetic structures, they have been chosen 
as test materials for band theory models, and their electronic properties have been debated for a long 
time [1]. Across the full series, FeO, MnO, CoO and NiO, phase magnetic collapse is predicted 
theoretically [6]. Because CoO is stoechiometric and has the lowest magnetic collapse transition, it 
should be the most amenable to experimental study. Up to now, only Bloch et al. [7] have measured 
the pressure dependence of the CoO magnetization up to 0.6 GPa. We have recently carried out 
neutron diffraction studies up to 7.3 GPa on D20 using the Paris-Edinburgh cells.  
At ambient pressure, CoO orders at a Néel temperature TN = 292 K in a type-II antiferromagnetic 
structure  with a propagation vector τ = (1/2,1/2,1/2). At room temperature, i.e. in its paramagnetic 
phase, CoO crystallises in the NaCl structure (Fm3m, a = 4.261 Å). The antiferromagnetic transition is 
accompanied by a cubic-to-monoclinic crystallographic distortion [8].  
Figure 9 shows the different normalized data patterns measured between p = 0 GPa and p = 7.3 GPa at 
300 K. We clearly see the appearence of the magnetic signal at a pressure of ~ 1 � 1.5 GPa. Such an 
increase of TN (∆TN ≈ 8 K) is consistent with the previous results of Bloch et al., δ(log TN)/δ(log V) = 
-3.2 [7]. The pressure dependence of the CoO magnetization at 300 K is depicted on Figure 10. At 7.3 
GPa, the saturation is still not achieved (µsat = 3.8 µB). 
These preliminary results on CoO under pressure are an important step towards a better understanding 
of the physics in the transition metal monoxides. The possibility of carrying such experiments under a 
variable temperature would of course considerably increase the potentiality of this technique. This is 
the next step to achieve. 
 

 
Fig. 9 Pressure dependence of the CoO diffraction patterns measured at 300 K on the D20 diffractometer. 

The appearance and increase of the magnetic contribution is well evidenced with the (1/2,1/2,1/2) 
magnetic peak intensity variation. The sample volume is ~ 50 mm3, the accumulation time for each 
pattern is 40 min. The data have been normalized according to the strongest nuclear peak. 

 
These preliminary results on CoO under pressure are an important step towards a better understanding 
of the physics in the transition metal monoxides. The possibility of carrying such experiments under a 
variable temperature would of course considerably increase the potentiality of this technique. This is 
the next step to achieve. 
 



 
Fig. 10:  Pressure dependence of the CoO magnetization at 300 K, derived from Rietveld fits to the 

patterns shown in Figure 10. The line is a guide for the eye 
 
5. High-speed neutron Laue diffraction commes of age 
 
In 1912, Max von Laue first demonstrated diffraction patterns produced by passing a beam of 
polychromatic X-rays through a single crystal, and was awarded the Nobel Prize for Physics two years 
later for his discovery. 90 years later, this same method, now using a polychromatic neutron beam and 
considerably helped by modern powerful computing and image processing techniques is making news 
again.  
In its first two years of operation, VIVALDI (Very-Intense Vertical-Axis Laue Diffractometer, Fig. 
11) [1], has produced spectacular diffraction patterns and exciting new science at a furious rate. Gains 
in data collection rate over conventional diffractometers of up to 100 fold have made possible 
investigations never before dreamed of. In just a few hours, it can produce detailed atomic structural 
information on large organic molecules (Fig. 12) [2] and show 2-D magnetic ordering in astounding 
clarity (Fig. 13) [3].  Several new unexpected applications in metallurgy and geology have been 
indicated. The gain in data collection rate also allows much smaller crystals than usual to be studied.  
For example, 4,6-dihydroxypyrimidine is an important analogue of the main building blocks of DNA 
and bio-polymers, but it is only possible to obtain single crystals of volume ≤ 0.001 mm3.  X-ray 
diffraction is not fully conclusive regarding the important hydrogen sites that are presumed to be 
responsible for the ionicity that leads to the biological activity of this compound.  Although the 
available crystals are extremely small, neutron Laue patterns with mean I/�(I) of 1.1 for ~270 
reflections per pattern could be observed on VIVALDI in exposures of 12 hr (Fig. 14). The final 
analysis of these data will require joint refinement with the X-ray data. 
 

     
Fig 11.  The neutron Laue diffractometer, VIVALDI.  The sample, located in the 

middle of the image-plate detector (the black cylinder in the centre of the 
photograph at left), is bathed in the unmonochromated thermal-neutron beam. 



 
Fig 12.  Part of the molecular structure of [H4Co4(C5Me4Et)4] 20K, the first published structure from 

VIVALDI [2].  The existence of the hydrogen atoms around the Co cluster was proven from a 
rapid collection on an unusually small crystal by previous neutron diffraction standards.   The 
hydrogen atoms of the three C5Me4Et ligands shown have been removed for clarity. 

 

   
(a)    (b)    (c) 

 

Fig 13. (a) Part of the Laue diffraction pattern of FeTaO6 at 2K.  Both strong structural 
and weaker magnetic Bragg reflections are observed.  The diffuse triangular 
segments radiating from the centre are due to prefered orientation in the 
aluminium heat shields of the cryostat, which hints at applications in metallurgy. 
(b) The corresponding Laue pattern at 8K.  Only the structural reflections remain, 
but streaks of diffuse magnetic scattering, which correspond to 2-D magnetic 
ordering of the Fe moments, are present. (c) The difference between the patterns in 
(a) and (b), to emphasise the diffuse magnetic streaks. 

 
 

Fig. 14.  Part of a neutron Laue diffraction pattern from a 0.001 mm3 crystal 
of 4,6-dihydroxypyrimidine, C4H4N2O2.  The Bragg reflections are 
the faint, but sharp, black spots, two of which are circled. 
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ABSTRACT 
 

The MIR research reactor has been in operation since 1967. In 1975  the last reactor 
reconstruction with the core, control and safety systems replacement was made. From the 
late 90-s till the early 2000-s complex inspection of the status of buildings and structures, as 
well as equipment technological systems and core elements was carried out. Experimental 
and calculation investigations have displayed principal possibility to extend reactor 
operating life up to the year ~2020; following the results of the examination a step-by-step 
program aimed at the reactor improvement and its operating life prolongation is being 
implemented at present.  As a priority target of the reactor improvement the increase of its 
operation safety and reliability was determined. Resulted from the reactor and its systems 
upgrading the probability of the core damage should be provided by means of technique on 
the level of 1,0·10-7 events per year, while the reactor cooling should be provided with no 
operator assistance, within at least  ~ 30 minutes from any emergency situation start. 

 
1. Introduction 
 
The MIR research reactor is a thermal, heterogeneous reactor with a metal beryllium-made moderator 
and a reflector [1]. Operating fuel assemblies (FA) are mounted into separate channels, located in the 
central holes of beryllium blocks, and are interconnected by inlet and outlet manifolds, through which 
the primary circuit coolant is supplied and drained to cool operating fuel assemblies. The reactor is 
located in a special stainless steel clad concrete pit and is filled with water. The reactor pool water 
circulates through a separate circuit, cooling beryllium blocks, control elements, as well as carrier and 
supporting reactor structures.  
 
By now the reactor operating life has reached 36 years. The functioning of all the systems is normal. 
In recent years complex inspection of the equipment has been made, and there is being implemented a 
program of the reactor improvement and its operating life prolongation. This report presents main 
results of the work done and the trends in activity to improve and to prolong the reactor operating life. 
 
2.  Inspection of the reactor systems and equipment conditions 
 
According to the Russian norms and regulations, in order to validate the possibility of further 
operation of nuclear installations, having operating life of 30 years and more, it is necessary to carry 
out a complex inspection of systems and equipment. 
 
In recent years the condition of all the MIR reactor systems and equipment has been inspected, there 
have been made necessary investigations of materials mechanical properties and calculation 
evaluations to forecast the operating life. 
 
2.1. Buildings and structures 
 
The inspections of buildings and structures state, experimental investigations of strength 
characteristics of the carrier concrete constructions have been performed. Based on the established 
experimental results there has been made strength calculation of structures, considering eventual 
seismic and technogeneous effects. There have been determined technical activities aimed at 
maintaining buildings in normal condition, and the possibility of employment for more than 50 years 
from the moment of their erection, i.e. till at least 2017, has been validated. 



2.2. Carrier and supporting reactor metalwork 
 
In 2003 actual geodesic marks were tested, and visual examinations of supporting and carrier 
metalwork, located in the reactor pit, were performed. Elevation values coincide with the results of the 
previous measurements within the limit of measurement error. There was made stress and strain 
analysis of the reactor metalwork, and that of the pipe-line system and manifolds, located in the 
reactor pit, considering static and cyclic loads, as well as potential seismic influences. The forecast 
operating life of the carrier and supporting structure is up to the year 2025. 
 
2.3. Reactor core elements 
 
Core elements comprise beryllium blocks, channels for operating fuel assemblies (FAs), channels for 
control rods, experimental channels, control rods, operating FAs, i.e. all the objects exposed to strong 
neutron radiation. 
 
In 1975, in the reactor there were installed beryllium blocks, made of coarse-grained polycrystalline 
metal beryllium with grain size ~400 µm. In 1994, during visual examination of the core elements 
with the radiation resistant video camera, there was discovered the first damaged block with cracks, 
located in the middle of the core. The maximum fluence of neutrons with the energy >0.8 MeV on this 
block reached ~2.2·1022 cm-2. On different blocks of the reactor core at the moment concerned the 
fluence of neutrons with the energy >0.8 MeV was within (1.3…2.5)·1022 cm-2. In 1995 there was 
performed a visual inspection of all the blocks with fluence of neutrons with energy >0.8 MeV being 
above 1.8 ·1022 cm-2. The results of inspection displayed the presence of cracks on ~50 % of such 
blocks. That resulted in the development of a replacement technology for core blocks with no reactor 
dismounting. In 1995-96 there was manufactured a new set of beryllium blocks out of metal beryllium 
of fine-crystallite, grain-oriented modification with grain size ~ (50-70) µm. As is known, the limit 
fluence of neutrons with energy >0.8 MeV for that modification of beryllium can reach (7…7.5) 
·1022 cm-2. From 1996 through 2002 during the annual preventive maintenance, core beryllium blocks 
were replaced by the new ones.  
 
Channels for operating FAs with ø78x1.5 mm are made of 125 zirconium alloy. Post irradiation 
examination of the channels was performed after 16 and 22 years of operation, when the fluence of 
neutrons with energy >0.1 MeV reached ~4.4·1022 cm-2 and 5.9·1022 cm-2. The results of the 
examination demonstrated that corrosion and hydrogenation of the channel material were not 
eventually dangerous for serviceability (thickness of the oxide film <1 µm, hydrogen fraction of total 
mass <0.01 %). No change of the channel diameter was detected; the elongation of the channel due to 
the radiation growth was within (1±1) mm limit. There was detected a significant material 
strengthening (~3 times tensile strength increase, tensile elongation dropped to ~10 times), but the 
impact strength investigations showed sufficient ductility margin. As a limit factor for the channels 
use there was established radiation induced elongation, i.e. technological tolerance for possible 
channel elongation in the fixing device equal to (2±1) mm. Consequently, there was established 
maximum allowed fluence of neutrons with the energy > 0.1 MeV equal to ~8·1022 cm-2. At present, a 
new set of operating channels has been manufactured, and they are systematically replaced when the 
specified value of the neutron fluence is reached or in the absence of technological gap in the channel 
fixing device. 
 
Guide tubes for control rods ø33x1.5 mm are made of 125 zirconium alloy. Post irradiation 
examinations of the tubes were performed after 16 and 22 years of operation. The fluence of fast 
neutrons on these tubes is ~20% lower then on the FAs channels. The material is not damaged either 
by corrosion or hydrogenation. No tube diameter change is detected, ductility margin is sufficient, and 
design limit for the channel elongation is not available. Next date for post irradiation examination is 
established as on attaining fluence of neutrons with the energy > 0.1 MeV ~8·1022 cm-2.  
 
It is dysprosium titanate tablets that are used as absorber in control rods with the ø24 mm steel 
cladding. The control rod consists of 3 hinged links – two low ones with the absorber, and the upper 
displacer with the beryllium. In 1992 control rods were replaced by the new ones. During each reactor 



shutdown period, with significant core overload, their reactivity efficiency is experimentally 
determined, mobility and controllability are checked. During annual preventive maintenance visual 
examination is performed. By now limiting performance values have not been achieved. At present, a 
program of material post irradiation examination of 2 rods is under development, and its goal is to take 
a decision in regard to their further use or replacement. 
 
As a rule, carrier body of experimental loop channels with water coolant is made of zirconium alloys. 
During the reactor operation post irradiation examinations of channel bodies were performed twice. 
The fluence of neutrons gained and cyclic loads are being registered. Based on this data, considering 
strength calculation results, the allowable period of channels operation is established. The channels 
operation period does not exceed 13 years. 
 
Tube-type FAs with high-enriched uranium dioxide fuel in the Al matrix and cladding are used in 
reactor. In recent years a series of actions has been performed, aimed at FAs’ operating reliability 
increase. The mean burn-up of the fuel in the spent FAs is ~ (55-60) % [2]. A feasibility study draft on 
low-enriched fuel is under development. 
 
2.4. Piping systems and mechanical equipment 
 
Piping systems and mechanical equipment of the primary reactor circuits and loop installations are 
made of stainless steel. After the period of (25-30) years of operation testing and examination of 
material samples were performed. The samples were cut out of different circuits, including loop 
installations’ circuits, operating at the parameters of nuclear power reactors. The results of 
examination demonstrated, that mechanical properties of materials were on the initial level, material 
corrosive damage <5µm, no structural changes were detected. There were made stress and strain 
analysis of basic piping systems and equipment, considering cyclic loads for ~ (27-30) years of 
operation. Calculations have proved that the damage factor of the equipment materials does not exceed 
~ 0.4, therefore, that criterion also allows to prolong service life of the basic equipment till at least 
2020.  
 
2.5. Technological equipment 
 
On the MIR reactor the operation data registration of each unit of technological equipment is arranged, 
there is also developed maintenance, repair and periodic testing schedules, there are fixed major repair 
dates, when the equipment is usually dismounted and sent to specialized institute services for repair. 
To organize repair work standby equipment is available for the service maintenance period. 
Equipment with technical characteristics, that do not meet the requirements of the design drawings and 
specifications, is replaced by the new one. In 2003 the upgrading of the primary circuit heat 
exchangers was made. The results of examination of different systems’ technological equipment prove 
it consistent to prolong their operating life till the year 2020, provided that the current operating 
system and maintenance are ensured. The reactor primary circuit circulating pumps can serve as an 
example of operation and repair quality. By now the pumps’ run has exceeded 210000 hours; the 
pumps’ run between repair intervals has increased from 6000 hours as per the registration certificate to 
60000 hours. 
 
3. Safety analysis 
 
Safety analysis of the MIR reactor was made in accordance with the principal safety regulations in 
regard to research reactors in Russia, which are based as a whole on the research reactors safety guides 
IAEA, series Nr 35-S2 and Nr 35-G1. 
 
3.1. Thermo hydraulic analysis 
 
Calculation-based investigation of emergency situations was performed as per the code 
RELAP5/MOD3.2 [3]. That code was used to simulate reactor core and basic reactor cooling circuits, 
as well as certain loop experimental installations. 



Project reactivity inserted accidents as a result of spontaneous movement of control elements, coolant 
aggregative state change in the experimental channels with eventual erroneous actions at overloads do 
not cause project safety limitations exceeding. 
 
Loss of flow accidents as a result of 4 out of 5 primary circuit circulating pumps failure, complete loss 
of external power supply, with failure of control accessories on the pressure pipe at the normal safety 
systems operation do not cause the fuel elements overheating and project safety limitations exceeding. 
 
Loss of coolant accidents resulted from rupture of pipelines having different diameter and location in 
the reactor primary circuit do not cause overheating and fuel elements’ leakage provided that safety 
systems’ operation is normal. The emergency situation with instantaneous guillotine rupture of one of 
two pressure pipes with maximum diameter at two-way outflow leads to exceeding critical heat flux of 
FAs with the maximum admissible power ~(3,0-3,5) MW. 
 
3.2. Reliability and safety quantitative analysis  
 
Reliability and safety analysis has been made according to the procedure as follows: 
- Reliability calculation, regulated by norms, has been performed both for equipment and systems 

important for reactor safety, calculations being based on equipment failure statistic data during the 
operation period of 28 years. 

- The obtained values of safety indices have been compared with the summarized data for reliability 
of similar systems of nuclear reactors the safety of which is recognized sufficient.  

- For potentially more dangerous starting events there has been made probability analysis of the core 
damage, considering probability of their functions performing by safety systems and operators. 

- Probabilities of core damage with limit radioactive output into the environment have been 
compared with rated value 1.0·10-7 per year, used as a safety criterion.  

- Based on the analysis made, there have been developed recommendations, relative both to 
organizational and technical measures, in order to increase the reactor operation safety.  

 
The statistic analysis of the actual equipment operation data has shown that the values of reliability 
indices as a whole correspond to the present-day system reliability requirements, important for 
research reactors safety. 
 
As safety increase measures have been recommended as follows: 
- Improvement of the reactor control and monitoring systems to comply with the up-to-date 

technique development level.   
- Upgrading of the reactor cooling emergency system to provide automatic reactor cooling under any 

project emergency conditions. 
- Improvement of maintenance and operation regulations for the reactor and its systems, considering 

the results of the analysis. 
 
4. Basic trends in activity aimed at the reactor improvement 
 
In 2002 there was drawn up a long-term program of activity aimed at the MIR reactor improvement 
and its operating life prolongation for the period up to 2020. It is MINATOM of Russia which is to 
finance the work.  The program envisages a step-by-step upgrading of systems and equipment without 
long-term shutdowns, providing reactor average annual time utilization on the level of 60%.   
 
4.1. Control and monitoring systems improvement 
 
- In 2003 there were upgraded digital-based process monitoring systems for parameters of the reactor 

primary circuit, reactor heat power and operating FAs.  
- New instrumentation for neutron flux measurement and for the reactor control system is made. 

Replacement of the instrumentation is planned for implementation during annual preventive 
maintenance in 2004. 



- Under development are modernization projects for operating FAs fuel elements claddings leak test 
and the reactor radiation control systems. 

- The step-by-step modernization of testing systems, loop experimental installations data 
accumulation and processing systems is being performed. 

 
4.2. Safety systems improvement  
 
- The project is developed and the equipment for upgrading of the reactor operating FAs emergency 

cooling system is in progress. The originality of the project is that in emergency situations with 
coolant loss, the cooling water is supplied to each operating channel through available coolant 
sampling pipeline. The introduction of the project will enable to cool FAs with no operator 
assistance in any project emergency case and practically excludes eventual severe core damage.  

- The equipment for modernization of the reactor pool cooling circuit is made. The target of 
modernization is to exclude eventual coolant loss from the reactor pool at pipelines rupture in the 
cooling circuits, or as a result of personnel mishandling. The project is planned to be realized in 
2004. 

- The equipment for improvement of water coolant loop installations experimental channels 
emergency cooling systems is under production. 

- The project of upgrading a no-break power supply system is under development. 
 
4.3. Improvement of calculation codes for operation and safety analysis 
 
- Development and verification of the new three-dimensional neutronic computer code are in 

process. The aim is to evaluate on-line the core neutron-physical parameters using the reactor 
process monitoring parameters. 

- Specification and verification of calculation models for reactor cooling circuits and loop 
installations as per code RELAP5/MOD3.2 are being finalized. 

- The results of calculation investigations will be used to improve operating procedures, planning 
and conducting experiments. 

 
5. Conclusion 
 
In recent years comprehensive inspection of the core elements and the equipment of all the MIR 
reactor systems technical status has been carried out. Necessary experimental and calculation 
investigations to determine and to prolong operation life of separate components and systems 
equipment have been made. The program of the reactor improvement and operation life prolongation 
for the period up to 2020 is developed and is being implemented. According to the requirements of the 
operation license renewal all necessary work to analyze and ensure nuclear and radiation safety is 
being provided.  
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The research reactor JRR-3 in JAERI has been operating using silicide fuel, but recently 
the reprocessing of silicide fuels is reported to be difficult. Then JAERI has been 
reviewing the core conversion program from the silicide fuels to the U-Mo fuels, as soon 
as possible after 2006. The basic policy of conversion into U-Mo fuels for JRR-3 are 1)
Core configuration and the dimension of fuel element would be same as those of silicide
core, and 2) Core performance such as thermal power, neutron flux and fuel lifetime 
would not be so changed. Preliminary neutronics evaluation shows that the uranium
density of 4.8g/cm3 would be desirable for JRR-3 U-Mo fuels. Though general 
characteristics of U-Mo fuels are acquired worldwide mostly under the RERTR program, 
some characteristics needed for JRR-3 might not be acquired in the program. The fuel 
characteristics to be acquired by JRR-3 are carefully screened. 
. Introduction 

he research reactor JRR-3 in the Japan Atomic Energy Research Institute (JAERI) has been operating 
sing low enriched silicide fuel. The spent fuel elements generated from the JRR-3 have been shipped to 
e USA under the Foreign Research Fuel Acceptance Program of the USA (FRSNAP), but the spent 
el elements generated after 2006 will not be shipped to the USA due to the finish of the FRSNAP. 
fter termination of FRSNAP, the spent fuel elements generated from JRR-3 should be reprocessed 
nder the Japanese nuclear fuel policy. However, it is reported that the silicide fuel is very difficult to 
process on a commercial basis. Then the department of research reactor in JAERI planned the core 
nversion from silicide fuel to U-Mo fuel which is easier to reprocess than silicide fuel. 

. Description of the JRR-3 

he JRR-3 reactor of JAERI was put into operation in 1962. Though this 10MW research reactor had 
een utilized by a lot of users, it was shutdown in 1983 for modification to satisfy the requirements of 
igher performance and various experimental utilizations. Then, the JRR-3 was restarted in March 1990 
 a 20 MW high-performance multi-purpose research reactor. The core consists of 26 standard type fuel 
ements, 6 follower type fuel elements with a control rod, five irradiation elements and beryllium 
flectors. The maximum thermal neutron flux of the present JRR-3 is 3x1014 n/cm2�s in the heavy 
ater reflector tank surrounding the beryllium reflectors. The features of JRR-3 are utilization facilities 
f high neutron flux and the cold neutron. Table 1 shows the specifications of JRR-3 and the experiment 
cilities. The reactor is used for beam experiments, neutron scattering experiments and neutron 
diography using thermal and cold neutrons beam, activation analysis, production of silicon 
miconductor, production of radioisotope, and so on. Due to the high performance of JRR-3, the 

umber of beam experimental users are increasing through the past operation years. 



Type Light water moderated and  
cooled swimming pool type 

Site Tokai research establishment 
Max. thermal output 20 MW 
Max. thermal Neutron flux 3x1014 (n/cm2�s) 
Operating coolant temperature 44 degrees in centigrade at core exit 
Max. fuel surface temperature 99 degrees in centigrade 
Flow rate of core 2400 m3/h 
Fuel enrichment 20 % 
Fuel type U3Si2/Al dispersion 
Operation mode 27 days/cycle 
Experiment facilities Hydraulic irradiation facility 2 
 Pneumatic irradiation facility 2 
 Activation analysis irradiation facility  1 
 Uniform irradiation facility 1 
 Rotary irradiation facility 1 
 Vertical irradiation facility 10 
 Horizontal beam tube 9 
 Cold neutron source facility 1 

Table1  Specifications of JRR-3 
 

3. The conversion program in JRR-3 
 
3.1 The basic policy of conversion program 
 
Because the JRR-3 is being used by a lot of researchers as a multi-purpose research reactor, its present 
performance must be maintained. And it is requested to convert to the U-Mo fuel as early as possible. 
Then, the basic policy of conversion program into U-Mo fuels for JRR-3 are decided as follows;.  

(1) Core conversion would be carried out as soon as possible after 2006. 
(2) Core configuration and the dimension of fuel element would be same as those of silicide core. 
(3) Core performance such as thermal power, neutron flux and fuel lifetime would not be so changed. 

 
3.2 Preliminary neutronics evaluation of U-Mo fuel for JRR-3 
 
A preliminary neutornics analysis was performed to survey the influence of the uranium density of 
U-Mo fuel plate for JRR-3 on a neutron flux, an excess reactivity and a fuel lifetime. 
The following specifications are used in the analysis as the core configuration and the specifications of 
fuel element according to the demand of the above-mentioned basic policy of conversion program into 
U-Mo fuels for JRR-3. 

Enrichment � 19.75 % 
Number of fuel plate� Standard type : 21 fuel plates,   Follower type : 17 fuel plate 
Meat length : Standard type : 75 cm, Follower type : 75 cm 
Meat width : Standard type : 6.2cm, Follower type : 4.9cm 
Meat thickness : 0.051 cm both types of plate 
Cladding thickness : 0.038 cm both types of plate 
Gap between fuel plate : Standard type : 0.235 cm,   Follower type : 0.24 cm 
Diameter of Cd burnable absorber wire: 0.04 cm 
Number of Cd burnable absorber wire : Standard type and Follower type : 2 wires/ fuel plate 

(The wires embedded in grooves in the Al-side plate.) 
The composition of U-Mo alloy : U-7wt.%Mo. 
The uranium density : 4.8gU/cm3 or 5.0gU/cm3.�That of silicide fuel for JRR-3 : 4.8gU/cm3� 

The requirements to U-Mo fuel for JRR-3 on the core design are as follows; 1) The neutron flux would 
not be so changed, 2) The fuel lifetime would not be so changed. The first requirement is prior to the 



second requirement to keep the performance as a research reactor. The analysis was carried out with a 
two-dimensional analysis model of standard type fuel plate using SRAC95v99.4 [1]. 
The analytical result shows that the neutron flux decreases slightly than that of the silicide core, approx 
2 %, though the fuel lifetime is almost the same as the silicide core in case of 5.0gU/cm3. In case of 4.8 
gU/cm3 of uranium density, the neutron flux is the same level as the silicide core, though the fuel 
lifetime becomes shorter approximately 3 % due to the neutron absorption of molybdenum. 
The preliminary neutronics evaluation shows that the uranium density of 4.8gU/cm3 would be desirable 
for JRR-3 U-Mo fuels. 
 
3.3 Current situation of examination of qualification data acquired by JAERI 
 
JAERI considers that the data shown in Table 2 should be acquired in order to obtain the operating 
licensing of JRR-3 with the U-Mo core based on the experience of shifting to the silicide core. Though 
general characteristics of U-Mo fuels are acquired worldwide mostly under the RERTR program, some 
characteristics needed for JRR-3 might not be acquired in the programs or the acquired conditions might 
not cover the operating conditions of JRR-3. The fuel characteristics to be acquired by JRR-3 are 
carefully screened. 
U-Mo Phase diagram is already shown. 
It is expected that the general mechanical property (thermal conductivity, thermal capacity, Young's 
modulus, Poisson's ratio, and coefficient of linear expansion, etc.) can be acquired mostly in the RERTR 
program. However, we should considered the influence of the difference of fuel design (uranium density, 
porosity, etc.) and the operating conditions (fuel temperature, burn-up level, etc.) between the JRR-3 
and the examinations in the RERTR program, and examine the applicability of data carefully. 
The reaction product phase of U-Mo with the Al matrix has a low density and a low thermal conductivity. 

The thermal conductivity of fuel is influenced by a fuel temperature and an operational history 
significantly, because the reaction rate increases remarkably with temperature rise in case of U-Mo/Al 
dispersion fuels. The influences on swelling behaviour and compatibility of U-Mo and Aluminium are 
also large due to the same reason. Although the stability of the fuel during irradiation should be 

 Dependency 
Data Item  

Evaluation 
by JAERI memo 

Mechanical Design   
U-Mo Phase diagram - R  
Thermal Conductivity 
Heat Capacity 
Young�s modules 

Temperature □  

Poisson�s ratio 
Coefficient of linear expansion of 
fuel meat 

Burn-up □  

Reaction heat - □  
Temperature 

Compatibility of 
U-Mo and 
Aluminium 

Generation of 
reaction layer Burn-up □  

Temperature □  Swelling behaviour Burn-up □  
Blister Threshold temperature Burn-up M using mini plate 

Safety Evaluation   
Temperature M using mini plate Fission product release rate Burn-up M using mini plate 

R: Refer to records 
M: Measurement 
□ : Indetermination 
Table 2  U-Mo qualification date needed for licensing in Japan and availability of data 



confirmed experimentally, an analytical evaluation is effective to estimate amount of reaction product, 
the thermal conductivity and the swelling behaviour. Consequently, the JRR-3 is planning to evaluate 
the fuel thermal conditions of U-Mo fuel for the JRR-3 under cooperation with the ANL.  
A blister threshold examination will be performed by JAERI to evaluate the dependence of the blister 
threshold temperature on burn-up, in case that the dependence on burn-up will not be examined in the 
RERTR and French program. 
At least, a Fission product release rate test should be carried out for the safety review of Japanese 
authorities. Currently, it is planned to irradiate mini plates to some different burn-up.  
 
3.4 Plan of irradiation test by JAERI 
 
In order to obtain the operating licensing of JRR-3, we will utilize the general characteristics of U-Mo 
which are acquired by RERTR program and French program, but all the characteristics required by 
JAERI may not be obtained. Then we are planning the irradiation test in order to obtain the 
characteristics which might not be acquired in those programs. The information of most testing 
conditions in the programs was already obtained, and then the applicability of the experiment data for 
JRR-3 is still being examined. We continue to obtain the necessary information and determine the 
examination items by the JRR-3 based on the obtained data and the analytical evaluation for the JRR-3 
U-Mo fuels. A final concrete plan has not been determined, but we would like to fix it as soon as 
possible. In parallel with this work, a discussion on a post irradiation examination method and a 
procedure of PIE has been started. The tentative flow of the post-irradiation examination to acquire data 
including the undetermined items is shown in Figure 1. These examinations can be performed with a 
mini plate. 
The irradiation test would be carried out after the examination items will be determined and the U-Mo 
fuel for the JRR-3 will be designed. It takes about 1.5 year for irradiation and cooling time in the JRR-3, 
and about 1 year for PIE. 
Recently, it is reported that some experiments of U-Mo dispersion fuels were suspended because of an 

unexpected behaviour of test plates [2, 3], and a qualification of LEU U-Mo dispersion fuels has 
suffered some unavoidable delay. Then we should review properly the plan of irradiation test in JRR-3 
considering the progress of the U-Mo fuel development in each country. 

Fig. 1 Flow of post-irradiated examinations
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4. Summary 
 



(1) The basic policy of conversion into U-Mo fuels for JRR-3 as follows; 
1) Core conversion would be carried out as soon as possible after 2006. 
2) Core configuration and the dimension of fuel element would be same as those of silicide core. 
3) Core performance such as thermal power, neutron flux and fuel lifetime would not be so changed. 

(2) The preliminary neutronics evaluation shows that the uranium density of 4.8gU/cm3 would be 
desirable for U-Mo fuels to keep the core performance. 

(3) The fuel characteristics to be acquired by JRR-3 are carefully screened. At least, the fission products 
release rate at evaluated high temperature will be measured, which will be used in a safety 
assessment. 

(4) It is necessary to ascertain the influence of discontinuance of some examinations on the worldwide 
development program of U-Mo fuels in order to decide the test items and the schedule of the 
irradiation test by JRR-3. 
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ABSTRACT 
 

Presently the BR2 fuel elements fabricated at CERCA-Romans have Uranium enriched  at 
72.5% in 235U with a surface density of 0.060 g235U/cm². Standard fuel elements contain 
400 g235U and burnable poisons that are 1.4 g Sm nat (Sm2O3) and 3.2 g B nat (B4C) 
dispersed in the Uranium meat. In this paper the use of  Cadmium as an alternative poison 
is considered (wires located in 36 positions inside the side-plates, maintaining the 
geometry of the fuel plates). The analysis of this alternate design determines the reactivity 
variation versus burn-up of 235U. The hot spot factors are analysed carefully. The analysis 
considers both a unitary cell and a whole core configuration.  The following tools have 
been used: the Monte-Carlo code MCNP-4C and the perturbation method routinely used to 
produce the operational data evaluations. 

 
 
1. Introduction 
 
 The geometry of standard BR2 fuel elements consists of 6 concentric fuel plates and 3 sectors and 
side-plates with the following nominal values 
 
Beryllium pitch: 9.644 cm and diameter: 8.42 cm        
outer diameter   3 inches or 7.62 cm 
fuel length    30 inches or 76.2 cm 
fuel thickness   0.02 inch or 0.051 cm 
plate thickness   0.05 inch or 0.127 cm 
water gap    (>0.27 cm)  0.30 cm    
side-plate width   0.22 inch or 0.56 cm 
distance between fuel and side-plate: < 0.20 cm 
distance between wires     > 0.15 cm 
diameter of Cadmium wires    0.06 cm 
length of Cadmium wires = BR2 fuel length     
  Fig 1. Fuel element type W 
 
 

type A C G F W W8 
U-235 [g] 244 330 400 400 400 400 
U-tot [g] 271 367 444 552 552 552 

enrichment 93% 90% 90% 72.50% 72.50% 72.50% 
U-X U-Al4 U-Alx~3 U-Alx~3 U-Alx~3 U-Alx~3 U-Alx~3 

B.nat (B4C) [g] 0 2.8 3.8 3.2 0 0 
U.tot [g/cm³] 0.77 1.08 1.31 1.63 1.63 1.63 

Sm.nat (Sm2O3)  [g] 0 1.3 1.4 1.4 0 0 
36 Cd wires diameter     0.06 cm 0.08 cm 

Table 1. Content of BR2 fuel element type 6n 
 



2. Consumption of fuel and of burnable poison 
 
 A first approximation of the effective macroscopic cross-section of n Cd wires (radius r) in a BR2 
cell (r0 = 5.0635 cm) is given with a self-shielding factor: f which is approximatively the collision 
escape probability: 
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The effective burn-up of Cd wire related with the burn-up of U-235 becomes: 
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Considering the Westcott's cross-section at 50°C and an epithermal ratio of  0.15: 
   σw.a(U-235) = 667 barn   σw.a(Cd-113) = 30730 barn 

with τσ ..235, thUa Φ= −b   it becomes: cm
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For a mean burn-up in 235U: βmean=10%, βmax=14%, 15.0)14.01ln( =−−=b  and δr = - 0.03 cm. 
Burning the poison determines the operation cycle length. 
 
3. Monte-Carlo calculation 
 
 In the first approximation the position of Cd wire beside 
the fuel meat wasn't considered. The ratio between neutron 
flux in Uranium and Cadmium is analysed in a small model 
by Monte-Carlo calculation [1]. The core model (fig.2) 
consists of a BR2 fuel cell surrounded with 3 fuel elements 
type C 330 g235U (generating each 2 MW) filled with an 
Aluminium basket type RH and 3 reflector channel with 
Beryllium obturator filled with an Aluminium basket type 
RA. The reflective boundary condition is fixed at 1.5*pitch. 
The central fuel element is replaced respectively by a 
standard fuel element type G 400 g235U, type A 244 g235U , 
and type W 400 g235U with wires diameter from 0 to 0.08 
cm.                Fig.2.  small model for MCNP 

  
 We found heuristically the escape probability in Cd 
wires meets the thermal neutron flux ratio Cd/U with the 
macroscopic cross-section ΣCd = 114 cm-1. This 
eliminates the Milne's problem of extrapolated length 
near the side-plates. The ratio of the thermal neutron 
flux in Cadmium and Uranium is nearly proportional at 
the escape probability : fCd ≈ Pesc ; and more accurately 
when burning Cd from diameter : 0.06 until 0.02 cm :  
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Fig.3. thermal neutron flux in Cd and U. 
(r.Cd/U means Cd/U has been multiplied by the radius of Cd wire) 



4. Perturbed power, reactivity and hot spot factors 
 
 In the small model, the code MCNP has calculated the perturbed power, reactivity, and hot spot 
factors (radial, azimuthal, side-plate effect). For a constant power in the 3 neighbouring fuel elements 
(type C fresh, each 2 MW), the perturbed power is given in relation with the power generated in the 
reference fuel element type G 6n. This is also given for the fuel element type A, and fuel elements 
type W with Cadmium diameter from 0 until 0.08 cm, and also for the most reactive fuel element type 
W6 burnt 10% (with pseudo PF stables, 149Sm saturated, 135Xe=0).  
 The reactivity variation is given in fig.4 transposed to a whole core load containing 32 fuel 
elements. We observe that the reactivity of a fuel element 400 g235U enriched at 72.5 % with Cd wires 
burnt at 10% is lower than the reactivity of the fresh fuel element type A 6n 244 g235U enriched 93%. 
The hot spot calculations indicates maximum heat flux in fuel elements with Cd wires is similar as in 
the reference fuel element type G (table 2, fig. 4-6) 
 

type G_ref A W6_10% W_00 0.01 0.02 0.04 0.06 0.08 
MW_pert 1 1.024 1.092 1.179 1.161 1.134 1.093 1.055 1.031 

δ$ 0 0.559 0.508 0.861 0.764 0.621 0.504 0.230 0.093 
radial 1.252 1.105 1.173 1.180 1.202 1.205 1.236 1.257 1.276 

azimuthal 1.101 1.073 1.117 1.100 1.099 1.117 1.091 1.117 1.114 
side-plate 1.167 1.092 1.122 1.090 1.077 1.072 1.015 0.976 0.948 
hot spot 1.460 1.206 1.317 1.298 1.321 1.347 1.349 1.404 1.421 

q.max_pert 1 0.846 0.985 1.048 1.050 1.046 1.010 1.014 1.003 
Table 2.  power perturbation, reactivity and hot spot factors 
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  Fig.4.  Reactivity (arbitrary units)    Fig.5. Radial hot spot factor  
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Fig.6.  Thermal neutron flux on the 6th fuel plate in the small model and normalised specific power 

according the periodicity 



5. Operation in whole core configuration. 
 
For calculating the neutron fluxes, the method used by the GEXBR2-TRPT4 code [2] is the integral 
transport theory, that introduces the most significant parameters of the neutron transport between 
neighbouring cells, after the elimination of angular variables and the elimination of spatial 
inhomogeneities. The axial modal approximation and the perturbation theory applied on the system: 
gives the variation of the eigenvalue and the perturbed solution.  
In an unitary cell (fig.7), the reactivity 
variation versus burn-up of 235U gives the 
comparison of several type of fuel elements 
used at the BR2 reactor. The fuel elements 
with Cd wires seem more reactive than the 
fuel element type A (244 g235U, no poison) 
for which the transfer and loading 
procedures are safe in the reactor and 
storage.  
The difference of reactivity in the code 
MCNP (fig. 4) code and in the perturbation 
code (fig. 7) is mainly due to :(1) the model 
in MCNP  has an hot zone (16 cm) for 
optimising for the power produced and not 
an hot zone (22 cm) for optimising the 
reactivity and (2) to the perturbation code  
calculates axially the diameter reduction of 
the Cd wire.                      
  Fig.7. Reactivity variation versus burn-up 
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The reactivity variations in a whole core configuration, calculated here for the loading of cycle 
07/90A (fig.8), which contains 32 fuel elements (fresh in channel C; 11% burnt in channel A and 40% 
burnt up-in channel B) seem to indicate that Cd wires 0.06 cm are acceptable and that Cd wires 0.08 
cm are not with respect to the safety margins associated with the total available reactivity worth of the 
BR2 shim rods (fig. 9). 
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 Fig. 8.  configuration of cycle 1990-07A   Fig. 9. reactivity variation during cycle 
 
 
6. Conclusion   
 
 The theoretical studies concerning the use of Cd wires in the BR2 fuel elements have to continue. 
In particular the following items are to be assessed: the hot spot at end of cycle, the compensation of 
the initial Xe-Sm transient by the shim rods, the variation of the excess reactivity during routine 



operational  cycles, criticality margin in storage and during transfer. Experimental determination of the 
reactivity variation during Cd wire reduction should also been foreseen by irradiation of some 
prototype fuel elements. 
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ABSTRACT 

 
The back-end of the research reactor (RR) nuclear fuel cycle is not only a technical issue. 
Non-proliferation, physical security and environmental concerns are just as important, if 
not more so, as technical concerns such as: safe management of spent nuclear fuel (SNF), 
storage capacity, availability of qualified high-density reprocessable fuel and national self-
sufficiency to deal with the domestic turnover of RRSNF. 
International activities in the back-end of the RR nuclear fuel cycle are dominated by two 
important undertakings. The first is the Reduced Enrichment for Research and Test 
Reactors (RERTR) program, and the second is the acceptance of RRSNF by the country 
where it was originally enriched. While RERTR focuses on conversion of RRs from HEU 
to LEU and qualifying high-density reprocessable fuel to facilitate it, a major goal of the 
separate take-back programs for US origin and Russian origin fuels is to eliminate 
inventories of HEU. Eventually, however, when these programmes have achieved their 
goals and there are no more HEU inventories at RRs and no more commerce in HEU for 
RRs, it is almost certain that the take-back programmes will cease. Many countries with 
one or more RR and no nuclear power programme will have to face the problem of final 
disposition for relatively small amounts of spent fuel or permanently shut down their RRs 
before the termination of the take-back programmes. Regional or international solutions 
would seem to be only chance of survival for the RRs in those countries. 
 
 

1. Introduction 
 
International activities in the back-end of the RR nuclear fuel cycle are dominated by two important 
undertakings. The first is the Reduced Enrichment for Research and Test Reactors (RERTR) program, 
and the second is the acceptance of RRSNF by the country where it was originally enriched. While 
RERTR focuses on conversion of RRs from HEU to LEU and qualifying high-density reprocessable 
fuel to facilitate it, a major goal of the separate take-back programs for US origin and Russian origin 
fuels is to eliminate inventories of HEU.  
 
RR spent fuel inventories worldwide can be summarized as follows: 

• 62,027 fuel assemblies in storage; 
• 45,108 in industrialized countries; 
• 16,919 in developing countries; 
• 21,732 HEU assemblies; 
• 40,295 LEU assemblies. 

 
Thus, even after 25 years of RERTR, over a third of all stored fuel assemblies are HEU. In addition, 
there are 24,338 fuel assemblies still in the cores of RRs, and if the large inventory of natural uranium 
assemblies are discounted, the current cores are roughly equal in numbers of HEU and LEU 
assemblies. 
There are 12,850 spent fuel assemblies of US origin (enriched in the US) still at RRs abroad and most 
of them are eligible to be returned under the US acceptance program. 



There are 24,803 assemblies originally enriched in the former Soviet Union, at RRs abroad. Although 
there is a Tripartite (IAEA, Russian Federation, US) Initiative to repatriate this fuel, so far the first 
shipment of spent fuel, scheduled to be from Tashkent, Uzbekistan, has yet to take place. In contrast, 
fresh HEU fuel has been repatriated from the former Yugoslavia, Romania and Bulgaria; all these 
shipments were funded by the US with IAEA involvement. 
 
The present status of development and qualification of high density reprocessable fuel [1], [2]; 
progresses in the US [3] and Russian [4] take back programmes and reprocessing issues of RR fuel [5] 
will be reported in other presentations to this meeting. Consequently, this paper focuses mainly on the 
long-term perspectives of the back-end of the RR nuclear fuel cycle. Emphasis is put on the discussion 
of regional and international options (hereinafter referred to as multinational options). 
 
 
2. Need for Multinational Solutions to the Back-end of the RR Nuclear Fuel Cycle 
 
In order to ensure consistency, the terminology used throughout this presentation follows the 
definitions of the Joint Convention on the Safety of Spent Fuel Management and on the Safety of 
Radioactive Waste Management [6]. 
 
After discharge from the core, RRSNF is stored under water, usually in at-reactor (AR) facilities, for a 
period of time to allow for cooling. This wet storage can be extended, in AR or away-from-reactor 
(AFR) facilities, in some cases over long periods (~50 years), or the RRSNF may be transferred to dry 
storage (AR or AFR) sites and stored dry for even longer periods. None of the above-mentioned 
strategies for RRSNF management can be considered as the end-point of the RR fuel cycle. Regardless 
of how long this extended interim storage is drawn out; the resolution of the back-end problem will 
remain, and proliferation, safety and physical security concerns will continue.  
 
Considering current technologies, the end-point of the RR nuclear fuel cycle is attained (at least for the 
generating country) when the RRSNF is: 
a) returned to the country of origin; 
b) reprocessed, the HL and long lived wastes disposed of in a geological repository, and the useful 
isotopes reused; or 
c) directly disposed, or disposed of after conditioning, in a geological repository. 
The main characteristic of options b) and c) is the irretrievability of the disposed materials. 
 
Perpetual postponement of a final decision is not ethically or technically reasonable considering that 
after achieving their goals the take-back programmes will certainly cease. Then every country with a 
RR will face the necessity to develop a national strategy for disposal of RRSNF. For several countries 
with a small nuclear power programme or one or more RRs the expensive construction of away-from-
reactor extended interim storage facilities and/or geological repositories for the relatively small 
amounts of spent fuel accumulated is obviously not practicable. Unfortunately, for many of these 
countries the option of reprocessing the fuel abroad is unlikely to be affordable. Moreover, if the fuel 
is shipped abroad for reprocessing, the problem of the final disposal of any returned HLW will have to 
be addressed anyway. Sooner or later, every country with at least one RR, which continues to operate 
beyond the termination of acceptance programmes of the countries of origin, will need a final solution 
for spent fuel and/or HLW waste. Clearly, access to a multinational long-term interim storage facility 
and eventually a multinational repository is the ideal solution. 
 
The preamble of the Joint Convention on the Safety of Spent Fuel Management and on the Safety of 
Radioactive Waste Management addresses multinational solutions in article (xi): 
“Convinced that radioactive waste should, as far as is compatible with the safety of the management of 
such material, be disposed of in the State in which it was generated, whilst recognizing that, in certain 
circumstances, safe and efficient management of spent fuel and radioactive waste might be fostered 
through agreements among Contracting Parties to use facilities in one of them for the benefit of the 
other Parties, particularly where waste originates from joint projects”. 
 



International interest in the multinational solutions was expressed recently in two major events: 
1) One of the conclusions of the International Conference on Storage of Spent Fuel from Power 
Reactors, held in Vienna, 2-6 June 2003, organized by the IAEA in co-operation with the OECD 
Nuclear Energy Agency, was that: “Representatives of Member States with smaller nuclear 
programmes informally expressed continued interest in regional storage initiatives, as well as topic-
specific workshops and training courses”. 
2) In his Statement to the Forty-seventh Regular Session of the IAEA General Conference 2003, the 
Director General of IAEA Dr. Mohamed El Baradei said: “Our consideration should also include the 
merits of multinational approaches to the management and disposal of spent fuel and radioactive 
waste. Not all countries have the appropriate conditions for geologic disposal and, for many countries 
with small nuclear programmes for electricity generation or for research, the financial and human 
resource investments required for research, construction and operation of a geologic disposal facility 
are daunting. Considerable economic, safety, security and non-proliferation advantages may therefore 
accrue from international co-operation on the construction and operation of international waste 
repositories. In my view, the merits and feasibility of these and other approaches to the design and 
management of the nuclear fuel cycle should be given in-depth consideration. The convening of an 
Agency group of experts could be a useful first step”. 
 
 
3 Conceptual Multinational Solutions 
 
The term “multinational facility” means a facility in a country (host country or host), which serves 
several countries (partner countries or partners) [7]. This definition applies to storage facilities, 
geological repositories and reprocessing plants. 
Different options for the services provided by the multinational facilities might be conceived [8]. The 
one presented here (Fig. 1) is a fully integrated approach that considers the classical alternatives for 
the RRSNF back-end (reprocessing or direct disposal). After transportation from the partner country, 
the spent fuel is stored for a specified (or unspecified) period in the multinational storage facility, after 
which it is transferred either to a multinational disposal facility (after appropriate conditioning) in the 
hosting country or to a reprocessing plant (also multinational?). The HLW from the reprocessing plant 
is finally disposed of in a multinational repository. Needless to say, the convenience of locating all the 
necessary facilities (storage, reprocessing and repository) in the same host country and even in the 
same site would be logical and economically desirable. 
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Fig. 1 Multinational Back-end System 
 

Typical situations from which a multinational approach might develop are: 
• Several industrialized countries with relatively small nuclear energy programmes decide to co-

operate in the management of the back-end of the nuclear fuel cycle. 



• A country with a large nuclear energy programme offers back-end services to other countries 
with a limited production of RRSNF. 

• Countries with small nuclear energy programmes in varying stages of development seek 
assistance from each other. Among other issues would be to develop a suitable and common 
back-end option. 

Countries likely to function as hosts are those with existing reprocessing facilities, advanced disposal 
programmes and/or favourable geological sites that see the tremendous commercial opportunities. 
Partners would be countries with small nuclear power programmes or just research reactors that cannot 
realistically develop a national final solution and countries that see an economic and/or political 
advantage (despite likely high costs) in joining a multinational undertaking. 
 
4. Important Issues to be considered in a Multinational Approach 
 
4.1. Legal Aspects 
The legal and regulatory situation in countries willing to consider a multinational solution should be 
harmonized among the partners. Mature and stable regulatory frameworks should be developed and, 
where existing regulations are inadequate or insufficient, the use of existing international conventions, 
e.g. the Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive 
Waste Management [6] would help in bridging the gaps. 
 
4.2. Safety Principles 
Safety criteria should comply with international standards. A key advantage of the concept of the 
multinational approach is to reduce the number of locations at which radioactive materials are stored 
and disposed of. A thorough risk assessment has to be performed.  
 
4.3. Technical Issues 
Current inventories of all RRNSF available for management must be established before serious 
consideration can be given to establishing a multinational undertaking. There should be agreement 
between the host country and its partners as to acceptance criteria and QA/QC. The characterization 
and selection of a site as well as the design, construction and operation of the required facilities should 
be agreed upon. The application of well established technologies should be preferred. 
 
4.4. Economic Issues  
Multinational approaches will have a main economic impact in reducing the expenditures of the 
partners and increasing the resources of the host country. Many particular concerns should be taken 
into account. The costs and liabilities to all affected partners must be weighed against the benefits. As 
cost sharing will extend over many years, long lasting financial arrangements are thus unavoidable 
whether the project will be run and financed jointly or whether the non-host partners only play the role 
of customers. Financial provisions for future liability of the host country have to be considered 
seriously. 
 
4.5. Institutional Aspects and Political Continuity 
The considerations about cost, liability, safety regulations, etc. are closely linked to the institutional 
character of the project that involves national and multinational relations among regulatory and 
licensing bodies, as well as with contractual partners. Since a multinational undertaking may extend 
over decades or centuries, it may be run under an international convention or agreement. The political 
stability of the host and the partners is again a vital element. 
 
4.6. Ownership of RRSNF 
Ownership of RRSNF requires early negotiations between the countries participating in a 
multinational project. There is a strong interrelation between ownership of RRSNF and liability. 
Partners involved have to agree when (if ever), in the process, ownership is transferred to the host 
country operating the multinational facilities and on the full implications of the transfer. 



4.7. Ethical Aspects 
The ethical considerations are embodied in the IAEA's Safety Fundamentals [9], in particular with 
regard to the protection of human health and the environment, with emphasis for the protection of 
future generations, the protection of third countries/parties beyond national borders, and the principle 
of avoiding undue burdens on future generations. Equity must apply amongst the partner countries, 
that is, a fair balance must exist between the burden transferred and the compensation received 
through the multinational agreement. 
 
4.8. Public Acceptance 
The public acceptance issue is inevitable and crucially important for multinational projects, serving 
several countries or communities. High safety standards, quality assurance on conditioning and 
disposal, cost sharing, transparency with regard to coverage of potential future costs, clear and 
convincing answers with regard to ethical concerns, etc. are thus essential in the process of obtaining 
public acceptance of a multinational project. 
 
4.9. Safeguards 
As RRSNF contains fissile materials that, under the terms of the Treaty on Non-proliferation of 
Nuclear Materials [10], are subject to national and international safeguards regulations. Well-defined 
national and international safeguards regulations will have to be applied in the country of origin. 
Maintenance of long-term controls should be assured. One obvious advantage is that there will be 
fewer facilities to be safeguarded and physically secured. 
 
 
5. Conclusions  
 
It is assumed that any multinational facility will be subject to international Conventions and 
internationally accepted standards involving safety, safeguards, physical security and environmental 
protection Consequently, gathering together weapons-usable materials and radioactively hazardous 
wastes that are the inevitable products of the RR fuel cycle in preferably one (or a very small number) 
multinational, long-term interim storage facility and eventually final repository, compared with the 
current situation where hundreds of locations are involved, has obvious benefits to all mankind. First 
and foremost among these will be nuclear threat reduction through reductions in proliferation risk and 
opportunities for theft of materials that could be used in radioactive dispersion devices. Real 
advantages can be identified also for the host country and participating countries. The only obvious 
drawback would be an increase in the transportation of fuel and HLW from the participating countries 
to the multinational facility.  
The IAEA should take the lead in initiating serious discussions of multinational solutions. The United 
States and Russian Federation, as the main suppliers of enrichment services to RRs, should also play 
important roles. 
There are some effective multinational spent fuel storage facilities for RRSNF existing at present: 
RBOF and L-Basin at Savannah River Site hold foreign research reactor fuel (originally enriched in 
the U.S.) from all over the world pending a decision on final disposition. Similarly holding pools at 
reprocessing plants in France and Russia, store RR fuel from foreign countries pending reprocessing 
and eventually, Idaho National Engineering and Environmental Laboratory will be storing TRIGA fuel 
from up to 19 countries. Clearly, the technical problems of transportation and storage have been 
solved. Nevertheless, the most difficult obstacles – political willingness, legal issues of cost sharing 
and liability and, of course, public acceptance – have yet to be addressed. Now is the time to start 
serious discussions. 
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ABSTRACT 
 

Beside the Foreign Research Reactor Acceptance Program managed by the US DOE, the 
RTR spent fuel treatment program managed by COGEMA is continuing to provide full 
benefit of the long term spent fuel treatment program dedicated to the Light Water Reac-
tors. The situation is marked currently by the US DOE decision to accelerate the Reduced 
Enrichment Research Test Reactor program, as a result of the terrible events of September, 
11, 2001 and the end of the Foreign Research Reactor Acceptance Program on May, 13 
2006. On the other hand, it is unlikely that the high-density UMo fuels will be qualified, li-
censed and manufactured in series within this remaining time window. For some RR opera-
tors the impending termination of the Foreign Research Reactor Acceptance Program can 
signal the premature closure of their reactor. The COGEMA solution, confirmed by its 
commitment to maintain an industrial solution, ensuring the treatment of the RTR UAlx 
and UMo type spent fuels and even some silicide spent fuels during a limited period, can be 
more than ever a sustainable answer to the Research Reactor Community for the RTR spent 
fuel back-end management. This is why, on the basis of the proven RTR spent fuel treat-
ment French demonstration, COGEMA has initiated a Research and Development program 
on the RTR treatment process optimisation of UAlx, UMo and silicide spent fuels in its La 
Hague treatment Plant. COGEMA La Hague plant is legally authorized in La Hague treat-
ment plant through a decree emitted by the French government to perform the reception, 
the interim storage, the treatment of the Research Test Reactor spent fuels, the conditioning 
and the return of the radioactive residues generated by the spent fuel treatment. For each 
Research Test Reactor spent fuel type, COGEMA has, however, to submit to the French 
safety authorities a safety demonstration in order to obtain a specific authorization. This es-
sential step answering to the French authority requests time to be implemented namely be-
tween 6 months to one year. It was performed successfully by COGEMA for the aluminide 
type spent fuels and recently for the silicide type spent fuels. We conclude therefore that 
there is no doubt about the UMo Research Test Reactor treatment solution as a back-end 
management. 

 
 
1.  Introduction 
 
Beside the challenge of the United States Foreign Research Reactor Spent Nuclear Fuel acceptance 
program to progress considering the expiration in 2009 of the acceptance Policy (fuel must not be 
irradiated after May 12, 2006) or even to extend the termination date, the French back-end Program 
through COGEMA has also many challenges to progress in its proposal to the Research Reactor Op-
erators of a sustainable industrial back-end RTR Spent Fuel Management.  
With the knowledge of the UMo fuel development situation, COGEMA has reviewed its back-end 
spent fuel offer and has the will to adjust it taking into account the difficulties met by the UMo devel-
opment program.  
In actual fact, it is unlikely that the high-density UMo fuels will be qualified, licensed and manufac-
tured in series within this remaining time window. 
For some RR operators the impending termination of the Foreign Research Reactor Acceptance Pro-
gram can signal some brakes in the reactor operating. 
COGEMA confirms by its commitment to maintain an industrial solution, ensuring the treatment of 
the RTR UAlx and UMo type spent fuels and even silicide spent fuels during a limited period. 



It leads to continue the follow-up of French R&D UMo development Program and to strengthen the 
R&D U3Si2 (silicide) fuel treatment-conditioning. 
 
2. Treatment solution as back-end management  
2.1. Proven industrial experience 
 
COGEMA has already gained experience in the reprocessing of the RTR spent fuels, about 20 tons 
have been treated in the UP1 COGEMA plant proving the industrial feasibility to treat this type of 
fuels. 
This feed back experience gained during the treatment of UAl has allowed to guide the treatment de-
velopment program of the U3Si2 and UMo spent fuels. 
Actually, COGEMA La Hague plant has received successfully 14 tons of RTR Spent fuels. RTR Spent 
fuels have been delivered from France, Belgium and Australia. 
The start-up of the RTR Spent Fuel Treatment Program is scheduled during the year 2005. 
The French reprocessing of spent fuel has clearly as objective to minimize the waste volume and re-
duce the radio-toxicity of the ultimate waste to be disposed of (30 to 50 time volume reduction as 
compared to long term interim storage and 99% of activity encapsulated into stable residues). 
 
2.2. La Hague plant: Process lines 
 
The French solution for RTR spent fuels back-end management is Treatment-Conditioning which 
could be performed in the COGEMA La Hague plant in France comprising several industrial process 
lines. The treatment is based on an advanced Purex process considering the dissolution of the UAl, 
UMo and U3Si2 in nitric acid. The fissile material is separated in the reprocessing plant and the final 
waste can be encapsulated in a glass matrix. 
At La Hague complex uses the RTR reprocessing process includes the following steps: 
- Transport of the fuel to the plant and cooling in interim storage pools. 

The cooling or deactivation decreases the radioactivity of the fission products substantially 
- Dissolution of the fuel followed by clarification of the liquor generated 

Depending on the fuel type, it is possible that some insoluble products may remain after dissolu-
tion.  
At the end of the operation of dissolution, the insoluble fall into a perforated basket.  
In addition, the remaining insoluble particles in the solution which would hamper further process 
steps, are removed by centrifugation. A centrifugal clarifier has been selected for La Hague be-
cause it provides good efficiency with high throughput. 

- Uranium and plutonium splitting and purification by liquid-liquid extraction process 
Several extraction cycles of the clarified liquor, in pulsed columns, mixer-settler banks, or cen-
trifugal extractors are necessary to meet the end-product specifications. 
At the end of these cycles, different kinds of solutions are generated: 

 A solution containing specifically the uranium 
 A solution containing specifically the plutonium 

Raffinates containing the fission products and the minor actinides 
The solvent which is generated by a treatment with sodium carbonate followed by caustic soda 
and then recycled 

- Final conversion of uranium and plutonium to end-products 
The uranium solution is concentrated by evaporation, stored and eventually converted to UF6 
for a new isotopic enrichment. 
The plutonium is precipitated as an oxalate salt by the addition of oxalic acid. This salt is then 
filtered, dried and calcinated to form the PuO2 oxide or can be especially for the Research Re-
actor incorporated in the Glass Matrix of the residue container 

- Management and treatment of HA process waste 
The high activity (HA) liquid waste are concentrated and generate the HALW concentrates 
which are treated in vitrification facility to form a glass matrix suitable and safer packaging 
for long term storage. 



The process includes first converting the HALW solutions to a solid form in a rotary calciner 
and then vitrifying the solid in an induction-heated metallic melter. 
Characteristics and specifications of final stable residues are very known, approved interna-
tionally, and readily disposable. 

 
2.3. RTR UAl, U3Si2 and UMo treatment specificity  
 
RTR spent fuel reprocessing at La Hague would require some modifications, since the plant had been 
primarily designed to reprocess fuel from Light Water Reactors (LWR). 
The shearing step is not used for the RTR UAl, U3Si2 and UMo spent fuels. 
The RTR UAl and UMo spent fuels will be introduced directly without shearing step in the continuous 
dissolver. 
To be reprocessed, RTR fuels must be diluted in power UO2 spent fuel to lower the 235U content to a 
maximum acceptance of 2% in a main process flow. 
 
2.4. R&D programs for optimisation of UAl, UMo and U3Si2 treatment 

 
This feed back experience gained during the treatment of UAl has allowed to guide the treatment de-
velopment program of the U3Si2 and UMo spent fuels.  
COGEMA defines the following methodology:  Definition of the RTR treatment method on the UAl 
spent fuels, then to adapt the method for the U3Si2 and UMo.  
The treatment conditions are established on the basis of feed back experience of Marcoule 
- Main process parameters to be optimised are: 
- Solubility of Aluminium in the nitric acid 
- Cinetics of dissolution with various Al alloy 
- Gas produced during the dissolving 
- Behavior of silicide in dissolution solution and extraction cycles (optimisation of the silicide in-

corporation in the process y dilution). 
 
3. Conclusions 
  
The RTR operators have to select a sustainable and efficient back-end management for their spent 
fuels assemblies and to clarify their solutions to safety authorities by anticipating the change of the 
environment and of acceptance Programs. 
Due to the specific nature of the RTR fuel, long term interim storage or direct disposal would require 
extensive R&D programs. The reprocessing seems to be the most operational management scheme in 
terms of safety, environmental and sustainable solution for the future generations, offering an indus-
trial proven RTR spent fuel management. 
This is why, the reprocessing aspects have to be imperatively examined in the same time of the devel-
opment and qualification phases of the new generation of RTR fuel. 
The COGEMA solution, confirmed by its commitment to maintain an industrial solution, ensuring the 
treatment of the RTR UAlx and UMo type spent fuels and even U3Si2 spent fuels during a limited pe-
riod, can be more than ever a sustainable answer to the Research Reactor Community for the RTR 
spent fuel back-end management. 
On the basis of the proven RTR spent fuel treatment French demonstration, COGEMA has initiated a 
Research and Development program on the RTR treatment process optimisation of UAlx, UMo, U3Si2 
spent fuels and wants to strengthen this program for U3Si2 spent fuels. 
For each Research Test Reactor spent fuel type, COGEMA has, however, to submit to the French 
safety authorities a safety demonstration in order to obtain a specific authorization. This essential step 
answering to the French authority requests time to be implemented namely between 6 months to one 
year. It was performed successfully by COGEMA for the aluminide type spent fuels and recently for 
the U3Si2 type spent fuels. 
We conclude therefore that there is no doubt about the UMo Research Test Reactor treatment solution 
as a back-end management. 
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ABSTRACT 
 
The UKAEA Dounreay site, in the North of Scotland, has been involved in the UK, Euro-
pean and World research reactor fuel cycle since the late 1950's.  Some of the early facili-
ties on the site were a Dido type research reactor, a test reactor fuel reprocessing facility, a 
uranium treatment facility and a test reactor fuel fabrication plant.  The entire research reac-
tor fuel cycle within a single site.   
The reactor and the reprocessing facility are now being decommissioned.  The fabrication 
facility is completing its' final elements and will shortly start it's 'clean-out' and early de-
commissioning phase.  The last facility associated with the research reactor fuel cycle to 
operate will be the uranium treatment facility, which is being prepared for operation to en-
able the remaining site inventory of enriched uranium to be prepared for re-use elsewhere. 
 This paper sets out the integrated approach being taken by UKAEA at Dounreay to de-
commission the different facilities in a way that minimises the impact on the environment.  
It also highlights the importance of a clear policy on waste conditioning and storage for the 
decommissioning process.    
 
 

1. Introduction 
 
In the mid 1950’s the UK Government decided to research the development of the fast reactor and 
commenced an extensive building programme at the site of a wartime dispersal airfield, Dounreay in 
the North coast of Scotland.   
 
The development of civil nuclear power systems in the UK was entrusted to the United Kingdom 
Atomic Energy Authority (UKAEA) who were the operators of the site at Dounreay and other sites at 
Harwell, Winfrith, Risley, Windscale and Culham in England.   
As part of the research and development of civil nuclear power systems, the UKAEA quickly identi-
fied the need for Material Test Reactors and built three Dido type reactors, Dido and Pluto at Harwell 
and DMTR at Dounreay.  The fuel for these MTR reactors was enriched uranium, as was the fuel for 
the Dounreay Fast Reactor (DFR). Separate but adjacent fuel fabrication facilities were installed at 
Dounreay for the production of the Uranium Molybdenum alloy DFR fuel and the uranium aluminium 
alloy MTR Fuel.   Enriched uranium supplies for the programme were obtained from the US and from 
within the UK.   
UKAEA also recognised at an early stage, the benefits of recycling the remaining U235 from irradiated 
fuel, to reduce the need for fresh HEU.  Reprocessing facilities were established for both the fast reac-
tor and MTR fuels. Uranium recovery and metal production facilities were also installed to allow both 
the recycle of reject fuel from fabrication and the re-use of reprocessed uranium, raising the enrich-
ment when required by blending with fresh high enriched uranium.   
The MTR facilities at Dounreay have serviced both the UK and a number of other countries MTR cy-
cles for the past 30 – 40 years.  In 1969 DMTR was shutdown as the Dounreay Fast Reactor (DFR) 
provided a higher flux for fast reactor fuel and material experiments.  In 1990 Dido and Pluto were 
closed as the UK’s need for irradiation work and research reduced.  Those shutdowns removed the 
base load work from the workplan for the facilities at Dounreay and although a number of external 
contracts were secured for reprocessing, uranium recovery and fabrication the business could not sus-
tain the investment necessary to upgrade the facilities to meet the exacting standards of the 21st cen-
tury.  The reprocessing facility was shutdown in 1996 and with it the irradiated MTR fuel elements 



receipt facility. The fuel element fabrication facility has continued to operate, at reduced output, to 
complete element order commitments. This facility will close on 31 March 2004.   
The last facility associated with the MTR cycle in operation will be the uranium recovery facility.  
This will be utilised to process the remaining unirradiated enriched uranium on the site to a form that 
is useable by others within the research reactor fuel cycle.  On completing this duty this facility will 
also be closed and decommissioned.   
Each of the MTR facilities at Dounreay pose a number of individual problems for decommissioning - 
these are covered in the subsequent sections.  
 
2. Decommissioning DMTR 
 
2.1 Reactor Containment 
 
Introduction 
The Dounreay Materials Testing Reactor (DMTR) was fuelled with high enriched uranium, moderated 
and cooled by heavy water and it had an initial power output of 10 MW (th).  The heat generated was 
dissipated to atmosphere via 8 cooling towers.  Virtually a twin of the PLUTO reactor at Harwell, 
DMTR was designed as a facility to enable research work to be carried out in high neutron fluxes.   
 
Construction 
Construction work started in the summer of 1955 and continued until the reactor was taken critical on 
24th May 1958.  Commissioning and calibration work was carried out with the power being steadily 
raised until full power was achieved on 15th December 1958. 
 
Operations 
Utilisation was of a fairly high order throughout the working life of the reactor.  The experimental re-
search work carried out was mainly in support of power reactor system, in particular fast reactor sys-
tems.  As operations progressed, the power was in increased to 22 MW with the introduction of the 
Mk IV fuel elements. The reactor continued to run until 12 May 1969 when it was shut down for the 
last time.  The decision to close the reactor was taken following a reduction in the need for reactor 
space for irradiation work and the availability of the Dounreay Fast Reactor as a test facility.   
 
Stage 1 Decommissioning 
On shutdown of the reactor in 1969 Stage 1 decommissioning was commenced.  All the irradiated fuel 
was removed from the reactor and reprocessed and the absorbers removed.  The Internal Fuel Element 
Storage Block, which was used for interim storage of both spent and new fuel elements, was emptied, 
cleaned out and painted.  All experimental rigs were disposed of along with their handling facilities.  
The heavy water was cleaned by fine filtration, drained from the circuit and transferred to Winfrith for 
use in SGHWR.  The heavy water circuit was then thoroughly washed out, drained and the Reactor 
Aluminium Tank was blanked off.  The three main heavy water circulation pumps were removed from 
the system and sent to Harwell as spares for DIDO and PLUTO.  With the exception of ventilation and 
power for lighting, all services to the reactor shell including drainage were disconnected and blanked 
at their entry points.  The work was completed by 1971 and the reactor was then left under a minimal 
care and maintenance regime, expect for periodic entries to remove components for reuse elsewhere, 
until the mid 1990’s. At this time the situation in DMTR was reviewed and a decision taken to pro-
gress the decommissioning of the reactor to a stage where the building could be justified for periodic 
entry and inspection.  The environmental monitoring stations and the electrical systems were reconfig-
ured to permit future dismantling of the reactor block and to permit environmental monitoring before 
entry.  Further strip out work was also carried out to remove circulation paperwork and instrumenta-
tion. The system is now in a monitored condition.  Decommissioning will recommence once further 
ILW conditioning and storage facilities are available. 
 
2.2 Fuel Receipt Pond 
 
The D9814 pond is a small fuel storage pond with a total volume of 131.6m3 located at the extreme 
western end of the DMTR complex.  The pond is reinforced concrete construction and is lined with 



stainless steel.  It is 5.5 metres long, 4.6 metres wide and 5.3 metres deep.  It contains no fuel or other 
items beyond redundant fuel storage racks, pumps, filters and lights, the pond currently holds some 
125 m3 of contaminated water.  Historically the pond was used for MTR fuel receipt and storage.  Dur-
ing the 1960s some fuel cropping and milling took place within it.  The pond was thoroughly cleaned 
in the late 1960s and since has only been used for receipt, storage and transfer to the reprocessing fa-
cility.  The last fuel elements to be held there were the Georgian fuel elements.  These were removed 
from the Pond in 2001.   
This pond will be decommissioned in three stages. Stage One will be concerned with the removal and 
size reduction of redundant items from the pond and the surrounding area.  Stage Two will treat and 
dispose of the water in the pond and clean down the pond surfaces.  Stage Three will remove the pond 
liner, decontaminate the pond walls, and remove all remaining operational equipment used in connec-
tion with the pond.   
The demolition of the building will be held until the remaining areas of the DMTR complex have been 
cleaned.  An important part of this final stage is the availability of segregation and monitoring units, to 
allow the bulk of the waste to be utilised as landfill. 
 
2.3 Post Irradiation Examination Facilities 
 
The Post Irradiation Examination (PIE) Cave was constructed to support the Dounreay Materials Test 
Reactor (DMTR) programme in the late 1950’s, was modified in 1972 and again in the 1980's to deal 
with irradiated Prototype Fast Reactor (PFR) components.   
The cave contains both radioactive and toxic/hazardous materials.   
! Radioactive materials, as stored non-fissile items 
! Cans which contain in-cell process waste arisings 
! Sodium contained inside the control rod pins in two control rod assemblies.   
! Zinc Bromide liquid in the shielding windows 
! Oil in the hydraulic systems 

The decommissioning of the cave will involve the removal of all the stored items and all chemical and 
service items until the concrete monolith is left.  (in a clean condition) This will remain until as the 
rest of the building is dismantled and facilities are available for the sentencing, segregation and dis-
posal of the demolition rubble.   
 
3. Decommissioning the MTR Fuel Reprocessing Facility 
 
The MTR reprocessing plant at Dounreay operated between 1958 and 1996.  In this time the facility 
reprocessed nearly 13000 elements and recovered more than 2 tonnes of enriched uranium for re-use 
in the MTR fuel cycle.  In 1998 the UKAEA board and the UK Government announced this facility 
would be decommissioned.   
The reprocessing facility consists of a receipt pond where elements were cut and fed by elevator to one 
of two dissolvers.  The dissolved fuel was then conditioned and fed through two cycles of solvent ex-
traction to permit the separation of re-useable uranium from the fission products and other impurities.  
The fission products were sent in solution to storage tanks for future treatment.  The uranium product 
was fed to the recovery plant.   
Since 1996 the facility has been held under care and maintenance with upgrades being implemented to 
the electrical, ventilation and environmental monitoring systems.  The intention is to undertake the 
decommissioning work in few distinct stages. 
 
Stage 0 - Enabling work 
The principal aim of the enabling stage will be to confirm the complete radiological waste inventory of 
the plant.  Only when the total waste liability is confirmed can detailed assessments of the disposal 
options be considered and the decommissioning activities programmed in detail.  The project method-
ology will be developed to ensure safe practical methods, and cost-effective solutions are identified.  
During this stage existing building services will be upgraded in preparation for the removal of non-
active plant.  New change room facilities will be installed and redundant inactive plant and equipment 
will be removed. A Decommissioning Safety Case will be prepared as an overview safety assessment 



of all the proposed decommissioning activities to allow commencement of decommissioning stages 1 
to 3.  
 
Stage 1 – Activity Reduction 
Stage 1 involves the removal and safe disposal of selected active plant and known contamination 
which will reduce the radiological hazard in the plant.  The main decommissioning tasks to be under-
taken are; 1, the removal and disposal of the fuel pond water and residual solid fuel debris and 2, an 
aggressive chemical washout of the high active cell dissolver process vessels and pipework systems. 
 
Stage 2 - Removal of Active Plant 
Stage 2 will include the removal of all remaining contaminated plant, equipment or structures.  This 
work requires packaging, conditioning and storage facilities to be available to process the active items 
to a conditioned waste form. All redundant building services will be isolated and removed on comple-
tion of the decontamination and removal activities. All known contamination will be removed from the 
building structure to permit declassification of the building in preparation for demolition.  There may 
be a requirement to delay the demolition stage until adjacent facilities are at the same stage as there is 
limited access around the facility and some building services are shared with adjoining plants.   
 
Stage 3 - Restoration 
Stage 3 involves the careful dismantling of the remaining reinforced concrete fuel pond and process 
cell structures and the demolition of the building steelwork frame and fabric.  Completion of this final 
stage will be confirmed by the radiological declassification of the area within the building perimeter 
boundary to allow unrestricted use of the concrete foundation slab which will be left insitu. 
 
4. Decommissioning the MTR Fabrication Facility 
 
The MTR Fabrication Facility at Dounreay started to produce fuel plates for use in the UK MTR reac-
tors in 1958, and will have produced approximately 10,000 elements when it shuts down on 31 March 
2004.  More than 9500 elements have been of the alloy type with most of these irradiated in Dido type 
reactors.  With the link to the reprocessing facility and uranium recovery the plant also demonstrated 
the use of a reducing enrichment in fuel elements, recycling the fuel.  The UK Dido reactors started 
life with a uranium enrichment of 93% and went through a series of enrichment reductions 93% to 
80% to 60 % to 55 %.  Recycle of reprocessed uranium has also been demonstrated with dispersed 
fuel, with the successful production of 72% enriched elements for SCK/CEN’s BR2 reactor, following 
the reprocessing of SCK/CEN fuel in 1994.   
Decommissioning of the fabrication facility does not pose the same challenges as facilities handling 
irradiated fuel and will involve clean-out of glove boxes, preparation of nuclear material for recovery 
and the strip out of both radioactivity clean and contaminated items.  It is UKAEA’s intention to make 
available any equipment that could be utilised by other fabricators rather than dispose of all items to 
the low level waste stream.   
Following removal of the active equipment, ventilation system and connections to the active drain sys-
tems, the building will be held, to be demolished with other adjacent buildings in the complex at 
Dounreay.   
 
5. Decommissioning the Uranium Recovery Facility 
 
The uranium recovery facility will be the last of the Dounreay MTR cycle facilities to be operated.  
Although the facility was extensively modified in the late 1980’s it is currently being upgraded and 
modified to permit its operation and decommissioning under current license standards. This will in-
volve many upgrades, including improvements to environmental monitoring, electrical infrastructure, 
replacement of the dissolvers and replacement of the plant ventilation system.   
The recovery plant will be utilised to process the remaining inventory of enriched unirradiated ura-
nium on the Dounreay Site to allow the material to be returned to its owners for re-use or for transfer 
to other licensed enriched uranium users.  The focus during the plant operation will be to produce as 
much 20% enriched uranium which complies to fabrication standards as possible, reducing the amount 
of fuel which will require treatment as waste.   



As the final part of the operating phase the plant will be progressively washed out, until the bulk of the 
equipment can be considered for disposal as low level waste.   
Following the strip out and size reduction of all active equipment this building will also be demol-
ished, along with other adjacent buildings.   
 
6. Integrated Approach  
 
The main focus of UKAEA has changed since the mid 1990’s.  There is no longer a focus on the sup-
port and development of power producing fission reactors, the organisation is now focused on the safe 
restoration of our sites, identifying best practice in decommissioning projects.  
For the MTR facilities this has involved a review of the status of the facilities, checks on the building 
infrastructure required for decommissioning and in most cases the renewal of environmental monitor-
ing, ventilation and electrical systems, replacing the system installed in the late 1950’s.  Decommis-
sioning is a multistage process.  The Dounreay site has many waste and fuel facilities that were de-
signed to support the operation of two complete fuel cycles, in most cases these facilities are not suited 
to the support of the complete decommissioning process.  Decommissioning poses new challenges and 
there is a need for new facilities which, will not store radioactive waste in a raw form, but will condi-
tion it to meet the requirements of a future national storage or disposal facility.   
It is the availability of such facilities which determine the stages and rate of decommissioning of the 
MTR facilities.   
In general the approach taken involves: 

! Assessment of the complete building inventory 
! The removal of fuel material and waste materials - post operational clean out 
! Upgrading of building services for the decommissioning process  
! The removal of active plant – when conditioning and storage facilities are available 
! Co-ordinated demolition of buildings, segregation of contaminated material from general 

building rubble.   
 
7. Summary 
 
The Dounreay involvement in the MTR cycle will end when the uranium recovery facility has com-
pleted its recovery work and the enriched uranium product is transferred for use elsewhere.  Different 
decommissioning challenges are posed by each MTR facility necessitating a need for review of the 
facility status and the waste conditioning requirements, before commencing the decommissioning 
process.   
Where there are chemical or radiological issues these are generally tackled, utilising existing facilities 
to deal with any waste arising.  Further decommissioning is then carried out in a structured way, al-
lowing similar wastes from many facilities to be conditioned and stored awaiting future consignment 
to a national facility.  Groups of buildings will then be demolished in a progressive manner, minimis-
ing the generation of radioactively contaminated material.   
For Dounreay the closure of the research reactor facilities is the end of an era, it also has heralded the 
start of a complex and challenging decommissioning project.   
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ABSTRACT 

 
In the past decades Austria  operated three research reactors, the 10 MW ASTRA reactor at 
Seibersdorf, the 250 kW TRIGA reactor at the Atominstitut and the 1 kW Argonaut reactor 
at the Technical University in Graz. Since the shut down on July 31st, 1999 and 
decommissioning of the ASTRA reactor only two reactors remain operational. The MTR 
fuel elements of the ASTRA reactor have been shipped  in spring 2001 to Savannah River 
under the DOE fuel return programme. 

 
 
1. Introduction 
 
The TRIGA reactor Vienna is used intensively for students education and training, all reactor systems 
are in excellent condition, spare fuel elements are available to operate this reactor for another 10 to 15 
years and at present there is no indication whatsoever that this reactor should be closed down in the 
coming years. 
 
The Argonaut reactor Graz however is planned to be shut down and decommissioned in 2004. 
Although its plate type fuel elements are almost inactive due to the low power level and infrequent 
operation the fuel shipment procedure and the costs are almost equal to other shipments. The financing 
of the shipment and the transport route is still under discussion presently. 
 
This paper will discuss the experience with the completed fuel shipment of the ASTRA reactor, with 
one planned shipment with the Argonaut reactor and give an outlook  of possible options for the 
TRIGA reactor. 
 
2. Historical survey:  
 
In the period between 1959 to 1965 three research reactors were built and operating until 1999. The 
first reactor was the MTR type ASTRA reactor at the Austrian Research Centre Seibersdorf (ARCS 
www.arcs.ac.at) which for a long period was the main research facility for nuclear research in Austria 
as well as the planning centre for a nuclear power plant. As it is well known this nuclear power plant 
at the site of Zwentendorf (730 MWe BWR) was never put into operation due to a public negative 
referendum in 1978. This also effected the further development of nuclear research and in particular 
the programs at the ARCS. For several non-technical reasons the 10 MW ASTRA reactor was finally 
shut down on July 30, 1999 and immediately decommissioning started. 



The second reactor was planned as typical university training and education reactor, a TRIGA Mark II 
reactor was selected and first critical on March 7th,1962. This reactor is well maintained and utilized 
and is in operation without any specific deadline for shut down. 
 
The third reactor was a Siemens ARGONAUT reactor to be also used for university training and 
education at the Technical University of Graz, it became critical for the first time in May 17th, 1965, 
the maximum licensed power is 1 kW but it is operating only at 10 W. The reactor is still in operation 
but discussions are going on to shut down and start decommissioning  this reactor by 2004. 
 
3. Present situation: 
 
3.1. The ASTRA Reactor in Seibersdorf:  
 
After 39 years (1960 to 1999) of successful operation, the 10 MW multipurpose MTR research reactor 
ASTRA [1] at the Austrian Research Centers Seibersdorf (ARC) is now in the state of 
decommissioning [2]. An immediate dismantling to stage 1 of the IAEA technical guide-lines [3] [4] 
(storage with surveillance, final shipment of spent fuel and thus complete removal of high-level waste 
from the site) followed  immediately by dismantling to stage 2 of these guidelines (restricted site use) 
was decided.  
 
3.1.1. Conditioning and radioactive waste management: 
 
A preliminary evaluation of the expected amount of radioactive waste was performed which showed 
that it would amount to approximately 320 kg of intermediate-level waste (ILW), about 100 t of 
activated low-level waste (LLW) and about 60 t of contaminated LLW. 
 
The high-level waste (HLW) and ILW could be removed under the valid operating license of the 
reactor. According to EU-law, for the removal of the rest of the activity (which amounts to less than 
0.001 % of activity one week after the final shutdown) an environmental impact assessment (EIA) was 
required. The option to start work on stage 1 under the existing operating license allowed for the 
necessary time to prepare and carry out the EIA. 
 
Apart from standard methods for the treatment of low-level wastes, some new procedures to handle 
and store special materials had to be developed. For instance, material that will have to be conditioned 
and stored includes approximately 10 tons of reactor-grade graphite from the inner and outer thermal 
columns as well as from old-type reflector elements as used between 1960 and 1970 and moderators 
from late experiments. Over the 40 years of reactor operation, some of the graphite had been exposed 
to an estimated integrated fast-neutron flux of 2.2 x 1021 n/cm2. Since the temperature of the graphite 
never exceeded 100° C, annealing of lattice defects did not occur and the accumulation of significant 
amounts of Wigner energy is to be expected. 
 
3.1.2. Review on work under stage 1: 
 

The 54 MTR-fuel elements (310.5 kg of HLW) were shipped to US-DOE Savannah River Plant for 
ultimate disposal in May 2001. In immediate succession and still under the operating license, all 
experimental facilities and components of the reactor within the vicinity of the core or in intermediate 
storage within the building e.g. old beam-tube-inserts, 492 kg of ILW and 5212 kg of LLW were 
removed and treated. In the course of this procedure custom-designed, remote-controlled equipment 
had to be built  and three GNS-Mosaik containers were filled, partly under water, with the remaining 
material. Also the task of clearing the reactor building from remaining experimental equipment, 
obsolete storage facilities and the transfer of the structures of the industrial source services including a 
21-ton-lead-cell to NES Hot Cell Laboratories were accomplished to 90 % under this stage. Work 
under stage 1 ceased by May 2003.  
 



 
Fig 1. Conditioning of ILW – Under water loading of GNS-Mosaik Container 

 

3.1.3. Status on work under stage 2: 
 
During 2002 the EIA [5] was prepared. The public hearing was held on December 19th, 2002 and was 
followed by a license to decommission on April 8th, 2003.  

Preparing stage 2 was well under way during stage 1, nevertheless, actual work could only be started 
after May 2003. It comprises the dismantling of the primary and secondary cooling facilities and the 
removal of the biological shield (roughly 1600 tons of LLW). A major part of stage 2 is the “clearing” 
of the remaining buildings, which are to be used for other purposes, e.g., as interim LLW storage 
facility. It is intended to take down the structures of the biological shield (400 m3 reinforced Barite-
concrete totaling approx. 1400 tons) by cutting blocks of between 7 and 9 tons (limited by the 10-ton-
capacity of the crane) from the inactive zones using wire-cut techniques, and to obtain clearance for 
the material by measuring the surface activity and by additional internal probing. For surface activity 
measurements we prepare the use of an available Canberra ISOCS device. A validation of the method 
under ASTRA conditions is just being carried out with promising results so far.  

 
Fig 2. Biological shield – Concept of block cutting 

A building directly attached to the reactor was erected to give ample room for clearance measurements 
and procedures. It was almost completed by end of 2003. Actual cutting is supposed to start in January 
2004. The primary water was finally drained from all systems directly connected with the tank and the 
lower hot cell (usually filled with primary water), the surfaces of the liners were cleaned and stabilized 
to prevent continuing oxidation and hence occurrence of dust. The liner of the tank was removed to a 
level 3 meters below the upper floor. The concrete surfaces of the upper hot cell (designed for dry use) 
were cleaned of contamination. All connections e.g. electricity, pressurized air, primary water supply 
were disconnected from the shield, wires and tubes were removed. In preparation of the intended 
cutting work on the first section of the biological shield working platforms were installed in the pool 



and in the upper hot cell. Additional measures were taken to control the drain of the cutting fluid and 
to remove concrete and steel particles from the solution. Calculations show that about 8 tons of cake is 
to be expected which should be inactive waste by definition. Therefore careful collection and 
preparations to achieve clearance is essential. 
 
3.1.4. Work in progress under stage 2 in 2004 
 
Work planned for 2004 are the dismantling of the inactive parts of the biological shield, radiological 
clearing of the removed materials, dismantling of the primary and secondary water installations in the 
pump room, cleaning and radiological identification of the metal parts for further conditioning  and 
decision about methods  to be applied for dismantling the active zones of the biological shield. The 
project’s final goal is the release of the buildings for unrestricted use and immediate dismantling was 
chosen to be the optimum decommissioning strategy. From today’s view the estimated completion of 
the project is expected around June 2006, which is about 6 months later than the original planning 
predicted. 
 
3.2. The TRIGA reactor at the Atominstitut Vienna [6] 
 
The operation of the reactor since first criticality averaged 220 days per year, without any long 
outages. The TRIGA-reactor is purely a research reactor of the swimming-pool type that is used for 
training, research and isotope production (Training, Research, Isotope Production, General Atomic = 
TRIGA). Throughout the world there are around  50 TRIGA-reactors in operation, Europe alone 
accounting for 8 of them. The reactor core consists presently of 81 fuel elements (3.75 cm in diameter 
and 72.24 cm in length), which are arranged in an annular lattice. Two fuel elements have 
thermocouples implemented  in the fuel meat which allow to measure the fuel temperature during 
reactor operation. At nominal power (250 kW), the centre fuel temperature is about 200 °C. Because 
of the low reactor power level, the burn-up of the fuel is very small and most of the fuel elements 
loaded into the core in 1962 are still there. A summary of the fuel situation is shown in table 1. 

 
Cladding Number of FE Location Al SST Enrichment Remarks 

80 + 
2 stor. core 57 25 70 FE 20% 

9 FE 70 % 2 instr. FE 

13 fresh fuel storage - 13 20 % 2 instr. FE 
8 spent fuel storage 8 - 20% 1 instr. FE 

1 hot storage 
facility 1 - 20 % cut into 3 pieces

total:  104  66 38   
 

Tab 1. Fuel element situation at the TRIGA Vienna as of 1. 1. 2004 
 

The TRIGA reactor is heavily used for training and education of students in the nuclear field but also 
used for national and international training courses with the IAEA and with neighbour countries 
(Germany, Czech Republic, Slovak Republic, European Nuclear Engineering Network –ENEN).  
Many cooperation projects exist with the IAEA as the TRIGA reactor Vienna is the closest nuclear 
facility to the IAEA and the irradiation services has increase since the shut down of the ASTR reactor 
although in many service requests the TRIGA cannot offer the requested power and neutron flux. At 
present there is no indication from the government that an imminent shut down of this facility is taken 
into consideration. 
 
3.3. The ARGONAUT Reactor in Graz 
 
The Reactor Institute Graz, attached to the University of Technology Graz, Austria, operates a low 
power Siemens-ARGONAUT Type reactor (10 W) for education and training in the academic field.  



 
 

Fig 3. Pictorial view of the Siemens-Argonaut-Reactor Graz. 
 
From May 1965 to April 1985 the Siemens-ARGONAUT Reactor (SAR), located in Graz, was driven 
alternately by an annular core with 234 low enriched (20% U 235 fuel plates and an asymmetrical one-
slab loading with 125 high enriched (90 % U 235) fuel plates. From 1979-1985 a research project in 
collaboration with the KFA Jülich was performed. This project was directed to investigate the water 
ingress in systems with pebble-bed high-temperature gas-cooled reactor fuel. Since 1985 all low 
enriched fuel plates have been located in a dry storage because on 50% of the plates the aluminium 
claddings were damaged by corrosion. During the reactor operation from 1965-1985 the average 
reactor power was 1-10 W (107-108 neutrons/cm²s). Presently the core is composed of 108 fuel plates 
(90% enrichment) from the second delivery at 1969. While 17 fuel plates, also enriched at 90 %, are 
stored in the fresh fuel storage. It is planned to shut down the SAR-Graz in 2004. All fuel plates (low 
and high enriched) should be returned to USA. Therefore Graz is  involved in negotiations with DOE, 
to identify a company for the transport of the fuel elements and to discuss details of financing with 
governmental organizations in Austria. Alternatively the fuel plates (they have a burn-up of only      
10-5 %, FIFA definition) could also be reprocessed in Europe and the fissile material could be used in a 
EURATOM member state. 
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ABSTRACT 
 
In the Netherlands, COVRA is in charge of radioactive waste management. COVRA 
currently operates a high level waste facility (HABOG) in Borsele. HABOG facility has 
been designed by SGN, AREVA Engineering Business Unit, to receive, condition and store 
in safe conditions, for a period of approximately 100 years, different types of waste coming 
from COGEMA and BNFL reprocessing plants as the result of fuel elements reprocessing 
(coming respectively from Borssele and Dodewaard Nuclear power plants), or used fuel 
elements from Dutch research reactors or laboratories. The fuel elements, coming from 
research reactors, are High Enriched Uranium fuel elements located in a MTR2 transport 
cask. This paper describes the operations conducted in HABOG to encapsulate the fuel 
elements in a canister (from the cask unloading to the fuel elements canister welding) and 
the way the fuel elements canisters are stored in HABOG facility in storage wells. 

 
1. Introduction 
 
In the Netherlands, COVRA is in charge of radioactive waste management. Besides the high level 
waste facility (HABOG), COVRA also operates a low level waste treatment facility (AVG), a low 
level waste storage facility (LOG), a storage facility for TENORM waste and a storage facility for 
depleted uranium (VOG) at her site in Borsele. 
 
HABOG facility has been designed by SGN, AREVA Engineering Business Unit, to receive, 
condition and store in safe conditions, for a period of approximately 100 years. It is composed of one 
building with a possible future expansion of the storage capacity. 
 
The HABOG facility is designed for the following purposes: 
 Reception and unloading of transport cask from railway wagons or road trucks, 
 Unloading of waste packages from transport cask,  
 Checking of waste,  
 Encapsulation of High Enriched Uranium (HEU) fuel elements, 
 Storage of high thermal release waste in wells cooled by natural air convection:  

- Vitrified waste coming from COGEMA and BNFL reprocessing plants as the result of fuel 
elements (coming respectively from Borssele and Dodewaard Nuclear power plants) 
reprocessing, in canisters 

- Fuel elements, coming from the Dutch research reactors CGO and ECN (PETTEN) and IRI 
(DELFT) in a transport cask, encapsulated in canisters in HABOG facility. 

 Storage of low thermal release waste (HAVA) in bunkers: 
- compacted hulls and end-pieces in canisters,  
- cemented technological waste from fuel reprocessing,  
- bituminized waste from fuel reprocessing,  
- miscellaneous waste from research reactors, coming from Dutch laboratory ECN (PETTEN), 



At the end of the storage period, the waste will be retrieved in the reverse way to be sent to a final 
repository or to a reprocessing plant. 
 
The paper aims at : 
 Describing the operations conducted in HABOG to encapsulate the fuel elements in canisters (from 

the cask unloading to the fuel elements canister welding). 
 Describing the way the fuel elements canisters are stored in HABOG facility in storage wells. 

 
2. Characteristics of fuel canisters to be stored 
 
HEU fuel elements arriving in HABOG facility are encapsulated into fuel canisters. The table below 
gives the characteristics of the fuel canisters to be stored in HABOG facility. 
 

Origin PETTEN DELFT 
Site facility GCO ECN ECN IRI 

Waste type 
HFR Fuel 
elements 

93,2% U235 

LFR Fuel 
elements 

93,2% U235 

Miscellaneous  
U, Pu 

HOR Fuel 
elements 

93,2% U235 
Number of fuel elements

to be stored 1400 29 / 139 

Canister content 33 fuel sections 33 fuel sections 33 fuel objects 33 fuel sections 
Number of canister to be 

stored 42 1 3 5 

Heat release 
(W/canister) 693 693 Negligible 693 

Tab.1: Fuel Canisters characteristics 
 
3. Description of the facility 
 
3.1 Building description and features 
 
The HABOG facility is composed of one building with a roughly parallelepipeds form, which can be 
extended later to increase the storage capacity. The building is approximately 75 m long, 46 m wide 
and the maximum height is 18 m. An annex is installed south-east to receive the trucks and railway 
wagons carrying the casks. Three stacks are provided on the roof for cooling air discharge to the 
atmosphere. A fourth stack is designed for building ventilation air discharge. 
 
The building has three main levels. The general arrangement is the following: 
 In the north part of the building, HAVA waste is stored, 
 In the south part of the building, the vitrified waste and fuel elements are stored, 
 In the east part of the building, reception operations are performed. 

 
3.2 Implemented functions for HEU fuel elements conditioning 
 
The main functions performed in the HABOG Facility are: 
 
 Transport cask reception, preparation and shipping 

HEU fuel elements arrive in HABOG facility located in a GNB-MTR2 transport cask. The transport 
cask arrives in vertical position on a trailer and is transferred and placed onto the cask transfer trolley. 
After reception of the cask in the reception hall, the cask is prepared at the preparation station and then 
transferred and tightly docked under the hot cell. 
 
For empty transport cask shipping, the same operations are performed as for reception but in the 
reverse order. Before cask reshipment, non contamination checking is performed. 
 



 HEU fuel elements encapsulation 
An encapsulation unit is implemented in the hot cell for HEU Spent Fuel to be stored in the 
Facility. Fuel elements have to be conditioned in tight canisters which have to be filled with 
helium to prevent any corrosion and guarantee their containment during storage. 
The HEU fuel elements are unloaded out of the cask by means of a transport basket which is 
directly transferred into the canister. The basket accommodates 33 fuel elements. The canister lid 
welding is then operated (large lid). The conditioning operations (vacuumization and helium 
filling of the canister) are performed, before welding the small canister lid. Then the canister 
tightness test is performed into a tank and finally the fuel canister is decontaminated, using high 
pressure water, prior to transfer to the storage vault. 

 
 Handling and storage of fuel canisters 

Once transferred by the in-cell trolley to the storage hall, fuel canisters are rehandled to their 
storage well by means of a remote controlled nuclearized crane. Interlocks prevent personnel 
entering the hall during canister handling operations. 
Fuel canisters and vitrified waste are stored in two identical vaults, each vault containing 
dedicated wells for vitrified waste and for fuel canisters (not the same size). Each vault has 7 wells 
for fuel canisters, 27 wells for vitrified waste, 2 wells for overpacks of fuel canisters, and 2 wells 
for overpacks for vitrified waste. In addition, a third vault, identical to the others, is available as a 
spare. This vault may only be used for unloading one of the other vaults, i.e. the license allows 
COVRA only to use two of the three vaults. COVRA must always be able to unload a complete 
vault for inspection. 

 
 Auxiliary functions 

Building ventilation 
Electric power supply and distribution 
Instrumentation and control Utilities 

 
4. Storage process 
 
Packages stored in HABOG facility are divided in two categories: 
 
1. “Heat-producing packages”: an efficient cooling is necessary to guarantee the integrity of the first 

containment barrier. These packages are: 
 the spent Highly Enriched Uranium (HEU) fuel canisters, 
 the vitrified waste canisters. 

2. “Non-heat producing packages”: the low quantity of heat produced means that a simpler storage 
process can be used. 

 
The cooling process is selected according to the maximum allowable temperatures in normal and 
abnormal situations. 
 
The selected storage and cooling processes are: 
 For heat-producing packages: storage in vertical wells cooled by natural convection. A vertical 

airflow circulating between the external wall of the storage well and a double jacket cools the 
canisters. This process is implemented in numerous facilities in France, the most recent one being 
EVSE in La Hague reprocessing plant. 

 Non-heat producing waste is stored in bunkers. The heat and the radiolysis gases are removed by 
mechanical ventilation. In case the mechanical ventilation fails, the decay heat is released by 
conduction through walls and the slab of the bunkers. 

 
Specific process issues for fuel and vitrified waste canisters storage 
 
The storage area for these canisters consists of three dry vaults, separated by a wall ensuring 
radiological shielding. The modularity of the storage vault structure allows a further extension of the 



storage capacity. Fuel canisters and vitrified waste canisters are stacked on five levels in vertical 
stainless steel wells cooled by natural convection. 
 
External double jackets are installed around the wells to improve cooling efficiency. In addition, they 
reduce heat radiation to the concrete walls and consequently reduce the temperature of these walls. 
This process requires a horizontal plate to distribute the airflow between the vertical wells and the 
double jackets. 
 
The air inlet and outlet are designed to maintain concrete walls and stored package temperatures below 
maximal allowable values. These are summarised in the table below for the heat-producing waste 
storage: 
  Max. allowable temp. (° C) Calculated temp. (° C) 
 Heat produced* In normal 

conditions 
In accident 
conditions 

In normal 
conditions 

In accident 
conditions 

Vitrified waste 
canisters 

2000 W/canister 
(2500 W max.) 500 610 475 495 

Fuel canisters  693 W/canister 250 425 215 250 
Concrete 95 (105 locally) 180 90 130 

* these values are design values. The actual heat load will decrease with time. 
Tab.2: Maximum allowable temperature for canisters and concrete 

 
However, decay heat from fuel canisters and vitrified waste is significantly different. Therefore 
thermo-aeraulic studies were carried out to check that these two types of canisters could be stored in 
the same vault. 
 
The design of the facility takes also into account the following features: 
 Expansion of the storage wells due to temperature rises: the storage wells are hang from the top 

slab and guided on the bottom of the compartment, enabling free expansion, 
 Load drop absorption: proper shock absorbers are implemented at the bottom of each well, 
 Prevention from corrosion of storage wells:  

- 

- 

- 
- 

- 

- 

the storage wells are tightly closed and placed in inert atmosphere of Argon to prevent 
possible corrosion risk due to corrosive gases produced by the air radiolysis. 
austenitic stainless steel with Molybdenum is used for the storage wells, in order to reduce 
tendency to pitting corrosion, taking into account the salt content of the air due to the 
proximity of the sea..  
electrostatic filters are installed at air inlets.  
Moreover, it is possible to remove the storage wells and replace them by new ones. The wells 
are actually hanging from the slab through sleeves and are guided at the bottom. They can be 
removed upwards after the canisters have been relocated in the spare vault. New wells can be 
installed. 

 First barrier monitoring for Fuel canisters: periodic inspections of the well by sampling the well 
atmosphere cavity to detect any canister leakage. 

 
5. Main design issues 
 
As for any nuclear facility, safety is the major issue for HABOG design: 
1. The design complies with the rules of the American Standard ANSI-ANS 57-9, with minor 

adaptations due to specific aspects. 
2. Two containment barriers are required between the radioactive materials and the environment. 
3. The design external events considered are: 

 Flooding up to level + 2.71 m above the finished ground floor (i.e. +9.96 m above the sea 
level) Regarding flood protection two means are implemented: 

A special waterproof concrete (special mix and cooling of concrete during pouring) is 
used for the storage compartments, 
The building may be flooded without any consequence (diesel above the flooding level). 

 Earthquake; a horizontal free-field peak acceleration of 1 m.s-2 is considered. 



On the basis of ground acceleration, a spectrum was drawn up for each floor level of the 
building. This spectrum was used for designing items of equipment located in the area 
involved (obviously a seismic design applies to equipment ensuring the integrity of at least 
one containment barrier). 

 Aircraft crash: the General Dynamic Falcon Fighter F16-1 is the characteristic design aircraft 
(direct and indirect effects). 
Ten impact perpendicular points on the building were considered. They generate an 
acceleration, and a spectrum is calculated. As for earthquake, this event has to be considered 
for numerous pieces of equipment. Therefore the most stringent of both spectrums – 
earthquake and aircraft crash – is considered when designing equipment. 
Aircraft crash is also considered as a possible cause of disturbance of the cooling airflow: 
blockage of air inlet up to 95% or breakage of exhaust stacks. 

 Pressure wave resulting from an external explosion: a pressure of 0.3 bar is considered. 
The building may be submitted to an external overpressure in case of an explosion around the 
facility (in case, for example of an accident of a gas transport ship in the Westerschelde, 
nearby the site). The building design as well as the design of the metallic containment barrier 
for the heat producing waste takes into account such pressure wave. A gas detection system at 
the site border allows ignitors to burn any gas cloud before entering the building. 

 Whirlwinds: a maximum wind velocity of 125 m.s-1 is considered. 
4. The operational requirements are also a major issue for design; they can be summarised as 

follows: HABOG is designed for at least 100 years of operation and the consideration of the 
existing AVG facility on the same site. 

5. The last major issue results from the range of “waste suppliers” and consequently the numerous 
types of packages to be received, handled and stored in one facility (for every type of waste 
different handling means and tools are necessary). 
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ABSTRACT 
 

In September 2003, a shipment of fresh fuel containing highly enriched uranium (HEU) was 
successfully transported from the Institute for Nuclear Research in Pitesti, Romania to the 
Novosibirsk Chemical Combine in Russia.  This was the first fresh fuel shipment carried out 
under the Russian Research Reactor Fuel Return (RRRFR) Program and was a result of the 
cooperation between the International Atomic Energy Agency, the Romanian Government, and 
the Russian Federation. The RRRFR Program is managed by the U.S. Department of Energy�s 
National Nuclear Security Administration and has as its primary mission to prevent the theft or 
diversion of Russian-origin fissile material by eliminating stocks of HEU at Russian-supplied 
research reactors outside of Russia. This paper will describe the experiences gained from the 
shipment including: facility preparation; regulatory documentation; security; and schedule. 

 
1. Introduction 
 
Since December 1999, the Unites States along with the International Atomic Energy Agency (IAEA) and 
the Russian Federation have been working together on the Russian Research Reactor Fuel Return 
(RRRFR) Program.  The goal of this program is to support the return to the Russian Federation of fresh 
and irradiated high-enriched uranium (HEU) fuel, currently stored at foreign research reactors, that was 
originally supplied by Russia or the former Soviet Union.  As an integral part of the program, participating 
countries have agreed to either convert their research reactors from high enriched to low enriched fuel 
when a suitable low enriched fuel had been qualified or shutdown the reactor.  In return, the U.S. offers 
assistance on the removal of the fresh and spent fuel giving highest priority to the return of the high 
enriched uranium. 
Romania had 200 assemblies/rods containing 14 kg of fresh HEU in storage in Pitesti and Bucharest.  A 
meeting attended by representatives from the IAEA, the National Commission for Nuclear Activities 



Control of Romania (CNCAN), the Institute for Nuclear Research (INR) in Pitesti, the Russian R&D 
Company SOSNY, and the U.S. was held in June 2003 to discuss the accelerated return of the fresh fuel.  
The schedule and critical path were developed in July with all parties working in parallel on the required 
contract and regulatory documentation.  On August 21, 2003, the contract for the return of the fresh fuel 
was signed by the IAEA, SOSNY, and Romania and in September 2003, the shipment of 14 kg of fresh 
HEU fuel was successfully transported from Romania to Russia.  This was an important milestone as it no 
only was the first repatriation of fuel under the RRRFR program but also defined the legal process for 
future shipments. This paper will identify the participants, briefly describe the fuel, discuss the regulatory 
documentation required, and summarize the transportation of the fuel to the Novosibirsk Chemical 
Concentrates Plant (NCCP) in Russia.   
 
2. Shipment Participants 

Contractor International Atomic Energy Agency 
Consignor Institute of Nuclear Research, Pitesti, Romania 
Consignee Novosibirsk Chemical Concentrates Plant, Novosibirsk, Russia (End User) 
Operator R&D Company �SOSNY� plc, Dimitrovgrad, Russia 
Carrier  Aircraft Company �Volga-Dnepr�, Ulyanovsk, Russia 
Assisted by U.S. Department of Energy 

   RF Minatom 
 
3. Description of HEU fuel 
 
There were two types of fresh Russian origin HEU fuel in Romania. First, IRTM-H type fuel, 80% 
enrichment, was imported in 1973 from the former Soviet Union for the refurbishment of the 2 MW, 
VVRS research reactor at the Institute for Atomic Physics in Bucharest.  The refurbishment was never 
completed and the total existing amount of 50 IRTM fuel assemblies was transferred from the Institute for 
Atomic Physics in Bucharest to the INR in November 1984.  The assemblies were to be used in a multi-
zone zero power reactor designed and constructed in Pitesti for CANDU fuel testing and qualification.  
These tests were later renounced as unnecessary and the multi-zone zero power reactor project was 
stopped prior to placing in operation.  The second type, C-36 B type fuel, 36% enrichment, was to be used 
in the VVRS research reactor at the Institute for Atomic Physics. It was similar to the original nuclear fuel 
of the VVRS reactor and consisted of 150 thin fuel rods.  The reactor was permanently shutdown in 1997 
for reasons linked to the aging of reactor components.  As part of the shipment logistics, the fuel was 
transferred to the INR in Pitesti in August 2003. 
Each IRTM-H fuel assembly consisted of four concentric tubes with adequate spacing for cooling.  The 
tubes have rounded edges, active lengths of 580 mm and total lengths of 882mm.  The square cross 
section measures 67 mm x 67 mm.  The tube walls, 2 mm in thickness, were made from aluminum having 
a core, 0.4 mm thickness, of uranium - aluminum alloy with a uranium content of 37%.  C-36 B fuel type 
is a cylindrical rod 10mm in diameter and 588 mm long. The following table describes additional fuel 
characteristics. 
 

Fuel unit type C-36 B (fuel rods) IRTM-H (fuel assemblies) 
U total /  235U mass in one fuel unit, kg 0.0258 / 0.00945 0.20593 / 0.16571 
Mass of one unit, kg ~0.13915 ~3.3794 
Outer diameter, m 0.01 NA 
Height, m 0.588 ~0.88 
Cladding material Al Al 
Fuel composition material U-Al alloy U-Al alloy 
Fuel units number 150 50 
U total /  235U mass in all fuel units, kg 3.8700 / 1.41750 10.29658 / 8.28554 
Total mass of all units, kg 20.8721 168.97 

 



4. Regulatory documents and process in Romania 
 
Government approbation was required to return the fresh fuel due to the fact that is was public property.  
Based upon this, a government injunction, creating the legal framework for returning the Russian-origin 
fresh HEU fuel from Romania to the Russian Federation, was issued stipulating the: (1) return of Russian-
origin fresh HEU fuel free of charge to the Russian Federation; (2) return based on the contract between 
the IAEA, Russian Federation and CNCAN; and (3) delivery of fuel based on protocol from the INR to 
CNCAN. 
The tripartite contract stipulated in Article 2 that the work was to be performed in accordance with the 
norms, standards and regulations valid in Romania and the Russian Federation taking into account the 
relevant IAEA Safety Series. The Romanian regulations taken into consideration were: 

• Law on safe deployment of nuclear activities (Law no.111/october 1996) 
• Fundamental norms for safe transport of radioactive materials 
• Norms for transport of radioactive materials - authorization procedures 
• Safeguard norms in nuclear field 
• Physical protection norms of special nuclear materials and nuclear installations 

Under law on safe deployment of nuclear activities, the export of nuclear fuel (Article 2) requires an 
authorization issued by the Commission with observance of the specific authorizing procedure and 
fulfilling certain conditions as:  The applicant of the export authorization obtains from his external 
partner the necessary guarantees from which it shall follow that aforesaid partner will not use it for 
purposes that would be prejudicial to the international obligations assumed by Romania or to the national 
security. Likewise he shall have to prove that the export complies with the provisions under the law and 
specific regulation. 
Based on this Romanian regulatory framework INR had to apply for: 

• Export authorization from CNCAN 
• Shipment authorization from CNCAN for road transport 
• Export license from National Agency for Export Control 

Shipment authorization required the official application to contain essential information concerning: legal 
person (consignor, consignee), address, type and number of packages, description of the transported 
radioactive material (identification, physical and chemical form, uranium mass, fissile mass), package data 
(identification marks of each package, gross weight, dimensions), shipment data (total transport index, 
criticality index, category of the package, radiation level on the surface (packages), route, end destination, 
transport means, estimated date of the transport), assigned category, label for radioactive content, United 
Nation number for the consignment, list of applicable procedures, person responsible and competent 
authority certificate of approval for the package design. 
In order to receive the export license from the National Agency for Export Control the official application 
was required to be accompanied by: the export authorization from CNCAN, the import license for nuclear 
materials from the Competent Authority of the Russian Federation and End User Certificate from the 
Novosibirsk Chemical Concentrates Plant of the Russian Federation. 
SOSNY representing its subcontractors had to apply for: 

• Validation of type approval certificate for packages transported by air 
• Air shipment authorization of radioactive materials involving Romanian territory 
• Air transport authorization applied for by Volga-Dnepr (Russian carrier company) 

In order to get the validation of the type approval certificate from CNCAN the official application was 
accompanied by the following: copy of the type approval certificate issued by the Competent Authority 
from Russia covering air transport, technical description of the package, the safety report issued by the 
Russian Competent Institute which contains the criticality calculation for the consignment to be performed 
by air according to IAEA TS-R-1, including article 680, �Procedures for loading and transport listed in the 
Russian authorization�. 
In order to get air transport authorization from CNCAN the official application contained the following:  
legal person, address, copy of the air operator license issued by the Competent Authority on the air 



transport, copy of the transport license for the transport of radioactive materials issued by competent 
authority in nuclear field from origin country, and the responsible person.  
Following an evaluation of information provided by each participant in the above activities the Romanian 
authorities (National Commission for Nuclear Activities Control and National Agency for Export Control) 
issued the legal documents. 
 
5. Regulatory documents and process in the Russian Federation 
 
Russia, being an IAEA member, acted as the project executor and guaranteed the program implementation 
from the position of the peaceful usage of nuclear materials. Minatom supported the necessity and 
expediency of importing the fresh fuel. The responsible organization selected to carry out the work from 
the Russian party was the R&D Company "SOSNY". 
In accordance with the Russian Laws, the special license for nuclear material import was required. The 
import license was issued after of the coordinating documents concerning responsibility for the 
consignment, technical and economical issues and relations between interested parties had been legally 
implemented.  
The main document that substantiates the shipment safety is the certificate of approval for package design 
and shipment, which is devoted to the following aspects: 
 

• Assurance of nuclear and radiation safety 
• Operating conditions of transport packagings
 

• Transport vehicles and route 
• Safety assurance under accident conditions
• Quality assurance during the shipment 

 
Certificate of approval RU/3040/IF-96Т (Rev.0) was issued for the shipment. In accordance with this 
certificate, the nuclear and radiation safety of the package under normal and emergency conditions was 
assured according to the "General Rules of Safety and Protection at Transportation of Nuclear Materials" 
(GRSPTNM-83) requirements and the IAEA ST-1 regulations.  The Russian Special-purpose Services 
(Transportation Management, Emergency Situation Centre and Accident Technical Centre of Minatom, 
dispatcher services of the involved enterprises, Government Civil Aviation Service of Ministry of 
Transport of RF, authorities of Ministry of Internal Affairs) provided the emergency preparedness 
measures during the shipment in Russia. 
The �Special Requirements for Shipment by Air� document was issued to ensure fulfillment of the 
international and Russian requirements for the safe shipment of fissile materials by air (ICAO-DOC 9284-
AN/905 rev. 2003-2004, ICAO-DOC 9481-AN/928 rev. 2003-2004,  "Rules of transportation of nuclear 
materials by air". 
 
6. Shipment 
 
The shipment was carried out in three phases.  In the first phase, the fuel was transported in the TK-C16 
containers by truck to the Otopeni Airport.  It was transported by air to Novosibirsk as part of phase 2.  
The last phase was the transport of the containers by truck to the Novosibirsk Chemical Concentrates 
Plant.  Air transportation was chosen for the longest phase although it was possible to use a truck and rail 
transport. Air transportation offered the following advantages: (1) simplified procedure and reduced costs 
of boundary passing; (2) reduction of costs for ensuring physical protection of the consignment; and (3) 
acceptable costs in comparison with the other transport types taking into account transit and guard costs. 
The obligations of the INR (Consignor) were to: 

• Deliver the fresh fuel as one lot in accordance with the Free Carrier (FCA) to Bucharest Otopeni 
Airport using the containers provided by SOSNY 

• Clear the containers with fresh fuel through Romanian customs and put them at the disposal of the 
Carrier at Bucharest Airport 



• Provide the following documents: 
o Packing list 
o Commercial invoice for the goods 
o Commercial invoice for the containers 

• Provide copy of export shipping Customs� Declaration with customs labels of Romania 
• Provide the items, equipment and facilities for the removal of the fuel from storage containers and 

its placement in the shipping containers 
• Obtain the necessary import permits for empty containers of the SOSNY for the loading and 

transportation of the fresh fuel and for their re-export at the end of the work. 
The TK-C16 containers were delivered one week prior to the shipment and have an Industrial Package 
Type 2 (IP-2) certification. Other important characteristics of the containers according to the container 
certificate are: 
 

• Dimensions (mm): 740x655x1200 
• 7 fuel positions 
• Channel diameter (mm): 110  
• Full container mass (Kg): 250 

 

• Radioactive content type: LSA-III 
• UN classification: UN 3325 
• Safety criticality index: 2

 
In agreement with SOSNY the fuel was loaded into eight containers. The first seven had 7 IRTM-H fuel 
assemblies each, while the last contained all 150 C-36 B fuel rods (in 6 bundles of 25 rods each) and one 
remaining IRTM-H fuel assembly.  The IAEA inspectors for documentation purposes assayed an 
assembly from each container.  Two IAEA safeguards seals were placed on each container prior to 
removal from the storage facility.  Radiation dose rates from the containers during the shipment did not 
exceed 2.5 х 10-3 mSv/h on the outside surface of the vehicle and 7.5 х 10-4 mSv/h at 2m from the vehicle 
surface. 
Two detailed procedures, �Handling and Loading of Fresh HEU Fuel Existing in INR for its 
Transportation to Bucharest Otopeni Airport� and �Radiation Surveillance During Transportation of 
Unirradiated Fuel�, were prepared based on the specifications of the fuel, containers, and equipment.  The 
physical protection of materials during transportation was done by the organization empowered by law 
under contract. The physical protection plan during transportation was made by the representative of the 
counterpart and accepted by INR. The containers were transferred from the truck to the aircraft using the 
hoists and monorails on the aircraft as representatives of the Carrier Company implemented the 
assignment of responsibility for the consignment. For security and cost reasons, the time the aircraft was 
parked in the tie-down area was kept to a minimum.  The total actual time on the ground was only three 
hours.  At the Novosibirsk airport the transport packages were delivered to the Customs Carrier and then 
to the Customs storage of the Consignee (JSC �NCCP�). After issuing Customs documents the Goods 
were transmitted to the End User. The following was performed during the acceptance: 

• Removal of the IAEA seals by the authorized representative of RF Minatom 
• Acceptance inspection of the Goods 

The removed seals were transmitted to IAEA for integrity test. Acceptance inspection of the consignment 
confirmed that consignment characteristics complied with the shipment documents. 
 
7. Conclusions 
 
Due to the excellent coordination between the INR, CNCAN, MinAtom, Sosny, IAEA and the U.S., the 
first shipment under the RRRFR program was not only planned and executed in an accelerated period of 
nine weeks, but also completed on schedule and without incident.  It proved to be a fine example of how 
the international community works together to strive to achieve the goals of the non-proliferation 
programs. 
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ABSTRACT 
 
The United States Department of Energy (DOE), in consultation with the Department of 
State (DOS), adopted the Nuclear Weapons Nonproliferation Policy Concerning Foreign 
Research Reactor Spent Nuclear Fuel in May 1996. As of March 2004, the Foreign 
Research Reactor (FRR) Spent Nuclear Fuel (SNF) Acceptance Program has completed 27 
shipments. Over 5,900 spent fuel elements from eligible research reactors throughout the 
world have been accepted into the United States under this program. Shipments are 
continuing on schedule, although a climate of increased security now exists following the 
terrorist attacks of September 11, 2001. Shipments of all types of radioactive material, both 
internationally and within the United States, are encountering greater public scrutiny and 
generally increased security and physical protection. The Acceptance Program has now 
passed the approximate midpoint of its duration; the current Acceptance Policy will expire 
in 2009 (fuel must not be irradiated after May 12, 2006). As the Acceptance Program draws 
closer to its termination date, an increased number of requests for program extension have 
been received. At the recent Reduced Enrichment for Research Test Reactors (RERTR) 
Conference in Chicago, Illinois in October 2003, research reactors signed a petition 
requesting extension of the Acceptance Policy. The extension question is under 
consideration by DOE senior management. A decision is expected soon; however, eligible 
reactor operators interested in participating in this program are strongly encouraged to 
evaluate their inventory and plan for future shipments as soon as possible. 
 

1. Introduction 
 
The Foreign Research Reactor (FRR) Spent Nuclear Fuel (SNF) Acceptance Program, now in the 
eighth year of implementation, has to date completed 27 shipments safely and successfully, and 
another is expected to be completed very soon. Twenty-seven countries have participated so far, 
returning a total of 5,915 spent nuclear fuel elements to the United States for management at 
Department of Energy (DOE) sites in South Carolina and Idaho, pending final disposition in a 
geologic repository. 22 of the 27 shipments, containing aluminum-based spent nuclear fuel from 
research reactors, went to the Savannah River Site (SRS) in South Carolina. The most recent 
shipments were completed without incident, arriving at the Savannah River Site (SRS) on December 
3, 2003 and the Idaho National Engineering and Environmental Laboratory (INEEL) on September 28, 
2003. This last was the fifth shipment containing Training, Research, Isotope, General Atomic 
(TRIGA) spent nuclear fuel. During the next year (March 2004—March 2005), the program is 
planning a potential four shipments of fuel from reactors in Europe and Asia. 
 
The FRR SNF Acceptance Program focuses on the planning and implementation of these shipments of 
research reactor spent fuel to the United States in support of worldwide nuclear nonproliferation 
efforts. Along with shipment logistics, the Department continues to address many other issues of 
importance to the program. As we pass the approximate midpoint in the duration of the current 
Acceptance Policy, we continue to address and resolve issues that may impose barriers to program 
success.  The most critical issue associated with the program remains early  scheduling and 
coordination of planned shipments.  As DOE programs refocus their priorities on mission-critical 
goals, it becomes even more important that the Department clearly understands each Reactor 
Operator’s plans and intentions so planning can be well integrated and supported.  



The FRR SNF Acceptance Program works closely with federal, State and international contacts during 
planning for each shipment, thus ensuring that when the time comes for shipment, the transports occur 
smoothly and without incident. Open and responsive communication among international participants 
is essential, especially with regard to cask licensing. The Acceptance Program enjoys a very good 
working relationship with Nuclear Regulatory Commission (NRC) staff and, as such, wishes to take 
every measure possible to respect this relationship by ensuring that cask applications are timely and 
complete. In the past, the Acceptance Program may have been able to rely on NRC to readjust its 
workload to accommodate a special request for package review and certification under less than 
optimum deadlines. However, the post-September 11 environment now has U.S. federal staff weighted 
down with evaluations into safeguards practices and preventive measures. Beginning in early 2004, 
DOE has been meeting periodically with NRC to discuss planned shipments and forecasted support 
required to meet Acceptance Program needs. DOE and NRC are working now to finalize a new Inter-
Agency Agreement that will support certificate reviews and other key activities.  
 
Over the past year, DOE programs that ship SNF have been working to better integrate their planning. 
DOE works with States and Tribes to plan for shipments—some shipments to DOE sites are subject to 
NRC regulations, and others are subject to DOE requirements. States have requested DOE  handle 
both kinds of shipments the same way for consistency. Although this is already done in most areas of 
logistical operations, some practices do differ slightly and DOE is working toward a more uniform 
approach. Although this is not an issue specific to shipments of SNF from reactor operators abroad, it 
should be understood that The Department, other Federal agencies, and State, Tribal and local 
governments have complex planning relationships on the receipt end, and are not yet at the point 
where shipments are considered “routine.” 
 
Security issues continue to occupy a central focus as a result of the September 11, 2001, terrorist 
attacks. The DOE, working in conjunction with international, Federal, State, Tribal and local 
authorities, is reexamining procedures and requirements for transport of radioactive material, 
particularly commodities such as spent fuel. A temporary halt on all DOE-owned shipments of 
radioactive material in the U.S. was ordered by senior DOE management immediately after the 9-11 
attack, and again in October 2001 after commencement of the air campaign over Afghanistan. This 
action was taken in conjunction with other security measures throughout the DOE weapons complex 
and the nation at large.  However, DOE was allowed to continue a shipment that arrived on October 
18, 2001, from Europe and Asia, primarily due to the ability of the Acceptance Program and 
participating Reactor Operators to react quickly.  DOE was, and remains, in close contact with the 
Federal Bureau of Investigation, the Department of Defense, the NRC and other federal agencies 
responsible for transportation and infrastructure safety. The NRC implemented a series of 
Compensatory Measures for its licensees to follow in enhancing security for SNF shipments; the 
measures were later incorporated into an NRC Order.  These new measures are not expected to impact 
the FRR SNF Acceptance Program adversely; in fact, many of the proposed measures are based on 
additional security measures the Program has been following since its inception. While the changed 
security climate requires additional time and resources to coordinate among different law enforcement 
agencies, we are confident they will continue to ensure that these are among the safest and most secure 
shipments undertaken throughout the world. 
 
Historically, spent nuclear fuel shipments have not been considered attractive targets for terrorist 
attack or sabotage. However, across the globe spent fuel shipments are a matter of high concern for 
public officials due to the perception that spent fuel transportation presents a heightened risk as 
compared to transport of other hazardous materials (e.g., propane and liquid natural gas). In addition, 
inspection, escort and other enforcement duties related to safe, routine transport can burden law 
enforcement and emergency response assets which may be needed elsewhere. Recently, a planned 
barge shipment of a decommissioned commercial reactor vessel was postponed, in part because of 
concerns raised by countries along the route. As with other recent campaigns such as the transport of 
mixed-oxide fuel and related wastes between Japan and France, the United States continues to strongly 
believe that lawful shipment of nuclear cargoes on the high seas should not be impeded, either by 
nations along potential routes or by non-governmental organizations. Fuel shipments related to the 
FRR SNF Acceptance Program have experienced localized controversy from time to time, but have 



not encountered opposition of this magnitude, perhaps because the ultimate goal of the Program is to 
support nonproliferation efforts. DOE will, however, continue to follow shipping campaigns of other 
types of nuclear material with interest. 
 
Within the United States, discussions and advances concerning the Yucca Mountain permanent 
geologic repository have renewed and invigorated ardent support, both pro- and anti-nuclear. Congress 
ultimately voted to continue the siting process at Yucca Mountain, and a repository there may become 
operational as early as 2010. The public has voiced opinions on both ends of the anti-nuclear 
spectrum; they are not comfortable with transport of nuclear material across interstate roadways, nor 
are they comfortable with having spent fuel and other high level radioactive waste stored at the 131 
temporary storage facilities across the United States. The contentious debate over SNF transportation 
safety can be expected to continue, and likely increase, as the licensing process continues. Proposals of 
varying complexity have been made in Congress to enact additional measures related to SNF 
transport; however, none have been enacted to date and it is impossible to determine at this time what 
effect, if any, such measures may have on current shipments of SNF. Like others interested in 
permanent disposition of spent fuel, the Program continues to monitor closely developments on this 
issue. 
 
The Acceptance Program has now passed its approximate midpoint in duration. More than ever before, 
DOE and reactors need to work together to schedule shipments as soon as possible, to optimize 
shipment efficiency over the remaining five years of the program. Countries interested in participating 
in the Acceptance Program should express their interest as soon as possible so that fuel and facility 
assessments can be scheduled and shipments may be entered in the long-term shipment forecast.  New 
and current Acceptance Program participants should also coordinate with DOE approximately 18 
months in advance to ensure DOE can meet the Reactor Operator’s plans and needs.  Accelerated 
schedules are possible if there are no significant issues over past shipments.  However, decreasing 
resources and coordination requirements with other agencies such as the NRC and Department of 
Transportation have the potential to limit DOE capability to support these accelerated schedules.  
Additionally, the Acceptance Program may not be able to accommodate a large number of requests at 
the end of the program, particularly from geographically isolated regions.  
 
DOE expects about two dozen shipments will take place between now and the end of the program in 
May 2006 (May 2009 for SNF irradiated before May 2006). Under current feedback from many 
participants, DOE Acceptance Program personnel do not believe there will be any delays toward the 
end of the program. The schedule is becoming more limited, however, and if eligible reactors are still 
evaluating whether to participate, the Department strongly recommends they step up as soon as 
possible. DOE will try to accommodate everyone wishing to participate, but last-minute requests may 
not be able to be met. 
 
A primary goal of the Acceptance Program is to support worldwide nonproliferation efforts by 
shipping fuel containing high enriched uranium (HEU) enriched in the United States for management 
and disposition. Integral to this process is the U.S. assistance offered in helping reactor operators 
convert their cores to low enriched uranium (LEU) as the reduced enrichment fuels become qualified 
and available. In addition, DOE plays a strategic role in ensuring a supply of enriched uranium for fuel 
fabrication. In the Acceptance Program, we realize our primary goal is intertwined with the missions 
of the Reduced Enrichment for Research and Test Reactors (RERTR) Program and the Enriched 
Uranium Operations group from DOE’s Y-12 plant in Oak Ridge, TN. DOE Acceptance Program staff 
remain committed to working with staff in these other program offices within DOE to do whatever we 
can to assist in smooth transitions of core enrichment level and a reliable supply of fuel. 
 
Some reactor operators and contractors have voiced support for extension of the program expiration 
date beyond 2006 (2009 for shipments of fuel irradiated prior to May 2006).  DOE appreciates and is 
seriously considering the recommendations provided in a petition from reactor operators involving 
eligible participants during the last RERTR Conference held in Chicago, Illinois in October 2003.  The 
Department understands that research reactors perform critically important medical and other research 
and testing work throughout the world, and that some reactors for a variety of reasons, may be forced 



to curtail operations if an extension is not granted. A decision on extension is expected soon; however, 
the potential ramifications of an extension, and what form an extension might take, are by no means 
certain. Fuel acceptance and eventual geologic disposal have been contentious issues in Congress, 
among States hosting fuel management facilities, and in the court of public opinion. Even if a renewal 
of the policy were to be undertaken, there could be substantial delays while requisite environmental 
studies, and the litigation that may result, are completed. Therefore, DOE strongly suggests that 
eligible participants, who desire to disposition their SNF through the DOE FRR SNF Acceptance 
Program, ship all eligible material within the currently authorized window of opportunity. 
 
One thing remains certain: the United States is committed to supporting worldwide nonproliferation 
goals such as those for which this program was designed. Accepting eligible fuel sooner rather than 
later is a goal toward which we are striving. We hope to work with all remaining eligible research 
reactors to plan for shipments of their eligible spent fuel. The DOE continues to support research 
reactor operators’ needs and would be happy to meet any interested parties to discuss the program. 
The Acceptance Program is preparing to send cables to eligible countries through the US Department 
of State, to request they consider participating if they are not already doing so. 
 
2. Conclusion 
 
We will have many challenges as we continue to plan for shipments during the remainder of the 
Acceptance Program. The United States, and the international nuclear transport community, will have 
a more watchful public. Some of the issues DOE and other agencies are examining now include 
impacts for State, Tribal and local resources should shipments be halted again, or additional 
requirements imposed. As the FRR SNF Acceptance Program works toward accomplishing its mission 
over the next five years, we strongly encourage reactor operators to work closely with our technical 
points-of-contact to ensure shipping schedules are accurate and achievable. 
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ABSTRACT 
 

Once upon a time there was a great dream of a atomic age for mankind.  The technically 
advanced nations of the world promised amazing opportunities for all and promoted their 
materials and equipment often by supplying them throughout the world in the race to gain 
market share.  For a time, the dream was fulfilled, as many countries embraced the new 
technologies initially for research and later for medical, power and even transport 
opportunities.   In due course, the demand subsided and in some countries has even been 
reversed with plans to terminate outdated or unneeded facilities.  This brings up the issue of 
nuclear waste disposal. 
 
It was not until post “Sept 11”, that the US and other countries and NGOs began to 
seriously think about the larger implications of terrorist use of ‘Dirty Bombs’. This has led 
to the potential of a wider program aimed at the possible return of a larger amount of 
“abandoned” materials. Thus the “GLOBAL CLEANOUT PROJECT” was borne. Many in 
the nuclear fuel cycle will have a stake in this and can play a role in an international 
community to deal with the issue and it has to be started now. 

 
 
 
1. Historical considerations 
 
In December 1953, fifty years ago, the US president Dwight D. Eisenhower announced the ‘Atoms for 
Peace’ program at a United Nations conference. Under this program, the US started to supply enriched 
uranium and research reactor technology to nations that agreed not to produce nuclear weapons. The 
commercial atomic age was born. At that time, the experts expected that atomic power would be used 
for a myriad of applications besides electricity production and naval propulsion for military and 
civilian vessels. 
 
While many military vessels are nuclear powered, e.g. aircraft carriers and icebreakers in the Russian 
fleet, only three nuclear powered commercial vessels were built. These were the ‘N.S. Savannah’ 
(US), the ‘N.S. Otto Hahn’ (Germany) and the ‘N.S. Mutsu’ (Japan). However, each of them had been 
shut down after some years of operation, as they were financially not viable. 
 
Governments financed programs for air transport and space applications. Optimistic scientists even 
believed that peaceful nuclear explosives could dig canals. Of course, the world needed to see 
demonstrations of the potential before people could rely on it. The US and other countries including 
Britain, Canada, France, Russia and later China had new technologies and sought commercial 
advantage for their industrial concerns. The university system of the US became training ground for 
students from the US and abroad virtually without restrictions, which is no longer the case today. 
Trade exhibits around the world including those in Geneva, New York and Chicago would display 



nuclear technologies. However, to really capture the attention of the potential customers, real 
examples of the technology had to be provided. 
 
Therefore, the US and other countries began to export small research reactors. The reactors were 
designed for teaching and training purposes, physical experiments and medical isotope production as 
well as to familiarize countries with nuclear power. The idea, that this concept  would lead to the 
purchase of larger dedicated power reactors came true in many cases. 
 
Countries competed in selling facilities and providing assistance to get close relationships with 
different countries, especially during the time of the Cold War. The US leased and later on sold the 
uranium for fuelling the reactors to the operators of the facilities. This included highly enriched 
uranium (HEU) and plutonium.  NUKEM and EDLOW cooperated in the late 1960’s to move both 
plutonium oxide and plutonium nitrate to Europe for use in advanced reactor programs. The US and 
mainly Canada exported heavy water together with their reactors. More and more technology, 
materials and equipment was distributed to more and more countries. 
 
In 1973, the first oil shock accelerated the process to replace fossil by nuclear power plants. However, 
at the same time the demand of electricity began to decline accompanied with the worldwide 
economical recession. In 1979, the accident at the ‘Three Mile Island (TMI-2)’ power reactor in the 
US contributed to a number of cancellations of contracts for constructing nuclear power plants, as did 
the latter Chernobyl-4 accident in the Ukraine in 1986. These facts led to the major decrease in the 
perceived future for the nuclear industry. Orders declined, prices fell, inventories increased. The major 
industrial players began to seek exit strategies. 
 
One decade later, the Soviet Union collapsed and the Cold War ended.  It was no longer necessary to 
court friends around the world. Today we find ourselves in a new situation. Materials have been 
spread around the world, often with no place to go for chemical treatment and/or final disposal.  There 
are some programs, like the US based RERTR and the ‘Foreign Research Reactor Spent Nuclear Fuel 
(FRR SNF) Take-back Program’. There are special cases like the Taiwan fuels return program.  Now 
we have a few programs for materials originating in Russia, but so much material remains around the 
world. 
 
Remember Sept 11.  Many things are changing.  Including the view of many experts that nuclear 
materials around the world can now be used in weapons of terror. They could be WMD (‘Weapon of 
Mass Destruction’) but they also could be ‘Dirty Bombs’ or as we now call them, RDD (‘Radioactive 
Dispersal Devices’).  So now, it is time to cleanup, collect or return these materials. However, the 
question is how and where should this be done? Who should do it? 
 
There is no doubt that the governments that facilitated, fostered and even promoted the dispersal of 
these materials have the ultimate responsibility. But can they or will they do what is necessary and will 
it be done in time? To quote, former Senator Sam Nunn, now the Chairman of NII (‘Nuclear Threat 
Initiative’), “I don’t want to wake up the day after someone has used these materials in an attack on 
one of our cities, and say, ‘We should have done something about that when we could’.  We should do 
it now!” 
 
And so we propose a partnership between the governments and the companies of the nuclear industry 
from around the world.  This includes developing and industrialized partners.  The problem belongs to 
all of us, so the solution must include all of us.  These ideas are discussed in the following paragraphs. 
 
2. Public Private ‘Global Cleanout Fund’: 
 
Whether for reasons of authority, influence, or political sensitivity, removing or securing certain 
holdings of at-risk fissile material may not be  achievable through purely government efforts.  The 
creation of a private-sector mechanism to supplement US Government-led programs with information, 
relationships, and shipping and processing capability would, therefore, be a key element of the 
successful implementation of a Global Cleanout and Secure Policy. 



Funding these private sector activities would likely, however, require a new source of revenue.  
Several options for funding exist.  One approach would be to take advantage of the willingness of 
industrialized countries to contribute funds to establish a dedicated, non-profit fund supporting 
cleanout and security for at-risk fissile material. 
Some countries with a commitment to securing vulnerable weapons usable materials might be 
persuaded to donate funds strictly based on their commitment to the mission.  Other countries may be 
persuaded to contribute to the fund in exchange for the disposal of so-called "stranded" nuclear 
materials they have in their inventories by the US and other countries.  In the latter case, several 
industrialized countries with mature nuclear programs lack indigenous capabilities to manage or 
dispose of certain types of nuclear materials they have created or inherited over time. 
 
These countries, or commercial entities within them, are willing to pay significant fees for disposition 
services well beyond the actual cost of disposing of those materials in the US nuclear complex, 
estimated by some to be as much as USD 200 million.  Most of the materials in this category do not 
themselves raise concerns from a proliferation perspective, but rather offer opportunities to collect 
significant resources beyond the cost of disposal, which normally would be absorbed by the US 
Treasury. 
 
The goal of a Global Cleanout Fund would be to capture the difference between payments offered by 
the sending country and the costs of storing or disposing of the material in question in a way that 
would allow them to support nonproliferation priorities. In many cases, these foreign-owned materials 
are identical to materials for which the US is otherwise responsible for managing.  One example is fuel 
from the US Elk River reactor, half of which was purchased by Italy based on certain plans that have 
now changed.  Italy is reportedly prepared to pay generously for its removal and disposal; since DOE 
is already responsible for managing the other half of the Elk River fuel, the marginal costs of treating 
the fuel currently owned by Italy are likely to be small, leaving significant resources that could be 
applied to other priority activities. 
 
Another example is HEU spent fuel from the South African Safari-1 research reactor.  The majority of 
this spent fuel (~480 assemblies) is of non-US origin and, therefore, not currently eligible for return to 
the US under the existing FRR SNF program. But, South Africa began their program with US origin 
fuel and about 50 such spent fuel assemblies are in need of disposition.  The South African fuel 
assemblies are technically identical to the US-origin fuel, but are not currently eligible for return 
owing to the foreign origin of the material.  Other similar instance are known, and others may yet be 
identified. 
 
Other ‘stranded material’s lack of ‘twins’ within current US holdings, but should nonetheless be easily 
manageable by US or other processing capabilities. 
 
For example, the Japanese Hitachi Training Reactor, shut down in 1975, retains spent 
medium-enriched uranium fuel.  Whether either of these to be imported to the US for processing and 
disposition, a NEPA analysis would be required. Such analysis could be accomplished in the context 
of similar requirements associated with the global cleanout mission in any case; incorporating 
provisions for materials unrelated to nonproliferation missions except as moneymakers would 
maximize the value of such changes. The political manageability of such changes should be increased 
by their linkages, through this mechanism, to nonproliferation and national security. 
The Global Cleanout Fund would initially be capitalized by a combination of outright donations from 
countries, or from earnest money offered by owners of ‘stranded material’ such as those mentioned 
above. The staff and advisors to the Fund would work with industry and government officials as 
necessary for each material type to design and arrange for a disposition pathway, and to assemble the 
necessary contracts. 
 
Once a path had been determined and the necessary financial and regulatory steps have been taken, the 
‘stranded material’ would be transported from current storage locations to the processing/disposition 
facilities, and final payments would be made. 
 



It is important to note that ownership of the ‘stranded material’ would only transfer from the current 
owner to the processing/disposal entity at the time of shipment; at no point does the Fund carry any 
ownership or liability for the ‘stranded material’. The operations of the Fund are paid for initially out 
of interest from the invested earnest money and ultimately by the difference between the fees paid by 
the current owners of ‘stranded material’ and the costs of their processing/disposal. 
 
Simultaneously with the negotiation of disposition pathways for ‘stranded material’, the Fund can 
begin working with the task force described above to identify candidate sites for urgent removal of at-
risk fissile material, likely at comparatively low-cost.  Therefore, revenues associated with a single 
instance of ‘stranded material’s may be able to cover multiple actions to address at-risk fissile 
material.  Accordingly, only a limited number of the most lucrative and technically straightforward 
‘stranded material’ would need to be addressed to support the nonproliferation 
goals of a Global Cleanout and Secure Policy. 
 
The US or any other government's direct role in the Global Cleanout Fund would by necessity be 
limited in order to maintain the value of the Fund's arm’s-length status and associated independence of 
action. The Global Cleanout and Secure Task Force would work with the Global Cleanout Fund to 
share information and establish a division of labor between government and private efforts.  DOE 
would also have to be prepared to support discussions with contractors operating government-owned 
facilities about their ability and costs to process/dispose of ‘stranded material’, and to carry out (based 
on cost recovery from the owners of the ‘stranded material’) any necessary NEPA (‘National 
Environmental Policy Act’) work. 
 
 
3. Appeal 
 
We call on all of you to consider seriously this concept and to help us by providing us with your 
thoughts and ideas.  We need all the help we can get to deal with the issues we raise, as quickly and as 
completely as possible. 
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ABSTRACT 
 

The results of the computational study of the stressed-strained state (SSS) kinetics in the 
research reactor (RR) dispersive fuel element with (U-9%Mo)-Al irradiated in the IVV-2M 
reactor have been analysed. The effects of the birth defects of the �delamination of fuel 
composition� type on the SSS and fuel element form changes resulted from the joint action 
of the fuel being swollen and the gaseous fission products being released from the fuel into 
the defect area have been assessed. 

 
1.  Introduction 
 
The paper presents the data relating to the conditions of the first in-reactor testing of dispersive fuel 
elements with (U-9%Mo)-Al and their post-irradiaton examinations that have been carried out at the 
IVV-2M reactor (Zarechniy, Russia) [1]. The data obtained on the test conditions and the results of the 
post-irradiaton examinations enable to assess the kinetics of the stressed-strained state (SSS) of these 
fuel elements in the course of irradiation and to forecast the possible form changes of a fuel element if 
it has got a birth defect of the �delamination of fuel composition� type. The birth defect of the 
�detachment of cladding from fuel composition� type has been considered in ref. [2]. 
 
2.  The statement of the problem 
 Detachment of cladding 

Design area with in 
view of symmetry 

Cracks in the fuel 

Fuel 
composition 

Claddings 

Fig.1. Dimensional scheme of a research  
reactor fuel element  

Let us consider a research reactor (RR) fuel 
element, Figure 1, whose dispersive type fuel 
particles (of the U-9%Mo alloy in aluminium 
matrix) are enclosed into the cladding made of 
the aluminium-based SAV-1 alloy. The fuel 
composition is rigidly bonded with the fuel 
cladding through the aluminium matrix. The 
presence of this rigid bond between the fuel 
and the cladding ensures the loading of 
claddings from the swelling fuel with a given 
strain rate.  
The swelling of the fuel composition, Sf, was 
determined according to the data of the post-
reactor measurements of the fuel element 

volume increase (∆V): 
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swelling rate of the fuel composition was 
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=& , where τр � is the duration of the fuel element irradiation.  

The design data presented in Ref. [2] show that it is the birth defects of the �fuel composition 
delamination� and �detachment of cladding from fuel composition� types that can have the most 
substantial effects upon the fuel element performance. 
Cracks and delaminations in the fuel composition are the places where the gaseous fission products 
(GFP) releasing according to the mechanism of the direct emission out of the fuel particles can 
accumulate. This GFP accumulation inside the cavities like those leads to the growth of pressure and 
the local form changes in the �fuel-cladding� system. By way of illustration of this, the comparative 
computations of SSS and form changes in a RR fuel element that had got a birth defect of the �fuel 
composition delamination� as well as in an identical element having no defect were carried out with 
the input data as follows: 
 

Dimensions of a fuel element: 
- width across flats, S 35,8 mm 
- thickness of cladding, δ 0,375 mm 
- thickness of the dispersive fuel composition, ∆ 0,6 mm 
 

Fuel element materials: 
-    cladding material aluminium-based alloy SAV-1 
-    matrix material aluminium powder 
-    fuel particles U-9%Mo alloy  
 

Average volumetric content of (U-9%Mo) particles in the fuel composition 32 % 
 

Physicomechanical properties of the fuel element materials assumed for the computations: 
-    thermal conductivity of the cladding and matrix materials, λ1 230 W⋅m-1⋅K-1 

-    thermal conductivity of the (U-9%Mo) alloy, λ2 16,7 W⋅m-1⋅K-1 
-    Young modulus of the cladding and matrix materials, Е 105 MPa 
-    Poisson ratio for the cladding and matrix materials, µ 0,3 
 

The data on the creep of the SAV-1 alloy under the in-reactor irradiation conditions is presented in 
Fig. 2 [3].  

The loading factors of loading are:  
-    volumetric energy release inside the fuel composition, qv 3 W⋅mm-3 
-    coolant temperature, Тc 60оС 
-    rate of fuel composition swelling,  9,3⋅10fS& -4 %⋅h-1 

 

For the purpose of computing, a defect of �lengthwise 
delamination of fuel composition� type, 10 mm wide, 50 
mm long, situated in the centre of the fuel layer at one of 
the sides of the fuel element and symmetric about its 
longitudunal axis had been adopted. The fuel element 
cladding was considered to be loaded both by the 
pressure of the fuel composition being swollen and by 
that of the GFP having been released from the fuel 
composition into the delamination space.  
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The duration of fuel element operation, τр, had been 
adopted to be of 3650 hours. 
 
3.  The volumetric assessment of the GFP 

releasing into the cavities formed by defects 
inside the fuel   

 
The main contribution to the total volume of the GFPs 
that will have passed through the surface of the delaminati
operation will be made by the stable isotopes of Kr and Xe.

F -
ig. 2. The creep of the aluminium
based SAV-1 alloy  
on cavity during the first ~10 days of 
 Their volume is proportional with the 



irradiation time while the radioactive isotopes of Kr and Xe attain rather promptly (in ~10 or less days 
for the majority of isotopes) the state of equilibrium between the formation and decay of nuclei. In this 
case the amount of nuclei (and consequently the volume of GFPs) does not depend any more on the 
duration of irradiation and remains invariable.  
As was shown in Ref. [4], one fission of U-235 forms eventually ~ 0,26 of a stable (Kr+Xe) isotope 
nucleus. The number (М) of U-235 nuclear fission acts inside the �outgassing� volume (Vov) of a fuel 
particle per second can be determined on the ground that 1 W of power corresponds to 3,2⋅1010 fiss/s: 
М = 3,2⋅1010 Nov  W-1s-1, where Nov is the heat power generated in the �outgassing� volume fraction, 
expressed in watts (W) and described by the relationship: Nov = q ⋅Vт

v ov (W), where q is the 
volumetric heat power generated in (U-Mo) particles, W⋅mm

т
v

-3. 
The �outgassing� volume fracture, Vov, can be determined as Vov=Sf⋅δ1, where Sf  is the area of the open 
surface of (U-9 %Mo) fuel particles, and δ1 � the average free path of fission fragments: δ1 ≈ 0,01 mm. 
The number of stable isotope nuclei formed per second and released into the defect-simulating cavity 
(Nst.n) is: Nst.n = М⋅0,26 nucl⋅s-1 . 
The amount of moles of an isotope released into the defect cavity per second (∑ni) is:  

∑ni = Nst.n./Av mole⋅s-1, where Av is the Avogadro number, 6,02⋅1023. 
The total volume of the isotope moles released into the defect cavity per second is:  

V⋅∑ni=∑ni⋅22,4⋅106 nmm-3⋅s-1. 
So the volume of the moles released into the defect cavity during the operation time τ is:  

V⋅∑ni= ∑ni⋅22,4⋅106⋅τ nmm-3⋅s-1. 
Then the volume of stable (Kr+Xe) isotopes (Vstab) released into the defect-simulating cavity during 
the whole operational time τ is: 

Vstab(τ)=V⋅∑ni⋅τ  nmm3. 
The computation of the GFPs release from the fission areas was carried out with the following 
assumptions:  
- the area of the �outgassing� surface of fuel particles (Sf) was assumed to be equal to 0.32 of the 
delamination surface area and to remain constant during the whole operation time; 
- the volumetric generation of heat in (U-9%Mo) fuel particles, , was assumed to equal 9 W⋅mmт

vq -3. 
The rate of the GFPs release into the defect area under these assumptions was: 

nmm21035,3 −⋅≈stabV& 3⋅h-1. 
 
4.  The results of computing the stressed-strained state and the form change of RR fuel 

elements without any defect and with the birth defect of the �delamination of fuel 
composition� type  

 
The results of computing the SSS in a fuel element without any defect are presented in Figures 3, 4 
and 5. 
 As can be seen in the Fig. 3, the strained state in the fuel element cladding becomes stabilizes at a 
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level (~105 MPa) where the rates of fuel composition swelling and cladding material creep become 
equalized. 
 
 

Fig.5. The field of stress intensity (MPa) in the fuel
element without any defect 
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At the end of the fuel element operation the maximum creep strain in its outer cladding can attain the 
value of 0.32% (Figure 4). The stresses in the fuel claddings throughout its entire operation time are 
tensile, but the fuel composition remains compressed 
(Fig. 5).  

0,2

The results of the SSS and form change computations 
for the fuel element with the �fuel composition 
delamination� birth defect are presented in Figures 6, 
7, 9 and 10. 
The displacements of the upper and lower sides of the 
defective fuel claddings are shown in Figures 6 and 7.  
The axial length-dependent displacements of the fuel 
element sides at the end of the operation time being 
characteristic for the fuel elements with the defect 
under consideration can be seen in Figs. 6, 7. The 
principal attention is to be paid here to the diplacement 
of the upper side above the defect as it is more 
significant than that of the lower one. The change in 
the field of stresses σx (MPa) in the course of the operation is presented in Fig. 8.  
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Fig.6. The plot of Y-displacements along the
outer (1) and inner (2) sides of the defective
fuel element.
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The plots of the stress and strain intensities along the 
outer side of the cladding at the end of the fuel element 
operation can be seen in Figs. 9 and 10. As can be seen 
in  Fig. 10, the localization of the creep strain is going 
on in the fuel element cladding above the centre of the 
fuel delamination. The behaviour of the change in the 
GFPs pressure in the birth defect area during the 
irradiation is shown in Fig. 11. 
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5.  Conclusion 
 
The results of computing the stressed-strained state as well as the form change in the research reactor 
fuel element having the birth defect of the �fuel composition delamination� type have shown that:  
 
! due to the presence of a defect of the said type, the strain in the fuel cladding becomes localized 

above the delamination centre, which can result in the loss of the sealing ability of the cladding;  
 
! the local form change (�bulging�) of the fuel elements with defects of that type can lead to the 

reduction of the flow area between the fuel elements to the degree regarded as unallowable from 
the points of view of hydraulics and heat-sink cooling.  
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ABSTRACT 
 

CEA has developed in close collaboration with ANL a 2D thermo-mechanical 
code, called MAIA, for modelling the behaviour of U-Mo dispersion fuel. MAIA 
uses a finite element method for the resolution of the thermal and mechanical 
problems. The physical models (U-Mo/Al interaction layer growth, PF swelling) 
are the ones used in the ANL code, PLATE. Several correlations are available for 
the modelling of the growth of the oxide layer on the cladding. The thermal 
modelling takes into account the volume fraction of each meat constituent that 
evolves with time due to the growth of interaction layer, densification and fission 
product swelling in the U-Mo particles and in the interaction layer. The thermal 
properties of the meat are then homogenized. The mechanical modelling can use 
plasticity in the meat and creep in the Al alloy cladding. MAIA is used to calculate 
temperatures, stresses and deformations within a U-Mo plate. It also calculates the oxide 
layer thickness of the cladding, the layer thickness of interaction product between U-Mo 
and the aluminium matrix and the fraction volume of each constituent of the meat during 
time. The results of the code are compared with post irradiation examinations performed on 
FUTURE, an irradiation of the French U-Mo Group. 

 
 
1. Introduction 
 
MAIA is a 2D thermo-mechanical code using a Finite Element Method (FEM) dedicated to U-Mo/Al 
dispersion fuel plates. It is based on CAST3M, a FEM code developed by CEA. The geometry is a 2D 
plate (plane or curved). The meat is treated as a homogeneous material for the thermal and mechanical 
resolution but the evolution of its composition is calculated throughout the irradiation taking into 
account the disappearing of as-fabricated porosities, the swelling of the fuel due to fission products 
and the interaction between the U-Mo particles and the Al matrix. MAIA’s development has been 
made in close collaboration with Argonne National Laboratory (ANL). 
 
2. MAIA code modelling 
 
2.1 Meat thermal conductivity homogenisation 
For the thermal FEM resolution, the meat is considered as a homogeneous material. The thermal 
conductivity of the meat is homogenised in several steps. At first, its degradation due to the gaseous 
swelling in U-Mo is taken into account [1]: 

kg = kUMo.exp(-2.14 Sgas) 

where kg is the thermal conductivity of U-Mo with gaseous fission product bubbles, kUMo is the 
thermal conductivity of U-Mo and Sgas is the U-Mo swelling due to gaseous fission products. Then, the 
U-Mo particles are supposed to be spherical with an external uniform layer of interaction. Under these 



conditions, the equivalent conductivity of the U-Mo particles with the interaction layer can be 
analytically calculated: 
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where kf is the effective thermal conductivity of the fuel (with the interaction phase), e is the thickness 
of the interaction phase, r the radius of the U-Mo particle and kinteraction the thermal conductivity of the 
interaction phase. For the homogenisation of the Al matrix with these inclusions, an auto-coherent law 
[2] is used: 
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where k100 is the thermal conductivity of the fully dense meat, km is the thermal conductivity of the 
matrix and Vf is the volume fraction of the fissile particles (U-Mo and the interaction phase). 
And finally, a correction is applied due to the porosity of the meat: 

kmeat = k100 . exp(-2.14 P) 

where kmeat is the thermal conductivity of the meat and P is the porosity. 
 
2.2 Interaction layer 
The U-Mo particles react with the aluminium matrix to create interaction compounds. The code 
predicts the thickness of this interaction layer with the correlation developed by ANL [5]. Then, the 
volume of this product is calculated assuming that U-Mo particles are spherical. With a mass balance, 
the volumes of each constituent of the meat are calculated during each time step of the calculation. 
The user must specify the stoechiometry of the interaction compound (U-Mo)Alx. 
 
2.3 Fission product swelling 
Fission product swelling is calculated using also a correlation developed by ANL [5]. In the U-Mo, 
this swelling is made of a solid part and a gaseous part. In the interaction product, a fission product 
swelling is also calculated. 
 
2.4 Fabrication porosity 
The fabrication porosity of the meat is supposed to accommodate the swelling due to the interaction 
product creation and the fission products as long as it has not completely disappeared. 
 
2.5 Cladding Oxidation 
The oxidation of the cladding is a strong barrier for the thermal flux evacuation due to the low thermal 
conductivity of the boehmite compared with the one of an aluminium alloy. Several correlations are 
available such as ORNL models ([3] and [4]) to evaluate the growth of this layer during irradiation. 
 
2.6 Mechanical calculation 
 
For the mechanical calculation, the user can either choose an elastic behaviour or a viscoplastic one 
(plasticity in the meat and creeping in the cladding). The swelling calculated in the former models 
(interaction product creation, fission products and porosity depletion) is supposed to be isotropic and 
is transformed in a strain imposed for the mechanical calculation. 
 
3. Validation 
 
The validation of MAIA is under progress. The first part consists of analytical tests to confirm the 
good behaviour of the models with their specifications. The second part consists of the comparison of 
experimental data with MAIA results. MAIA has already been used to compare the results of the code 



with post-irradiation measurements made on IRIS 1 [6]. In this paper, the code is used to calculate 
FUTURE [7], an other irradiation of the French U-Mo Group, whose first post irradiation 
examinations are now available. The validation will continue this year on other irradiations as soon as 
other data and post-irradiation examinations will be available. 
The extra volume expansion observed in a part of the FUTURE plate is of course not modelled in 
MAIA as this phenomenon is not yet understood. The code does not pretend to predict the irradiation 
behaviour of the plate but to be a useful tool to help for the interpretation of these irradiations. 
The code is also very useful for parametric studies. 
 
4. FUTURE 
 
4.1 Irradiation conditions 
The “FUTURE” irradiation is a part of the French U-Mo Group program. Two low enriched uranium 
fuel plates have been irradiated two cycles (40 full power days) in the FUTURE irradiation rig of 
BR2 [7]. These plates consist of U-7wt% Mo atomised powder with low enriched uranium 
(~20% 235U) and has a density loading of 8.5 g U.cm-3. The cladding of the fuel plates is an AG3-NET 
alloy. 
 
 Plate Fuel meat 
Width (mm) 64.5 49.8 
Thickness (mm) 1.21 0.53 
Porosity - 1.1 
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Table 1:  As-fabricated geometry of U-Mo 
modelled fuel plate (U7MTBR06) 

Fig 1:  Simplified history of power density at 
the hottest point of the MFP 

 
4.2 Hypotheses 
The MAIA calculation of FUTURE has been made at the maximum flux plane (MFP) (Cf. Fig 2 - 3).  
 

Fig 2: Position of the Maximum Flux Plane Fig 3: Geometry of the MFP modelled with MAIA 
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he main results are summarized in the figures 4 to 7 and in table 2. 
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global composition “(U-Mo)Al4”. For IRIS 1, in accordance with the post irradiation examinations [6], 
it was assumed to be “(U-Mo)Al7”. The oxide layer growth is imposed with a linear law with a final 
value of 33 µm (the maximum oxide thickness measured after irradiation) because the other available 
correlations underestimate this growth. Along the width of the plate, a correction is applied to the 
history of power density of the hottest point (cf. Fig 1) to take the power profile into account [8]. 
For the thermal calculation, the coolant temperature is imposed at 40°C. A convection conditi
applied between the coolant and the cladding with a heat coefficient transfer of 39500 W.cm-2 to get a 
maximum external cladding temperature of 126°C at the beginning of irradiation. The mechanical 
calculation has been made with an elastic behaviour of the meat and the cladding and with the 
hypothesis of plane strains. 
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Fig 5  Centre temperature and power profiles at 
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Fig 6  Evolution of the calculated volume 
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Fig 7  Evolution of the imposed strains in 

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0 10 20 30 4
Time (days)

Total

U-Mo - Al reaction

Fission Products

Porosity accomodation

0

fractions in the centre of the meat (O
comparison with PIE (full symbols) 

the centre of the meat (O) 

thickness (µm) 

examinations 11 

MAIA 11.5 

Post irradiation 

 
Table 2  Interaction layer thickness at the end of 

 
. Discussion 

he maximum temperature of the meat evolves from 135°C at the beginning of the irradiation to 

reement with the calculated Al matrix final volume 
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215°C after 40 days (cf. Fig 4 - 5). At the cladding-boehmite interface, the temperature evolves from 
126°C to 150°C. MAIA allows localizing the hottest part of the plate that does not exactly fit with the 
maximum power due to side effect in the cooling. 
The post irradiation image analyses show a good ag
fraction but a slight underestimation of the interaction product and a slight over-estimation of the U-
Mo particles final fraction volume (cf. Fig 7). However, the interaction layer thickness calculated by 
MAIA is in a good agreement with the post irradiation measurements (cf. Table 2). 
The total strain of Fig. 6 is the strain imposed for the mechanical calculation in ea
plate. It is the sum of the strains produced by the interaction product creation, the fission products 
swelling and the porosity depletion. The creation of the interaction product is the first cause of 



6. Conclusion 
 
French irradiations IRIS 1 and FUTURE are the first results of plate irradiations calculated with 

AIA. These results are globally in rather good agreement with the examinations but some 

terpretation of these irradiations. 
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improvements in the modelling are still needed to reduce the differences between calculations and 
measurements. The validation has to be continued as soon as other post irradiation examinations will 
be available. 
The code does not pretend to predict the irradiation behaviour of the plate but to be a useful tool to 
help for the in
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ABSTRACT 
 

In order to gain insight on the performance limits of U3Si2 fuel with aluminum cladding, 
fuel plates with a fissile material density of 5.1 and 6.1 gU/cm3 have been irradiated in the 
BR2 reactor of SCK•CEN in Mol. The plates were intended to be subjected to severe 
conditions corresponding to a maximum mean hot plane heat flux of 520 W/cm2, leading to 
a cladding surface temperature of 180 - 200°C and fuel temperatures of 220 - 240°C. The 
irradiation program was stopped after the second cycle based on the visual inspection and 
wet sipping tests of the elements, correspondingly showing degradations on the outer 
aluminum surfaces of the U3Si2 plates and the release of fission products. The maximum 
fuel burnup was 29% and 25 % 235U respectively.  
In a post-irradiation examination (PIE) program the microstructural causes for this 
degradation are analysed. It is found that the failure of the plates is entirely related to the 
corrosion of the aluminum cladding, which has caused temperatures to rise well beyond the 
calculated values (>300 ºC for the cladding and >400 ºC for the fuel). In all stages, the fuel 
grains have retained their integrity and, apart from the formation of an interaction phase 
with the aluminum matrix, they do not demonstrate deleterious changes in their physical 
properties. 
 

1. Introduction 
 
The design of the French Réacteur Jules Horowitz (RJH) is based on low enriched uranium (LEU) fuel 
(≤ 20% 235U/Utotal). In LEU fuel the reduction of the enrichment or fissile material is compensated by a 
higher uranium loading density [1,2]. As manager of the RJH project, the Commissariat à l'énergie 
atomique (CEA) has a vital interest in the qualification of LEU fuels. Such a program requires 
irradiation tests to demonstrate the ability of the fuel to withstand research reactor operating limits (i.e. 
high power densities) up to economically viable burn-up values. Among the fuels considered is the 
U3Si2 fuel dispersed in an aluminum matrix [3]. U3Si2 has been found to perform well under irradiation 
tests, even with uranium densities up to 5.0 g/cm3 [4]. 
To study the performance limits of this fuel type, U3Si2 fuel plates have been irradiated in the BR2 
reactor of SCK•CEN in Mol in 2 fuel elements under conditions corresponding to the upper boundary 
limit of the regime at which the RJH reactor is planned to operate. After irradiation, visual inspection 
of the fuel elements showed important degradations of the outer surfaces of the U3Si2 plates, including 
visible swelling. Wet sipping test demonstrated loss of integrity for one of the fuel plates.  
Several samples have been cut from the fuel plates and investigated in a post-irradiation campaign. In 
this article, the results of the microstructural examination of the fuel plate with the highest U loading 
(6.1 gU/cm3) are presented.  



2. Experimental 

2.1. Fuel plates and irradiation history 
 
The fissile material or meat of the fuel plate consists of U3Si2 grains dispersed in a pure aluminum 
matrix with a mass ratio (U3Si2/Al) of 6.6. The enrichment of the uranium amounts to 35 % 235U/Utotal. 
The cladding of the fuel elements is made of AG3-NET Al-Mg alloy (2.5 � 3 wt% Mg), which 
corresponds to a nuclear grade Al5754 alloy.  
The fuel plate was incorporated in the BR2 reactor during two irradiation cycles. Thermal hydraulic 
calculations showed that the mean heat flux in the axial hot plane would approach the requested 520 
W/cm2. From the temperature calculations it was found that the external cladding surface temperature 
would reach around 160°C. However, the azimuthal distribution of the heat flux in the axial hot plane 
of the fuel element shows a peak of 550 W/cm2 in the first cycle. 
After the second cycle (prematurely terminated), wet sipping tests showed the release of fission 
products. Visual inspection revealed degradations of the outer surface and swelling of the plate. Based 
on this information, the irradiation program was stopped before the mean burn-up target had been 
reached. The U3Si2 plate showed a maximum burn-up of 1.29×1021 fissions/cm3 (25 % 235U). 
 
2.2 Post-irradiation examination 
 
Visual examination at the reactor site hot cell revealed that the deformed zone on the fuel plate 
consists of 3 concentric half-circular stretched areas.  
The result of thickness measurements shows that the swelling is located at the left side of the plate, at 
a position azimuthally located near the stiffener, where the fission density shows a maximum. Given 
the as fabricated plate thickness 1.28 ± 0.01 mm, the swelling amounts up to about 0.33 mm.  
Based on this profilometry, several samples were cut from the fuel plate. The samples are embedded in 
an epoxy resin in such a way that the complete section of the fuel (meat and cladding) could be 
observed. The samples are polished with SiC paper of successively finer grain size, finishing on cloth 
with diamond paste of 3 µm and 1 µm.  
 
3. Results 

3.1. Cladding corrosion 
 
The ceramographic observation of the fuel section that has been submitted to a relatively low heat flux 
(approximately 450 W/cm2), shows no visible degradation of the cladding or the fuel (Figure 1a). The 
detailed image of the fuel (Figure 1b) reveals an interaction phase (average thickness of 2 µm), 
between the U3Si2 particles (dark gray) and the aluminum matrix (white). Such an interaction layer is 
regularly observed for this type of fuel and has been identified as an U(Al,Si)3 phase [5,6]. 
With increasing heat flux (approximately 500 W/cm2) the oxidation of the cladding at the waterside 
surfaces becomes visible (Figure 1c). A dense oxide layer has developed, followed by a layer with a 
granular aspect which is most probably caused by pitting corrosion. The fuel is relatively intact, with 
the exception of several cracks passing through the meat (Figure 1d), which should be attributed to the 
thermal cycling of the fuel. The interaction between the U3Si2 particles and the aluminum matrix has 
progressed slightly further (average thickness of interaction layer equals 3 µm) but most of the 
particles are still separated by pure aluminum.  
The image of the fuel plate section that has been submitted to 550 W/cm2 (Figure 1e) shows that the 
corrosion of the cladding has proceeded up to the meat.  A clear increase in plate thickness of 
approximately 0.3 mm can be measured, which is in good agreement with the profilometry (0.33 mm).  
As also visible in Figure 1 a,c,e, the swelling of the fuel plate should be attributed to the corrosion of 
the cladding and not to an increase of the meat thickness. In the meat, all the aluminum matrix is 
consumed by the fuel and large voids are present (Figure 1f).  The average thickness of the interaction 
layer has increased to 5 µm. 



 
Figure 1 Image of the fuel plate over the fuel width and a micrograph of the meat 
obtained from the section of the fuel plate that has been submitted to ≈450 W/cm2 
(a,b), ≈500 W/cm2 (c,d) and ≈550 W/cm2 (e,f).    

 
X-ray maps of the fuel plate sample submitted to 550 W/cm2 are recorded to reveal the distribution of 
Al, Mg, Si and O in the corroded cladding. From Figure 2 it is clearly seen that the corroded cladding 
consists of several layers. A first layer (Figure 2L1) is a dense oxide layer, without precipitates but 
containing some Mg. Below this layer, a pitting corrosion layer with characteristic corrosion pits can 
be seen (Figure 2L2). Underneath, a network of grain boundaries is clearly delineated in the Mg and O 
X-ray maps (Figure 2L3). It is also noticed that in this layer the grain interiors contain oxidised Mg. In 
layer 4 (Figure 2L4) only the grain boundaries have been affected and the grain interior shows 
clustering of Mg but as yet unoxidised. At this and the next position (Figure 2L5), one can observe 
that Mg and Si are associated and form precipitates (Mg2Si). Close to the meat (Figure 2L5), a layer of 
relatively intact cladding is still present. At the interface between cladding and the meat, oxidised Mg 
is observed (Figure 2L6). 
 

 
Figure 2 Al Kβ, Mg Kα, Si Kα and O Kα  X-ray maps of a third of the fuel plate 
section, from the corroded cladding surface to the meat. The various layers (L1 to 
L6) are described in the text. 



3.2. Fuel behavior 
 
The U, Al and Si X-ray maps in the meat of the sample that has been submitted to a heat flux of 550 
W/cm2, indicate that the consumption of the aluminum matrix is complete and that a U-Si-Al 
interaction phase is present. Voids have formed between the fuel grains and the oxygen map (Figure 2) 
shows the oxidation of the inner surfaces of these porosities. This indicates that water has intruded in 
the fuel causing the oxidation of the surface of the voids. 
From the X-ray micrographs (Figure 3) it is seen that the fission product concentration is lower in the 
U-Si-Al mixed phase, but at the interface with the Al cladding, a clear rise in fission product 
concentration can be observed. This is reflected in the linescan data (Figure 4) where a steep local rise 
of fission product concentration can be seen at this (boundary between zone 2 and 3 in Figure 4).  
Inside the grain (zone 1), the concentrations are nearly constant.  In between the mixing phase of this 
grain and the adjacent grain (zone 2) the fission product signals rise again, producing the halo-effect.  
Furthermore from Figure 4 it is seen that the ratio of the atomic percentages of U and Si remains 
constant at around 1.5, even inside the U-Si-Al mixing phase. 
 

  
Figure 3: Local X-ray map (respectively of Al Kβ, U 
Mα, Si Kα, Xe Lα, Nd Lα) of a U3Si2 particle in the 
Al matrix. The secondary electron image (SE) 
indicates the position at which a semi-quantitative 
linescan is measured. 

Figure 4: Semi quantitative linescan covering the Al 
matrix and a U3Si2 particle defined in Figure 3. The 
linescan can be divided in different zones : zone 1 is 
inside the grain, zone 2 is the interaction layer and 
zone 3 is the Al matrix. It should be noted that the 
amounts of  main fuel constitutes and fission 
products are expressed as wt% while the lower graph 
represents the ratio between At% U and At% Si 

 
4. Discussion 
 
It seems obvious that the failure of the fuel plate is entirely related to the deterioration of the cladding 
and not to the degradation of the fuel. The microstructural analysis of samples submitted to different 
heat fluxes, shows the evolution of the fuel plate as the corrosion of the cladding progresses.  
Taking into account the heat flux of 550 W/cm2, it is estimated that at the spot close to the stiffener, 
the temperature at the surface of the plate must have reached values around 190 °C. At such high 
temperatures, general corrosion of the Al-Mg alloy will occur. The resulting corrosion layer, 
consisting of an alumina barrier layer on top of a porous boehmite (γ-AlO(OH)) bulk corrosion layer 
[7,9],  has a lower thermal conductivity (2.25 W/mK) than AG3 NET (130 W/mK) [8]). The increase 
in temperature of the cladding following the buildup of this duplex layer, will accelerate the corrosion 
process. The X-ray map in Figure 2 reveals that an oxide layer of approximately 100 µm is formed. 
With a temperature increase of 1.5 to 2 degrees per µm of oxide, the estimated cladding temperatures 
would reach over 300 °C. At these high temperatures, progressing sensitisation of the aluminum-



magnesium cladding leads to the decoration of the grain boundaries with Mg2Al3 precipitates, making 
the cladding susceptible to grain boundary corrosion [9,10].   
The meat temperature also rises and the formation of the U-Si-Al interaction zone will speed up, 
leading to a complete consumption of the Al matrix.  This leads to a deterioration of the thermal 
conductivity of the meat, which will further increase the temperature.  Eventually, as the cladding 
becomes completely corroded, water will be able to penetrate the fuel matrix and will start to oxidise 
the meat. 
Regarding the fuel meat, the behavior of the U3Si2 fuel grains seems to have been exemplary.  Except 
for the advanced interaction with the Al of the matrix, they have withstood extreme temperatures for 
this fuel type, without any deleterious changes in their physical properties. Considering the effect of 
the 100 µm thick oxide layer, the calculated centerline temperature in fact rises to 425°C.   
Such extreme temperatures substantiate the observed extent of the interaction layer [11,12]. The 
composition of the interaction phase is reported to be U(Al, Si)3. With the observed constant U/Si ratio 
in the interaction phase (Figure 4), the formula would be close to U3Al7Si2.  
Concerning fission gas release, the fuel shows a stable behavior with formation of small dispersed 
fission gas bubbles in the interior of the grains at this stage of the irradiation.  There is no evidence of 
important release of fission gases.   
The fission product distributions show nearly constant concentrations in the grain interiors, except 
where fission gases have begun to precipitate in bubbles.  Fission products that have been ejected out 
of the grains, have been swept up by the formation of the U-Si-Al interaction phase and have 
accumulated at the interface between this phase and the remaining aluminum or between two 
interaction phase fronts of adjacent grains.  
The origin and development of the observed voids located in the former Al matrix, is not clear. 
Diffusion phenomena associated with the formation of the interaction phase (the so-called Kirkendall 
effect [13,14] owing to the diffusion of Al in U3Si2) and the accumulation of fission products at the 
interaction phase fronts are probably responsible for the creation of the voids. Upon water intrusion, 
considerable oxidation and lixiviation of the remaining Al matrix could occur.  Because the irradiation 
was stopped shortly after the cladding had failed, the oxidation has remained limited to the surface of 
the voids. 
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ABSTRACT 
 

The results of the in-pile tests and post-reactor examinations of dispersed fuel elements 
with fuel made of alloy U-9%Mo with 36% enrichment by 235U and uranium concentration 
of 5.4 g/cm3 manufactured by extrusion technique have been presented. The fuel elements 
have been tested during 107 effective days at IVV-2M reactor to reach average burnup of 
40%. The maximum heat flux density was 0.69 MW/m2, while the maximum design 
temperature of fuel cladding has not exceeded 80 о С. The post-reactor examinations have 
been conducted using such techniques as visual inspection, profilometry, volume 
measurements, gamma spectroscopy, metallography and X-ray structure analysis. The 
following aspects have been examined: state of fuel elements; changes in shape, size and 
volume of fuel elements; structure and phase composition of the oxide film; character and 
depth of corrosion damage to fuel cladding; composition and structure of the dispersed fuel 
core; phase composition and width of the interaction areas of uranium-molybdenum fuel 
and the aluminium matrix.  

 
 
1. Introduction 

 
In the frame of the Russian RERTR (Reduced Enrichment Research and Test Reactors) program [1] 
there have been designed three-layer hexagonal tubular-type fuel elements (FE) for IVV-2M reactor 
with fuel based on  (U-9%Mo)+Al and envisaged for manufacturing by means of extrusion. As the 
initial stage of maturing such fuel, there have been produced the experimental fuel elements with fuel 
of 36% enrichment by 235U and uranium concentration of 5.4 g/cm3.  
The use of fuel with 36% enrichment in the experimental fuel elements seems more preferable (as 
compared to fuel with 19.7% enrichment) in terms of safety of the experiment and allows to build up 
more fission products in fuel under investigation at lower values of fast neutron fluence both in this 
fuel and in fuel used in the standard fuel elements. Fuel with the above-mentioned enrichments offers 
also an advantage of reducing almost two times the duration of the experiment. The fuel is composed 
of spherical particles of 63÷160 µm which are distributed almost uniformly in the aluminium matrix. 
Fuel claddings are made of aluminium alloys SAV-1 and AMg-2. In the period from November 2001 
till April 2002 the successful in-pile tests have been conducted at the research reactor IVV-2M. Two 
experimental fuel elements (of types 1 and 2 which differ in "turnkey" size) were included in the 
standard fuel assemblies so as to accumulate fission products to the amount equivalent to ~40% 
burnup for fuel with 19.7% enrichment.   



This article presents the results of the in-pile tests and post-reactor examinations of the experimental 
fuel elements with fuel based on (U-9%Mo)+Al of 36% enrichment by 235U and uranium 
concentration of 5.4 g/cm3. 
 
2. In-pile tests 

 
The experimental fuel elements have been tested in the reactor as the part of the standard fuel 
assemblies being placed in the core of IVV-2M reactor. During the in-pile tests the water chemistry of 
meets the standards. The test parameters are summarized in the table and in Fig. 1.  

 
Table. The brief characteristics of the in-pile tests of the experimental fuel elements  

Parameter Fuel element 
 Type 1 Type 2 
Fuel element power (average/maximum), kW 60.4 / 77.6 71.3 / 91.6 

q (average/maximum), MW/m2 
ql (average/maximum), kW/m 
qV (average/maximum), kW/cm3 

0.53 / 0.68 
120.9 / 155.3 
2.29 / 2.94 

0.54 / 0.69 
142.7 / 183.2 

2.31 / 2.96 
Coolant temperature at inlet to FA, о С 31-34 
Maximum wall temperature, о С  80 74 
Duration of fuel life, eff. days 107 
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Fig. 1. Distribution of neutron flux density (а) and temperature (b) of coolant  Tw, internal Tin and 

external Tex fuel claddings and heat flux density q along the fuel element of type 2: 
 



Fuel cladding integrity monitoring of the experimental fuel assemblies (FA) have been detected during 
the in-pile tests and post-reactor cooling in the FA storage well by means of the standard fuel cladding 
failure detection system (FCFD) provided at IVV-2M reactor. The following parameters of FCFD 
have been monitored: counting rates of delayed neutrons in FA with the experimental fuel elements 
coolant outlet, concentration of 235U, the specific activities of inert radioactive gases and solid fission 
products in the primary coolant, β-activity of the primary coolants in the reactor and in FA storage 
well.  
There were detected no significant deviations in terms of delayed neutron counting rates, 
concentration of solid fission products and 235U in the primary coolant during testing of the 
experimental fuel elements as opposed the values typical for the core with the leak tight fuel elements.  
Following the in-pile tests the experimental fuel elements have been subjected to test for leak. As a 
result of the leak tests no release of noble radioactive gases and 137Cs has been revealed. These data 
and the in-pile tests set the basis for the conclusion on tightness of the experimental fuel elements.  

 
3. Post-reactor examinations  

 
The post-reactor examinations have been conducted using such techniques as visual examination, 
profilometry, volume measurements, gamma spectroscopy, metallography and X-ray structure 
analysis. The state of fuel cladding and fuel core has been examined in six axial cross-sections of the 
fuel element Н (0.1Н, 0.25Н, 0.5Н, 0.75Н, 0.9Н and near to the upper plug).   
 
The state of the fuel elements.  
The fuel elements have retained their shape, there were found no bend distortion of the fuel element or 
swelling of fuel cladding. The outer surface of the fuel elements is mat, of light gray colour and 
without any peeling of the oxide film. Maximum registered depth of the oxide film is ~7.3 µm. In 
terms of its phase composition the oxide film is the mixture of two hydroxide phases of aluminium, 
i.e. bayerite β-Al(OH)3 and bemite γ-AlOOH in a 3:1 ratio. The dominance of low-temperature 
modification of aluminium hydroxide β-Al(OH)3 indicates that fuel cladding temperature did not 
exceed 100 оС. In accordance with the data of gamma spectroscopy the profiles of energy release 
distribution along all sides of both fuel elements are almost symmetrical with respect to their centres. 
The difference in energy release at different sides of the fuel elements does not exceed 10 % that is the 
evidence of almost uniform distribution of fuel particles in the fuel core. The axial component of the 
peaking factor KZ for the various sides of both fuel elements falls in the interval of 1.12-1.22. 
 
The changes in volume and geometrical sizes.  
The change in "turnkey" size for both fuel elements has a sinusoidal shape with its maximum being at 
~50 mm below the centre of the core. Maximum deviation of the size does not exceed ~0.4 % of its 
initial value. The profile of change in "turnkey" size is similar to the profile of heat flux density 
(Fig.2).  
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Fig. 2. The change in "turnkey" size along the length of the fuel element of type 2: 



Based on data of hydrostatic measurements the volume of both fuel elements has increased by ∼1.6 % 
in the first fuel element and by ∼1.2 % in the second fuel element. The estimated reduction of the flow 
area in between the fuel elements characterized by the above changes in volume would make ~2 %.  
More detailed material science investigations have been performed for the fuel element of type 2 
which had experienced higher thermal loads during the in-pile tests. Fig. 3 shows the plots of the 
changes in FE wall and cladding thickness along the fuel element of type 2. 
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Fig. 3. The axial changes in FE wall thickness δwall and thickness  

of external and internal FE claddings δclad  
 

The measured thickness of FE wall is in the range of 1.32-1.34 mm that is within the tolerance of 1,35-

0,25 mm in accordance with the drawings which means that depth of uniform corrosion is insignificant. 
Thickness of both FE claddings is almost the same along the entire fuel element (excluding the area of 
the upper plug) and falls in the following ranges: 

• external cladding from 0.310 mm to 0.610 mm; 
• internal cladding from 0.340 to 0.655 mm. 

Thickness of the active layer varies from 0.225 to 0.565 mm.  
Corrosion of FE cladding is uniform and local. Depth of uniform corrosion does not exceed 14 µm and 
of local corrosion not deeper than  20 µm. Total depth of corrosion is not in excess of  9 % of the 
initial thickness of FE cladding.  

 
Composition and microstructure of the active layer.  
In accordance with the metallography data the dispersed fuel core is characterized by the strong 
diffusive adherence to FE claddings along the entire length of the fuel element. No lamination was 
revealed inside the fuel core. The band of damage and the area of interaction between fuel and 
aluminium matrix were found around almost all fuel particles. The particles of uranium-molybdenum 
fuel have no pores of gaseous fission products which are typical for dioxide uranium fuel at the similar 
level of burnup.  

 
4. Conclusions 
 
The successful in-pile tests have been conducted for the experimental fuel elements containing metal 
fuel (U-9% Мо)+Al of 36% enrichment by 235U and with uranium density of 5.4 g/cm3. 
In the course of the effective 107 days of tests the average burnup in the fuel elements amounts to 22 
% by 235U. In terms of accumulated fission products it is equivalent to 40% burnup for fuel with 19.7 
% enrichment by 235U. 
The fuel elements have retained their shape. The change in FE volume does not exceed 1.6 %, while 
the change in "turnkey" size is not above 0.4%. 



The fuel elements are covered by the thin even oxide film of light gray color. No peeling or spalling of 
the oxide film has been revealed.   
Corrosion of FE claddings is uniform and local. Depth of uniform corrosion does not exceed 14 µm 
and of local corrosion not deeper than  20 µm. Total depth of corrosion is not in excess of  9 % of the 
initial thickness of FE cladding.  
A certain irregularity has been detected in thickness of both FE claddings. However, their minimum 
thickness along almost entire FE (excluding the area near to the upper plug) is within the lower limits 
according to the design documentation for fuel elements in the initial state.   
Neither lamination of the fuel core, nor its peeling off FE cladding has been found. No peeling of the 
fuel core matrix off the fuel particles has been revealed.  
Isolated small non-continuities with maximum size of 0.1 mm have been found in the fuel core. 
However, any negative impact of such non-continuities on the fuel element performance has not been 
identified.  
Insignificant interaction has been detected between the aluminium matrix of the fuel core and the fuel 
particles made of U-9 % Mo. Maximum width of the contact area not exceeding 4 µm has been found 
at the centre of the fuel element. Based on data of X-ray phase analysis the interaction area consists of 
uranium aluminide UAl3. 
Most of the fuel particles made of U-9% Мо alloy are of spherical type. No significant defects, 
including those induced by radiation (pores) have been found in the fuel particles.  
Based on the positive results of the in-pile tests and the data of the comprehensive post-reactor 
material science investigations it can be concluded that the fuel elements with metal uranium-
molybdenum fuel ((U-9% Мо)+Al) with uranium concentration of 5.4 g/cm3 are serviceable to the 
burnup levels of 40 % by 235U.  
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ABSTRACT 
 
As a result of analyses and investigations and on the basis of the prepared report, the 
Government has taken the Resolution № 552/17.05.2001 for refurbishment of the IRT-2000 
Research Reactor into a Low Power Reactor up to 200 kW. The IRT-2000 Research 
Reactor was commissioned in 1961. In this paper the design features and experimental 
capabilities of the IRT-200 pool-type research reactor are reviewed. In this reactor the IRT-
2M type fuel assemblies (FA) containing 36 % enriched uranium will be used instead of the 
EK-10 fuel elements (FE). The main characteristics of the IRT-2M type FA are given, as 
are the characteristics of the IRT-200 reactor. Use of the IRT-2M type FA will make it 
possible to operate the reactor with a core volume of 42-48 litres. The reactor should 
provide also for possible application of the �Boron neutron capture therapy /BNCT/� for 
brain tumors treatment. The selected design features will significantly improve the 
operational safety of the reactor. 
For the implementation of this modernization project, the INRNE called upon the services 
of INTERATOM (consortium of AtomENERGOPROJECT/SKODA/Kurchatov Institute), 
of the consortium BELGATOM/SCK•CEN, of the NRI-Rez and of the EQE-Sofia. 

 
 
1.  Introduction  
 
The basic objective of the IRT-2000 reconstruction is its future utilization as a low power reactor 
complying with the nuclear and radiation safety requirements. It would be utilized for: teaching 
physics, nuclear engineering and biological science students, specialization of the staff, neutron 
activation analysis, radiochemistry, production of radioactive isotopes for medicine, neutron capture 



therapy, scientific investigations within nuclear physics, physics of solid states, neutron physics, 
radiation biology, the industry and the agriculture, instrument testing and calibration. 
The ideas which govern the proposed reconstruction can be summarized as: 
- operation of the research reactor as a low power reactor, which would guarantee heat removal and 

fuel element integrity preservation during all steady-state and transient conditions; 
- compact arrangement of the reactor systems within an earthquake resistant building; 
- replacement of the obsolescent equipment with a new one meeting the up-to-date requirements 

and consequently making possible the operation of all the reactor systems even in case of beyond 
design-basis events. 

 
 
2.  Features of the IRT-200 reactor design 
 
The IRT-200 reactor construction solutions are in conformity with certain existing elements of the 
IRT-2000 reactor and some basic elements of the IRT-5000 project have also been used [1]. The 
vertical section of IRT-200 reactor construction is shown in Figure 1. The horizontal section is shown 
in Figure 2. The reactor replaces the existing reactor IRT-2000 reactor. The tank of the reactor pool, 
the in-pool devices and the transportation channel are new constructions. Some existing elements, 
such as parts of the horizontal channels and their shutters will be kept and will be used also after the 
reconstruction. The proposed construction is in conformity with the necessity for the reactor to serve 
not only for scientific research and experimental activities but also for medical purposes (BNCT). 
The new reactor vessel is arranged over the delay tank in order to ensure the possibility of maximal 
utilization of the existing experimental channels. Depending on the needs, the configuration of the 
reactor core could be changed substantially. The reactor vessel consists of the following parts: 
supporting plate, body with frame and bushes of channels. 
The supporting plate with dimensions 760 х 640 mm is made of aluminium EN AW�AlMg3 EN 573-3 
and is thick 55 mm thick. It provides a supporting grid with 54 cells (6 х 9).  
The body with the frame of the reactor vessel, 870 mm high is fixed over the supporting plate. It is a 
welded construction of aluminium sheets EN AW-AlMg3 EN 573-3 with 8 mm thickness. At its 
bottom part there is a flange for fixing to the supporting plate, while at its upper part there is a frame 
for fixing of elements put in the reactor vessel. The bushes (5 pieces) of the channels are joined to the 
bottom flange and are used as leaders of the vertical channels with diameter 54 mm. Holes with 55 
mm diameter are foreseen in the frame for possible utilization of short experimental channels (EC). 
The elements to be put in the reactor vessel are: fuel assemblies (FA), beryllium blocks of different 
types and other elements (displacements) for different purposes. 
Four-tubes and three-tubes FA of IRT-2M type [1] have been used in the IRT-200 reactor. The FA are 
arranged in a square grid with 7.15 cm pitch. The channels with control and protection system (CPS) 
rods and the experimental channels are placed in the three-tube FA. The main parameters of the IRT-
2M type FA are provided in the Table 1 [1]. 
 
 

Tab 1. Main parameters of the IRT-2M type FA 

Parameter Four-tube FA           Three-tube FA 
235U content (nominal) in the FA, g 
Water volume in the FA 
235U concentration, g/l 
Fuel enrichment, % 
FE thickness, mm 
Thickness of gap between FEs, mm 
Clad material 
Meat material 
Meat length, cm 

230                          198 
0.726                       0.649 
77.6                        66.8 

36 
2.0 
4.5 

Aluminum alloy CAB-1 
UO2 � Al 

60 

 



 
Fig 1.  Reactor IRT-200.  

Vertical section 
 1. Reactor tank (stainless steel);  

 2. Reactor core;  

 3. Delay tank;  

 4. Ejector tank;   

 5. Pipeline of primary cooling   
     circuit; 

 6. Transport channel;  

 7. Supporting platform;   

 8. Actuators of control and     
      protection system (CPS); 

 9. Experimental channel Ø 190 mm; 

10. Experimental channel Ø 54 mm; 

11. Platform with parapets. 

     

 
 
 
 
 

 

 
Fig 2.  Reactor IRT-200. Horizontal section 

1. BNCT channel; 2. Channel Ø 150 mm; 3. Channel Ø 100 mm; 4. Ejector; 5. IC channel;  
6. Temporary storage; 7. Rotating console � position close to temporary storage. 

 



The horizontal cross-sections of the IRT-2M type FA are shown in Figure 3. In the reflector of the 
IRT-200 reactor beryllium blocks with 6.9x6.9 cm cross-section are applied. 
 

Fig 3. The horizontal cross section of the IRT-2M type FA. 
1 � fuel elements;  2 � channel of the CPS rod;  3 � CPS rod;  4 � displacement tube 

 
 
In the CPS of the IRT-200 reactor, modernized actuators of the UR-70 type are used. This concept of a 
�rigid rod� replaces the original design of the IRT-2000 reactor equipment control by means of cable 
wire, where in case of an accident there was a risk that the absorber to be pushed up the core by a 
steam bubble. In the UR-70 actuator the absorber rod is connected with the drive by means of a ball-
coupling controlled from above. 
In the CPS 3 channels are provided for measurement of reactor power. They provide measurement of 
neutron flux density. Signals from the channels are fed to operator desk in the control room. Two 
identical independent channels are foreseen, signals from which are fed to desk of the emergency 
Standby station. 
The channel for BNCT consists of the following parts: channel and aluminium plate. The channel is 
made of stainless steel plate, 15 mm thick, with a rectangular profile of size 700×550 mm welded onto 
the pool bottom section wall. The channel face is made of stainless steel sheet of 2 mm thickness and 
from the pool side face is reinforced by screwed-on aluminium plate of 90 mm thickness which at the 
same time forms the first part of the neutron filter. 
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Reactor cooling is provided by pool water flowing downstream via the core and reflector into the 
delay tank of a volume of 2 m3 by the ejector and pump working in parallel. 
 
 
3.  Main parameters of the initial working loading of the IRT-200 reactor 
 
The initial core configuration of the reactor is shown in Figure 4.  
This configuration permits simultaneous operation of the BNCT channel and other horizontal 
experimental channels as well as vertical experimental channels. 
The excess reactivity of the initial working loading when the filters are presented in the BNCT channel 
(50 cm Al) and temperature - 20ûC is equal to 3.2% ∆k/k.  
The calculated reactivity value of the CPS rods in the initial working loading (% ∆k/k): 
- safety rods: A3-1 = 2.4,  A3-2 = 2.4,  A3-3 = 0.33; 
- shim rods: KO-1 = 4.05,  KO-2 = 4.05,  KO-3 = 0.48,  KO-4 = 0.48,  KO-5 = 0.33; 
- automatic regulating rod:  AP = 0.16. 
When 3 safety rods are fully out of the core, 5 shim rods and AP rod are fully inserted in the core, the 
reactor subcriticality equals 6.35 % ∆k/k.  

 



Fig 4.  The configuration of the initial working loading 0f the IRT-200 reactor 
 
 

 
When the most reactive shim rod (KO-1 or KO-2) is fully out of the core, the reactor shutdown margin 
will be not less 5.5 % ∆k/k (by minimum necessary 4.2 % ∆k/k). Scram shutdown margin (worth of 
АЗ-2 and АЗ-3, when rod АЗ-1 failure) will be not less than 2.75% ∆k/k. Temperature effect (20ûC � 
50ûC)�0.3 % ∆k/k. Temperature factor of reactivity�negative, 1·10-2 % ∆k/k / ûC. Neutron life time � 
40 µs . 
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The maximum density of thermal neutron flux (E<0.625 eV) is reached in VECs located in beryllium 
blocks in cells D3 and D4 and is equal to 8.40·1012 cm-2s-1 . The maximum density of fast neutron flux 
(E > 0.821 MeV) is reached in VECs located in three-tube FA in cells C3 and C4 and equals 
2.80·1012 cm-2s-1 . 
The maximum density of thermal neutron flux (E < 0.625 eV) is reached on the entrance of the HEC 4 
and is equal 1.6·1012 cm-2s-1. The neutron flux density (0.625 eV � 0.821 MeV) for the BNCT channel 
to the position just behind the 9 cm aluminum plate equals 8.2·1011 cm-2s-1. 
The neutronic calculations have been carried out by following codes: MCNP4C, WIMS-ANL, 
REBUS-ANL. The WIMS-ANL code was used for cross-sections libraries preparation in the ISOTXS 
format. 
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ABSTRACT 
 

The design of new IRT-type fuel assembly (FA) with pin-type fuel elements has 
been developed. The IRT-type FA consists of the end details and a square shroud, 
in which 176 pin-type fuel elements are placed by means of two spacer grids. Fuel 
element is a square cross-section pin with four ribs curled around longitudinal axis. 
A large set of technological investigations of fuel element and FA fabrication 
processes has been completed, including:  
- development of drawing-design and technological documentations; 
- development of the design of spacer as a top and bottom grid; 
- manufacturing of needed tools and rigs; 
- development of fabrication process with fuel element simulators; 
- development of fabrication process for outer and inner shrouds; 
- development of the process of FA assembling. 
As a result two full-scaled dummy of FA for hydraulic tests have been 
manufactured and ability for manufacturing of fuel element and assembly have 
been confirmed under conditions of industrial production.  
To define the hydraulic characteristics of IRT-type FA with pin-type fuel elements 
the hydraulic tests of two full-scaled dummy of FA have been carried out. 
A large set of neutronics, thermal hydraulic and strength calculations for the 
WWR-SM reactor in Uzbekistan has been performed on substantiation of FA 
design. As a result: 
- the dispersion LEU fuel U-Мо in Al matrix has been chosen 
- the optimum U-235/FA loading has been defined; 
- the optimal parameters of pin-type fuel element and fuel assembly have been 

determined. 
These research of FA design are being performed in close cooperation with ANL 
within Russian and international RERTR programs. 
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ABSTRACT 
 

Two UMo full size MTR fuel plates have been irradiated at BR2 in the framework 
of the French UMo development program. Detailed neutronic calculations were 
performed upfront to define the appropriate environment of the irradiation basket 
and the appropriate overall BR2 power profile to meet the requested irradiation 
conditions. These investigations,  conducted with a Monte Carlo model of BR2 for 
these two UMo fuel plates, are presented in this paper. The accuracy of the  
calculation model was verified by comparing the results of dosimetrical 
measurements of the conventional thermal neutron fluxes with the calculated 
values. The mean statistical deviation of calculated conventional thermal fluxes 
from the measured fluxes for all dosimeters is equal to –2%. Detailed distributions 
of the heat fluxes over the cooling surface of UMo fuel plates for the actual 
irradiation conditions as well as the distribution of the fuel burn-up in UMo plates  
were calculated using the present BR2 model. The calculated maximum heat flux 
in the UMo plates does not exceed 353 ±10 W/cm2 at BOC of the first irradiation 
cycle.The estimated maximal fuel burn-up in the UMo fuel was equal to 32.8% 
after two cycles (04/2002 & 05/2002) of irradiation. 

 
 
1. Introduction  
 
Irradiation of two high-density full size UMo-7 fuel plates at the BR2 reactor were performed in 2002 
in the framework of the French UMo development program [1]. The specially designed irradiation  
device named as FUTURE-UMo was used for this purpose [2]. The irradiation took place in channel 
F314 of the BR2 core. The orientation of the UMo fuel plates within the core is given in fig.1. The six 
neighbour channels contained 3 fuel elements of BR2, one in-pile section of the Callisto loop (a PWR 
simulation loop), a control rod and a beryllium plug.  
The average uranium density in UMo meat, defined in the fuel specification, is equal to 8 g/cc. The 
weight of uranium 235U in the plate is equal to 30.58 g and enrichment is equal to 19.82 %. Locally the 
density of uranium in the meat of the fuel plate may be equal to 8.5 g/cc. To simulate the “hot spot” of 
the power distribution in the plate caused by the uranium density fluctuation, the meat volume in the 
plate was reduced to have the mean density of uranium equal to 8.5 g/cc by keeping unchanged the 
total weight of U in the plate. The dimensions adopted for the fuel meat are as follows: a thickness  
equal to 0.053 cm and a cross section of 4.495×76.2 cm². 
The computer model of the BR2, used in the calculations, includes individual description of the radial 
and axial variations of the fuel burn-up distribution in all BR2 fuel elements; all constituent channels 
in the reactor core have an individual inclination angle. Detailed description of experimental devices, 
control rods and Be poisoning in channels were also included into the model. 
The fuel burn-up calculations were performed using the SCALE-4.4a code system [3] and a specially 
developed module; this custom-made module calculates axial-radial distributions of the fuel burn-up 
and  fission products over the meat volume of each BR2 fuel element and transfers these data to the 
MCNP file containing the description of the BR2 model.  
The fuel burn-up, βz  (defined as the ratio of burned fissile atoms to the initial number of fissile atoms), 
can be determined versus the energy released in fuel zone: 
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where AU is the atomic mass number of the fissile element, NA is the Avogadro constant, Qeff is the 
effective fission energy, MZ is the weight of fuel at the position z and P(t,z) is the power at the time t 
and at the position z.   
If the ratio of average cross-sections in (1) is independent of the position of the fuel element in the 
core, than the fuel burn-up is the function of the released energy only. Using the mean burn-up,β,  in 
the fuel element we have the functional dependence of βZ on the mean burn-up in the fuel element and 
on the specific power peaking factor kZ :  
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where Pz and PFE are the time-averaged power in position z in the fuel zone and in the fuel 
element; M is the weight of fissile nuclides in fuel element. In the present model of BR2 each fuel 
element has 6 axial and 2 radial fuel zones with different fuel burn-up. The azimuthal 
dependence of the fuel burn-up was not considered.  
 

    
Fig.1. Layout of the FUTURE-UMo experiment 
and activation dosimeter 

Fig.2 Distribution of the conventional 
thermal flux in dosimeters located in the 
center of the Al holder between UMo fuel 
plates. The rectangle labels denote the 
experimental values, the triangles are the 
calculations. 

 
2. Conventional thermal flux in the FUTURE-UMo experiment 
 
For monitoring the distribution of thermal fluxes several activation dosimeters were placed between 
the UMo fuel plates into the Al holder. The comparison of the calculated and the measured 
conventional thermal fluxes was performed for the dosimeters located in the central position between 
the UMo fuel plates. Dosimetrical measurements of the conventional thermal flux were performed by 
M.Willekens [4]. Usually conventional thermal fluxes are measured using 59Co activation foils.  The 
activity of the thin 59Co foil can be expressed through the rate of neutron capture reaction on 59Co (for 
simplicity the term describing decay reactions is not included here) 
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where Eth is the upper boundary of energy for thermal neutrons, σn,γ
Co59(E) is the activation cross-

section for 59Co in (n,γ) reaction,  ri is the position of the dosimeter, ϕ(ri,E) is the neutron flux density 
in the foil normalised to the actual reactor power.  
The conventional thermal neutron flux, ϕ0, is defined as a ratio of the reaction rate Ri to the cross-
section   ( )0
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where σn,γ
Co59(E0)= 37.18 barns is the cross-section at the energy E0=0.0253 eV [5].  

The conventional thermal flux ϕ0(ri) can also be calculated using the neutron flux density: 
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where υ0=2200 m/s,  υ is the neutron velocity and the integral gives the total number of neutrons in 
the thermal energy range.  
In the present paper the conventional thermal flux was calculated using both expressions (based on  
reaction rate and neutron flux density respectively). Generally, the conventional thermal flux is lower 
than the real thermal neutron flux density by the factor given by the ration of the mean velocity of the  
thermal neutron spectrum over the most probable velocity in the thermal neutron spectrum. Moreover, 
the temperature dependence of the thermal neutrons spectrum may influence the calculated 
conventional flux.  
Average values of the conventional thermal flux calculated for each irradiation cycle were used to 
calculate the total neutron fluence and the mean value of the conventional thermal flux. The mean 
deviation of the calculated fluxes from the measured ones for all dosimeters is equal to –2 %. This 
deviation is less than the statistical error of calculations (5 %). In Fig.2 the experimental and 
calculated conventional flux distributions are compared. The deviation of thermal fluxes in the 
maximum of the curve is equal 4 % and is comparable with the statistical error of the Monte Carlo 
calculations.   

 
3 Calculation of the thermal power and fuel burn-up in the UMo fuel plates 
 
The absolute heat flux in the UMo plates strongly depends on the distribution of the thermal power in 
the neighbouring channels. The thermal power calculated using the MCNP code [6] in neighbouring 
BR2 fuel elements is compared with the power obtained using the TRPT3 code [7] : 4.27 MW for 
MCNP and 4.28 MW for TRPT3. The thermal power in UMo plates was determined by calculating the 
number of fission reactions in UMo plate                                                              
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where ni  is the atomic concentration of fissile nuclide i in UMo fuel, σi
f(E) is the microscopic cross-

section of fission reaction, Φ(r,E) is the neutron flux density calculated using the MCNP code and 
normalized per one fission neutron in BR2, Q is the effective energy per fission event in an UMo 

fuel plate, ν is the mean number of neutrons released per fission in BR2 fuel elements. 

UMo
eff

The energy Q is equal to =180.9+(∆ΕUMo
eff

UMo
effQ γ

prompt +∆Εγfp)/nf MeV/fission, where ∆Εγprompt  is the 

energy of prompt photons absorbed in UMo meat, ∆Εγfp is the energy of the delayed photons released 
by fission products and absorbed in the UMo plate, nf  is the number of fission reactions in UMo plate. 
Both parameters ∆Εγprompt and nf was calculated using the  MCNP code: ∆Εγprompt/nf  is equal to 2.5 
MeV/(fission event in UMo).    

 

The contribution from the delayed photons, ∆Εγfp , produced by fission products can be determined 
using the supplementary photons transport calculations. The spectrum of delayed photons from the 
decay of fission products was calculated using the SCALE code and used as a photon source for the 
independent photon transport calculation in the MCNP model of BR2. The contribution of the delayed 
photons is comparable with the value of ∆Εγprompt/nf. The heating energy in Al cladding of UMo plates 



induced by photons and β- particles should also be added to . For this reason the ratio 

/  was used equal to 1. 

UMo
effQ

UMo
effQ 2BR
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The heat flux on the surface of UMo plate was calculated as a ratio of the power PUMo to the cooling 
surface of the fuel zone in UMo plate. The maximum heat flux in the registration zone (3 cm height, 
and 0.45 cm width) at the BOC of cycle 04/2002 is equal to (353 ± 10) W/cm2. No corrections were 
applied to the calculated distributions due to the lack of the apparent systematical error in the 
conventional thermal flux calculations. The maximum heat flux in the “hot spot” can be estimated by 
extrapolating the distribution of the mean values in the registration zones to the boundary of the fuel 
zone: qmax= (365±10) W/cm2. 
The burn-up in UMo plates was calculated using the analytical expression for the dependence of the 
fuel burn-up versus the fission rate distribution. However, the fission rate depends on the neutron flux 
density and on the fuel burn-up. For this reason two steps approach was used to calculate the fuel 
burn-up. 
In the first step, before the calculations of the fission rate distribution Fi(tk) in UMo plates, the 
evolution of the mean fuel burn-up in BR2 fuel elements were preliminary estimated using the 
SCALE-4.4a for the cycle 04/2002. A more detailed spatial distribution of the burn-up in UMo plates 
was calculated using the MCB code [8] in cycle 05/2002.  
The influence of the control rods position to the fission rate distribution in the BOC and EOC were 
taken into account in the model. 
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Fig.3 Axial distributions 
of the fuel burn-up  in 
the transverse nodes in 
the UMo plate. 

 
 
 
 
 
 
 
 
 
 
 

n a second iteration, using the preliminary calculated fuel burn-up in registration zones in UMo plate 
or several intermediate time intervals, we calculated the fission rates, Fi(tk) = , 

n various registration zones in each UMo plates in using the MCNP code. The minimal dimension of 
he registration zone is equal to 3.0×0.4495 cm. A two-dimensional mesh of registration zones was 
sed: 10 nodes in the transverse direction for the plate width, and 22 nodes in the axial direction for 
he plate height. The fuel burn-up β

( ) ( )∫ Φ
E iif dEtEE ,,σ

i in each registration zone i is determined by integrating the fission 
ate over the irradiation time   
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he time integral in Eq.(7) is calculated using the values of Fi(tk), for several intermediate time 
ntervals: tk =BOC, 5 days, 8 days and EOC in the first irradiation cycle and tk =BOC, EOC for the 
econd irradiation cycle. We assume that Fi(t) in Eq.(7)  is a linear function of time: Fi(t)=Fi(tk)+αt,  



 

where α=(Fi(tk+1)-Fi(tk))/(tk+1- tk) for t∈[tk, tk+1]. After using the function Fi(t) in Eq.(7) we obtain the 
final burn-up in each registration zone.  
Axial distributions of the fuel burn-up for several transverse nodes in the UMo plate at the end of the 
second irradiation cycle are shown in Fig.3. The maximum mean fuel burn-up in the registration zone 
at the end of cycle 05/2002 is equal to 31.9 %. The maximum fuel burn-up in the ‘hot spot' can be 
estimated by applying the interpolation of the mean burn-up to the boundary of the fuel zone: βmax= 
32.8 %. 

 
4. Conclusion 
 
The results of the neutronics calculation for FUTURE-UMo irradiation campaign are presented in this 
paper. These calculations were performed using a very detailed Monte Carlo model of BR2 reactor. 
The accuracy of the computation model was verified by comparing the results of dosimetrical  
measurements of the conventional thermal neutron fluxes and the calculated values. The mean 
statistical deviation of the calculated conventional fluxes from the measured fluxes for all dosimeters 
is equal to –2 %. The local difference between calculated and measured fluxes does not exceed more 
than 10 %. Detailed distributions of the heat fluxes over the cooling surface of UMo fuel plates as well 
as the distribution of the fuel burn-up in UMo plates were calculated using the present model. Due to 
the absence of the apparent systematical deviations of the calculated neutron fluxes from the dosimetry 
measurements, no corrections were applied to the calculated heat fluxes. The calculated maximum 
heat flux in the UMo plates does not exceed 353 ±10 W/cm2 at BOC of the first irradiation cycle. The 
estimated maximal fuel burn-up in the UMo fuel is about 32.8 % after irradiation during two cycles 
(04/2002 & 05/2002). 
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ABSTRACT 
 

The core conversion from oxide to silicide fuel with the uranium meat density of  
2.96 g cm-3 for the RSG-GAS reactor has been successfully implemented.  To anticipate the 
use of U-Mo fuel instead the silicide fuel for research reactors, the preliminary study on the 
utilization of U-Mo fuel for RSG-GAS reactor is considered to start.  This paper deals with 
the neutronic aspects of the equilibrium molybdenum core as a function of uranium density 
and molybdenum content.  The objective of this paper is to obtain an optimum uranium 
meat density of molybdenum fuel for RSG-GAS reactor.  Calculations are carried out using 
combination of WIMSD-5B and Batan-EQUIL-2D codes.  The calculated results showed 
the U-Mo fuel with uranium meat density of 3.55 g cm-3 and contains 6 and 9 w/o Mo, 
U6%Mo-Al and U9%Mo-Al fuels, can be used and proposed as the candidate of the 
equilibrium molybdenum cores for RSG-GAS reactor because the cores meet the safety 
criteria without decreasing utilization capabilities. 

 
1. Introduction 
 
In the beginning, the multipurpose reactor G.A. Siwabessy (RSG-GAS reactor) used the LEU (low-
enrichment uranium) oxide fuel (U3O8-Al) with uranium meat density of 2.96 g cm-3. After operating 
several transition cores using mixed oxide-silicide (U3Si2-Al) fuels with the same uranium meat 
density, the equilibrium silicide core has been achieved in October 2002. 
 
The extensive studies on the utilization of silicide fuel using uranium meat density of 3.55 – 4.8 g cm-3 
in the RSG-GAS reactor have been carried out [1, 2].  Based on the previous studies, the optimum 
uranium meat density of silicide fuel for RSG-GAS reactor is 3.55 g cm-3 and this core gives a 
significant increment of 50 % in the operation cycle length compared to that of the present silicide 
core [1].  The main objective of the core conversion of the RSG-GAS reactor is to increase the 
operation cycle length and to meet the higher reactor availability and utilization. 
 
To anticipate the use of the under qualification molybdenum (U-Mo) fuel type for research reactors, 
the preliminary study on the utilization of U-Mo fuel for the RSG-GAS reactor is considered to start.  
This paper deals with the neutronic aspects of the equilibrium molybdenum core as a function of 
uranium meat density and molybdenum content.  The objective of this paper is to obtain an optimum 
uranium meat density of U-Mo fuel for the reactor.  The safety criteria, such as shutdown margin, the 
power peaking factor and the neutronic performance of irradiation facilities are evaluated in this paper. 
 
All core calculations were carried out using the two-dimensional multigroup diffusion code of Batan-
EQUIL-2D [3] for obtaining an equilibrium U-Mo core.  For cell calculation, the WIMSD-5B code [4] 
was applied to generate the diffusion group constants of U-Mo fuel cell.  The same safety criteria and 
reactor performance for the reactor utilization were imposed as constraints of the calculations. 
 
 
2. RSG-GAS Reactor General Description 
 
The RSG-GAS reactor is a multipurpose open-pool 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 absorbers of AgInCd on the 10 × 10 core grid 



positions as shown in Fig.1.  The beryllium and light water are used as the reflector and the moderator 
and coolant, respectively. 
 
Figure 1 shows the RSG-GAS reactor has 8 irradiation positions (IP), 4 positions for hydraulic rabbit 
system (HYRS) and 1 position for pneumatic rabbit system (PNRS).  The positions are used for 
isotope production and material testing.  The reactor has also 6 beam tubes. 
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BE = Beryllium Element; BS = Beryllium Element with plug;  
CIP/IP = Irradiation Position; PNRS/HYRS = Pneumatic/ Hydraulic Rabbit System; 

Fig. 1.  Core configuration of RSG-GAS reactor with burn-up class in the second rows. 
 
Presently, the reactor uses 19.75 w/o silicide fuel with uranium meat density of 2.96 g cm-3.  The meat 
density corresponds to 250 and 178.6 g 235U in FE and CE, respectively.  The present equilibrium core 
is divided into eight burn-up classes with an average burn-up step of approximately 7 % loss of 235U. 
 
The present equilibrium core has an excess reactivity at beginning of cycle (at the cold without fission-
product poisons) of 9.2 % ∆k/k and can be operated in 20 full power days (fpd).  At nominal power, 
the average thermal neutron flux in the IP is ∼2 × 1014 neutron sec-1 cm-2. 
 
 
3. Calculation Codes and Criteria 
 
The generation of macroscopic cross-section for U-Mo fuel was prepared with the WIMSD-5B lattice 
calculation code [4] using the ‘1986’ WIMS Nuclear Data Library [5] in the MTR_PC V2.6 system 
[6].  The cross-section was prepared in the 4 groups using the structure of the neutron energy 
boundaries of 10 MeV, 0.821 MeV, 5.531 keV, 0.625 eV and 0 eV.  The cross-section was generated 
as a function of %loss of 235U, uranium meat density, temperature and fission-product poisons (Xe and 
Sm) condition.  The cross-section sets were then arranged in a library for the core calculation. 
 
The core was modeled in 2-dimensional X-Y reactor geometry.  The core calculation was carried out 
using the multigroup neutron diffusion method of the Batan-EQUIL-2D code while the axial buckling 
was corrected by the 3-dimensional core calculation, the blackness coefficient α (DB), for each 
neutron energy group, was used in the calculation for the insertion of AgInCd absorbers. 
 
The equilibrium U-Mo core must fulfill the following design criteria: 
a. No modification on the reactor plant, core and fuel element.  The number as well as the 

performance of irradiation positions and facilities must be maintained. 
b. The fuel refueling/reshuffling scheme is same as that of the present core.  It can be shown in Ref. 

[1]. 
c. The limit of shutdown margin is 0.5 % ∆k/k. 



d. The limit of excess reactivity at the end of cycle (EOC), at the hot and equilibrium-Xe and Sm 
condition, is 1.0 % ∆k/k. The reactivity is provided for experiments, xenon override and flooding-
unflooding beam tubes. 

e. The limit of radial power peaking factor is 1.4. 
 
Table 1 shows the 6 fuel types of U-Mo main characteristics concerned in this paper.  The parametric 
survey in the range of 300 up to 375 g 235U/FE or, equivalently, to 3.55 up to 4.45 g cm-3 uranium meat 
density were conducted. The weight percentages of Mo are chosen for 6 and 9 w/o. 

No. Fuel Type Mo (w/o) Label U Density, g cm-3 Mass of 235U, g 
1 U3Si2-Al - Si300 3.55 300 
2 U-x%Mo-Al 6 6Mo300 3.55 300 
3 U-x%Mo-Al 9 9Mo300 3.55 300 
4 U-x%Mo-Al 6 6Mo350 4.15 350 
5 U-x%Mo-Al 9 9Mo350 4.15 350 
6 U-x%Mo-Al 6 6Mo375 4.45 375 
7 U-x%Mo-Al 9 9Mo375 4.45 375 

Table 1. Fuel Main Characteristics 
 
 
4. Results and Discussions 
 
Figure 2 shows some important parameters of the equilibrium 6Mo300 core as a function of the 
operation cycle length, namely, the excess reactivity at BOC (at the cold and Xe and Sm-free 
condition), the excess reactivity at EOC (at the hot and equilibrium-Xe and Sm condition) and the 
minimum shutdown margin is obtained under one most reactive absorber rod is stuck. The two 
horizontal lines in the Fig. 2 representing the imposed limits, the excess reactivity at EOC of  
1.0 % ∆k/k and the minimum shutdown margin of -0.5 % ∆k/k. 
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Fig. 2. Reactivity (% ∆k/k) vs. Operation Cycle Length (fpd) for 6Mo300 Core 

The procedure was applied for all molybdenum fuel types to obtain an optimum operation cycle 
length.  By imposing the above limits, as shown in Fig. 2, the optimum operation cycle length for 
6Mo300 core is 32.5 fpd with maximum discharged burn-up of 69.4 % loss of 235U.  Although the 
figure of optimization of operation cycle length for 9Mo300 core not shown in this paper, it can be 
concluded that it’s optimum operation cycle length is 32 fpd with maximum discharged burn-up of 
68.5%.  However, the equilibrium 6Mo350, 9Mo350, 6Mo375 and 9Mo375 cores can not be obtained, 
because even one of the above limits is violated.  It can be shown in Fig.3, for example, the 6Mo350 
core with operation cycle length of 45 fpd fulfill the limit of shutdown margin but it can not be 



operated at EOC because the core is in the subcriticality condition.  The condition is also found in the 
9Mo350, 6Mo375 and 9Mo375 cores. Therefore, the discussion will be focused on the 6Mo300 and 
9Mo300 cores. 
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Fig. 3. Reactivity (% ∆k/k) vs. Operation Cycle Length (fpd) for 6Mo350 Core 

Table 2 shows the core excess reactivity at BOC of 6Mo300 and 9Mo300 cores is higher than that of 
the Si300 core within the range of 2.6 – 3.7%.  This condition cause the shutdown margin and the 
excess reactivity at EOC of the cores are lower and higher than that of the silicide core, respectively. 
 

Parameters Unit Limit Si300 6Mo300 9Mo300 
Operation cycle length days > 30. 32.5 32.5 32. 
Cold, without Xe and Sm, BOC reactivity %∆k/k - 9.24 9.58 9.48 
Hot, with Xe and Sm, EOC reactivity %∆k/k >1.0 1.07 1.27 1.25 
Shutdown margin %∆k/k >0.5 1.03 0.72 0.84 
Maximum Radial Power Peaking Factor - ≤ 1.4 1.28 1.25 1.25 

Table 2. The Core Parameters of Equilibrium Molybdenum Cores 
 
The 6Mo300 and 9Mo300 cores have slightly high excess reactivity because the rate of change in 
excess reactivity in the molybdenum cores, after 29 fpd, as seen in Fig. 4, is lower than that in Si300 
core. 
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Fig. 4. Comparison of Excess Reactivity between Si300 and 6Mo300 Cores 

Table 3 shows the level of average thermal neutron flux (≤ 0.625 eV) at selected irradiation facilities 
in 6Mo300 and 9Mo300 cores are slightly lower than that in Si300 core within the range of 0.1 –     



2.3 %.  On the other hand, the level of average fast neutron flux (≥ 0.625 eV) in the molybdenum 
cores are higher that in silicide core within the range of 0.4 – 0.7 %. 
 

Si300 
(Reference) Facility Core Grid 

Position 
(n cm-2 sec-1) 

6Mo300 9Mo300 

Irradiation Position B-6 1.97 × 1014 -1.0 % -1.1 % 
Irradiation Position D-7 2.42 × 1014 -0.1 % -0.1 % 
Irradiation Position E-6 2.45 × 1014 -0.2 % -0.2 % 
Irradiation Position G-7 2.02 × 1014 -2.0 % -2.3 % 
Hydraulic Rabbit System B-1 7.32 × 1013 -1.2 % -1.5 % 
Hydraulic Rabbit System D-1 8.28 × 1013 -0.9 % -1.2 % 
Pneumatic Rabbit System E-1 8.19 × 1013 -0.7 % -0.9 % 

Table 3. Average Thermal Neutron Flux (≤ 0.625 eV) at Selected Irradiation Facilities 
 
 
5. Conclusion 
 
The U-Mo fuel with uranium meat density of 3.55 g cm-3 and contains 6 and 9 w/o Mo, U6%Mo-Al 
and U9%Mo-Al fuels, can be used and proposed as the candidate of equilibrium molybdenum cores 
for RSG-GAS reactor because the cores meet the safety criteria without decreasing utilization 
capabilities. 
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ABSTRACT 
 

The fresh fuel storage of the RSG-GAS multipurpose reactor was originally designed and 
approved for relatively low-density oxide fuel elements. The undergoing core conversion 
program uses higher uranium meat density to enhance the reactor performance, core cycle 
length and reactor utilization. Therefore, the subcriticality condition of the storage will be 
re-evaluated to anticipate the use of silicide fuel with higher uranium density.  The 
evaluation is carried out by means of a continuous-energy Monte Carlo code MCNP-4B2 
with the ENDF/B-VI cross-section library for uranium meat density with the range of 2.96 
to 5.20 g cm-3.  The storage room in the normal and completely flooded with water are 
analyzed.  The calculated results showed that flooded condition gives higher keff within 
∼40,000 pcm for same silicide fuel type.  By applying 95% confidence level, it can be 
concluded that the keff values are much less than the applied limit safety of 0.95.  Indeed, 
the existing fresh fuel storage can be safely used to the planned high uranium density of 
silicide fuel. 

 
 
1. Introduction 
 
The fresh fuel storage of the RSG-GAS multipurpose reactor was originally designed and approved for 
relatively low-density oxide fuel elements. The uranium meat density of the fuel was 2.96 g cm-3 or 
equivalent to 250 g 235U for standard fuel element.  However, in order to take the advantage of fuel 
technology advancement under the RERTR program as well as to achieve higher reactor performance 
and reactor utilization. The use of silicide fuel elements with higher meat density is expected to 
increase the RSG-GAS reactor operation cycle, significantly. For example, using silicide fuel with 
uranium meat density of 3.55 g.cm-3, the operation cycle can be successfully extended from 20 to 32 
full power days [1].  Based on the Ref. [2], the RSG-GAS reactor can be operated using silicide fuel 
with uranium meat density of 4.8 g cm-3. 
 
In the Safety Analysis Report (SAR) of RSG-GAS reactor [3], it is assured that the subcriticality of 
fresh fuel storage can be maintained less than 0.95, even if the storage room should be flooded with 
light water.  Because there are no neutron absorber materials in the storage, the subcriticality is 
maintained by spacing of the fresh fuel elements positions.  Therefore, the subcriticality condition of 
the storage will be re-evaluated to anticipate the undergoing core conversion program. 
 
In this present work, the evaluation is carried out by means of a continuous-energy Monte Carlo code 
MCNP-4B2 [4] with the ENDF/B-VI cross-section library [5]. 



2. RSG-GAS Fresh Fuel Storage Description 
 
The RSG-GAS reactor has some systems for storing fresh and spent fuel, for cooling and cleaning the 
spent fuel pool and for handling and cooling the fuel as it moves within the facility.  In case of the 
spent fuel storage racks are completely fuel-filled, the spent fuel elements will be transferred to 
Interim Storage for Spent Fuel Facility (ISSF). The ISSF is located outside of the reactor building and 
connected with reactor building by a channel. 
 
The RSG-GAS fresh fuel storage consists of 160 element positions.  Each element is inserted into a 
Polyvinyl Chloride (PVC) pipe with 14 cm outer diameter and 0.5 cm thickness.  The storage has 5 
identical racks which contains 32 element positions each.  The PVC positions are placed in a square  
8 × 4 array forming a lattice with a pitch of 25.0 cm × 24.0 cm.  The fresh fuel storage layout is shown 
in Fig.1.  In order to prevent the storage room flooded with water, there are no water-carrying pipes 
running in or through the room. 
 

 
Fig. 1  The RSG-GAS Fresh Fuel Storage 

 
RSG-GAS reactor uses 40 standard fuel elements (each consisting of 21 fuel plates) and control fuel 
elements (each consisting of 15 fuel plates).  Presently, the standard and control fuel elements are, 
respectively, loaded with 250 g and 178.6 g 235U with 19.75 w/o enrichment.  It is equivalent to 
uranium meat density of 2.96 g cm-3. 
 
One fuel plate consists of fuel meat of 0.054 cm thick and AlMg2 clad of 0.038 cm thick. The distance 
between fuel plates is 0.255 cm, in which water coolant flows. The active height of the fuel element is 
60 cm. The dimension of the standard fuel element area is 7.61 cm × 8.05 cm as seen in Fig.2 and the 
total height of that is 86.85 cm. 
 



 
Fig. 2  The RSG-GAS Standard Fuel Element 

 
3. MCNP Calculation Model 
 
The three-dimensional details of standard fuel element and fresh fuel storage rack were taken as the 
MCNP calculation model without any simplification and homogenization.  The model was then 
extended to 30 cm around the rack, including concrete of the wall and floor. 
 
For conservative reasons, the calculations are accomplished under the following assumptions: 
a. All PVC positions are inserted with the fresh standard fuel elements. 
b. All fresh fuel elements are embedded in PVC pipe on the side of 8.05 cm. 
c. In the condition of the storage room is flooded with water, the water density is identical everywhere 

with density of 0.998 g cm-3. 
 
The criticality calculations were carried out using the following parameters: 
a. Silicide fuel with uranium meat density with the range of 2.96 to 5.2 g cm-3. Table 1 shows the 

main characteristics of silicide fuel concerned in this paper.  For normal condition, the range from 
2.96 to 4.8 gU cm-3 is used. 

b. The storage room in the normal and completely flooded with water conditions are analyzed. 
 

No. Label U Density, g cm-3 Mass of 235U, g 
1 Si250 2.96 250 
2 Si300 3.55 300 
3 Si400 ∼4.80 400 
4 Si450 ∼5.2 450 

Table 1. The Selected Silicide Fuel Main Characteristics 



All MCNP calculations were performed with 250 cycles of iteration on a nominal source size of 
15,000 particles per cycle. The first 25 cycles are skipped in order to avoid source convergence 
problem. The ENDF/B-VI continuous energy cross-sections library is used for all calculations.  The 
initial stable fission source distribution was then utilized on the fuel meat points.  The slow neutron 
scattering law data S(α,β) was also used to take into account the chemical binding effects of light 
water and graphite for neutron energies below ∼4 eV.  Finally, the vacuum boundary conditions were 
imposed on the outer boundary of the storage system. 
 
4. Results and Discussions 
 
Figure 3 and Table 2 show the keff values of the storage as a function of 235U mass at normal and 
flooded conditions.  The table shows that the water gives higher keff within ∼40,000 pcm for the same 
fuel type due to the moderation effect of light water reactor and the decrease of leakage neutron rate. 
 
As seen in the Fig. 3, if the keff calculated results are fitted by least square method, it can be observed 
that the increase of keff per g 235U mass is 10 and 60 pcm for normal and flooded conditions, 
respectively. 
 
By applying 95 % confidence level, Table 3 shows that the calculated keff values are much less than the 
applied limit value of 0.95 for both normal and flooded conditions. 
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Fig. 3. keff Values of the Storage vs. 235U mass for Silicide Fuel 

 
 

Normal Condition Flooded Condition Fuel 
Type keff SD keff SD 

∆keff 
(pcm) 

Si250 0.03497 0.00004 0.42456 0.00035 38,959 
Si300 0.04107 0.00005 0.44613 0.00038 40,506 
Si400 0.05274 0.00007 0.47989 0.00041 42,715 
Si450 - - 0.55439 0.00047 - 

Table 2. keff Values as Function of Fuel Type in Normal and Flooded Conditions 
 
 



keff Fuel Type 
Normal Condition Flooded Condition 

Si250 0.03485 – 0.03509 0.42364 – 0.42547 
Si300 0.04093 – 0.04121 0.44512 – 0.44715 
Si400 0.05257 – 0.05292 0.47882 – 0.48097  
Si450 - 0.55315 - 0.55563 

Table 3. The keff Values at 95% Confidence Level for Normal and Flooded Conditions 
 
5. Conclusion 
 
The criticality safety of RSG-GAS fresh fuel storage has been confirmed for the future silicide fuel 
conversion with higher uranium meat density up to 5.2 g.cm3.  For both normal and completely 
flooded conditions, the calculated multiplication factor using 95 % confidence level are much less than 
the applied safety limit of 0.95.  Indeed, the existing fresh fuel storage can be safely used to the 
planned high uranium density of silicide fuel. 
 
6. References 
 
[1] Liem, P.H., et al., Fuel Management Strategy for the New Equilibrium Silicide Core Design of 

RSG GAS (MPR-30), Nuclear Engineering and Design, 180 p. 207-219 (1998). 
[2] Suparlina, L. and Sembiring, T.M., The RSG-GAS Core Management with 4.5 and 4.8 g U/cc 

Silicide Fuel, Indonesian Journal of Nuclear Science and Technology, Vol. IV, Special Ed. 4 
(2003). 

[3] BATAN, The Safety Analysis Report Of RSG-GAS Reactor 30 MW, BATAN, Jakarta (2000). 
[4] Briesmeister, J.F. Ed., MCNP – A General Monte Carlo N-Particle Transport Code, Version 4B, 

LA-12625-M, Los Alamos National Laboratory, USA (1997). 
[5] Briesmeister, J.F. Ed., Appendix G in Ref [4], Los Alamos National Laboratory, USA (1997). 



MCNP CALCULATION OF SUBSTITUTION EXPERIMENTS  
AT RB CRITICAL ASSEMBLY  

 
 

M. PE�IĆ 
Centre for Nuclear Technology and Research �NTI� 

The VINČA Institute of Nuclear Sciences, P. O. Box 522, 11001 Belgrade, Serbia and Montenegro 
 
 

ABSTRACT 
 

Special reactor cores in RB critical assembly were designed using LEU TVR-S fuel 
elements without coolant with the aim to study a reactivity void effect. Such reactor cells 
and cores were calculated earlier by using codes based on diffusion theory and Benoist 
void theory. In such �substitution experiments�, regular fuel elements with coolant were 
successively replaced with new ones without coolant. New data for composition of 
materials of LEU TVR-S fuel elements are revealed this year. The RB reactor LEU 
benchmark cores were re-calculated and better values for keff have been obtained than 
previously reported. Further, MNCP calculations of all 22 substitution experiments in RB 
reactor cores are carried out with the aim to examine validity of data and models. Obtained 
results, given in this paper, show that all three series of substitution experiments, carried 
out for two different lattice pitches and in two distant time periods, can be used as a new 
set of LEU benchmark experiments at the RB reactor.  

 
1. Introduction 
 
RB research reactor is heavy water critical assembly operated by Centre for Nuclear Technologies and 
Research of the �Vinča� Institute of Nuclear Sciences, since 1958 [1]. The reactor has used natural 
uranium metal, 2%-enriched uranium (LEU) metal and 80%-enriched UO2 (HEU) fuel dispersed in 
aluminium matrix. Natural U fuel is in form of a rod (diameter 2.5 cm, length 210 cm, 1 mm Al 
cladding). The LEU and HEU fuel elements are Russian TVR-S type, bought in ex-USSR in 1959 and 
1977/1982, respectively. These elements are slug type, 11.3 cm total length, total diameter 3.72 cm; 
annular fuel layer has outer/inner diameter 3.5/3.1 cm and 10.0 cm total length, clad with 1 mm Al at 
inner and outer side. According to decision of the Serbian Government, all fresh HEU fuel elements 
from RA and RB reactors were sent back to Russian Federation in August 2002. 
 
Different lattices, with regular basic square lattice pitch from 7 cm, 8 cm, 9 cm, 12 cm, 13 cm, and 
their various multiplies, can be formed within bare aluminium tank (diameter 200 cm, height 230 cm, 
thickness 1 cm) filled by heavy water. More than 600 different reactor core configurations are 
examined by end of 2002, using all three types of fuel elements, including several coupled fast-
thermal cores [2]. D2O moderator, used in the same time as core reflector and fuel coolant, is not 
isolated from the air during reactor operation. Due to that circumstance, the contents of light water in 
heavy water was increasing during past years, as consequence of absorption of moisture from the air. 
This �degradation� of heavy water isotopic composition has an approximate average rate of 0.05% 
molar per year and influences criticality parameters of the reactor.  
 
Regular RB reactor cores have inner parts of TVR-S fuel slugs and the fuel tube filled by a stationary 
coolant (heavy water). Special reactor cores are designed with the TVR-S fuel elements without 
coolant, i.e., with air inside fuel tubes and fuel slugs with the aim to study the void effect at reactivity. 
These types of reactor cells and cores were calculated in late sixties and seventies by using computer 
codes based on diffusion theory and correction based on Benoist theory of voids. New theory [3] was 
also developed related to these �substitution experiments� in which the regular RB fuel elements in the 
core were replaced, step-by-step, with new ones without coolant. Using modern computer codes, e.g., 
MCNP [4] and KENO Va [5] from SCALE package, and new developed and verified three-
dimensional (3D) model of TVR-S fuel element, well documented standard RB reactor cores were 



selected, evaluated and accepted as valuable benchmark experiments [6] within International 
Criticality Safety Benchmark Experiments Project in 1999-2001. New certified data for composition 
of materials of 2 % enriched uranium metal TVR-S fuel elements are discovered [7] this year during 
planning a decommissioning project of the RA reactor that had used the same fuel elements. 
Additional measurements of boron contents in the aluminium tubes of the RB reactor were made in 
period 2000-2003 [8 - 10]. These data are compared to existing ones [11 - 12] and evaluated. Data that 
match best to experimental results are selected and included in the models. The RB reactor benchmark 
LEU cores were re-calculated again. Results have shown that the better values for keff have been 
obtained than previously reported [6]. Then, these models and data were applied to new calculations 
(carried out by the MCNP code) of the RB reactor cores with TVR-S fuel elements without coolant 
with the aim to examine validity of data and models for new benchmarks. 
 
2. Nuclide composition of LEU fuel of TVR-S type 
 
Cross section view of the TVR-S fuel type is given in Figure 1. The fuel layer has annular shape with 
ID/OD 3.1/3.5 cm and total length of 10.0 cm. Nominal mass of nuclide 235U in each fuel slug, (7.25  ± 
0.35) g, and impurities in uranium metal are taken from certificate [7]. A content of nuclide 234U in the 
fuel material is not reported by manufacturer and it is estimated using data given in ref. [13]. Nuclide 
236U in the fuel is neglected. Fuel layer cladding (1 mm thick at both sides of fuel layer), bottom and 
top stars of the slug and slug expeller are made from SAV-1 alloy [4] which density is measured in 
Vinča. Nuclide densities of the U fuel layer, SAV-1 (density: 2.729 ± 0.074 g·cm-3) and Yu_Al fuel 
tube (density: 2.482 ± 0.049 g·cm-3), used in the calculations, are shown in Table 1. 

Table 1. New nuclide composition (1024 cm-3) of TVR-S type 
             LEU metal fuel slug, SAV-1 alloy and Yu_Al fuel tube 

Nuclide U 2% enriched SAV-1 Yu_Al 
Mn 2.5784·10-6 6.5811·10-7 2.7207·10-5 
Ni 5.1844·10-6 4.2003·10-7 5.0935·10-6 

B-10 4.8285·10-8 2.1176·10-8 4.8148·10-6 
B-11 1.9436·10-7 8.5235·10-8 1.9380·10-5 

Cr   1.1499·10-5 
Mg  3.7866·10-4 4.3048·10-5 
C 6.1213·10-4 5.2436·10-3 9.4189·10-3 
N 4.0977·10-5   
Al 1.6666·10-5 5.9916·10-2 5.5082·10-2 

Si 4.0722·10-5 4.9738·10-4 3.1932·10-5 

Fe 3.2392·10-5 5.8855·10-5 5.3528·10-5 

Cu 2.7597·10-6 1.1897·10-6 4.7043·10-6 

234U 5.3730·10-6   

235U 8.9614·10-4   

238U 4.3131·10-2   

Cd  2.9240·10-9 1.3297·10-6 
Ti  2.7459·10-6 9.3652·10-6 
Zn  1.2566·10-6  

SUM 4.4781·10-2 6.0857·10-2 5.5294·10-2 
 Figure 1. TVR-S Fuel Element 
 

3. Reactor RB LEU fuel benchmark cores 
 
Basic characteristics of the LEU fuel benchmark cores of the RB reactor [6] are given in Table 2. 
Influence at criticality of part of fuel elements in air (above the heavy water level) is included in 
calculations done by MCNP. Results of previous calculations [6] and calculations with new data from 
Table 1 are given in Table 3. Better agreement of new results with measured criticality is evident.  



Table 2. Criticality Data for Benchmark Cores with LEU Fuel of the RB Reactor [6] 

Core no. 
/Year 

Lattice 
pitch  
[cm] 

No. fuel 
elements 

(no. slugs) 

D2O isotopic 
composition 
[molar %] 

Critical 
level 
[cm] 

T (D2O) 
[oC] 

10/1963 )816( 22 + 52  (13) 99.83 ± 0.02 142.13 ± 0.01 18.6 ± 0.1 

12/1963 14 52  (12) 99.75 ± 0.02 118.66 ± 0.01 19.0 ± 0.1 

76/1963 )714( 22 + 52 (13) 99.62 ± 0.02 129.55 ± 0.01 21.6 ± 0.1 

185/1965 27  60 (11) 99.25 ± 0.03 112.19 ± 0.01 23.3 ± 0.1 

300/1967 16 80 (13) 98.85 ± 0.05 127.80 ± 0.01 24.0 ± 0.1 

311/1968 7 52 (16) 98.70 ± 0.05 186.26 ± 0.01 23.5 ± 0.1 

330/1968 12 32 (16) 98.50 ± 0.05 171.83 ± 0.01 19.1 ± 0.1 

23/1976 28  78 ( 9) 99.57 ± 0.03 100.01 ± 0.01 17.1 ± 0.1 

33/1977 13 57 (11) 99.43 ± 0.03 115.28 ± 0.01 19.0 ± 0.1 

92/1999 28  52 (13) 97.60 ± 0.05 125.90 ± 0.01 13.0 ± 0.5 

93/1999 27  52 (13) 97.60 ± 0.05 126.92 ± 0.01 14.5 ± 0.5 

94/1999 14 52 (13) 97.60 ± 0.05 143.20 ± 0.01 14.5 ± 0.5 
 
 

Table 3. Calculated keff ± 1σ for Benchmark Cores with LEU Fuel of the RB Reactor 

Previous results [6] This work Core no. 
/Year MCNP4B KENO Va MCNP4B KENO Va 

10/1963 1.0103 ± 0.0010 1.0066 ± 0.0009 1.0068 ± 0.0005 1.0035 ± 0.0008 

12/1963 1.0029 ± 0.0009 0.9985 ± 0.0009 1.0014 ± 0.0005 0.9977 ± 0.0006 

76/1963 1.0104 ± 0.0010 1.0066 ± 0.0008 1.0065 ± 0.0005 1.0035 ± 0.0008 

185/1965 0.9991 ± 0.0009 0.9953 ± 0.0009 0.9999 ± 0.0005 0.9975 ± 0.0006 

300/1967 1.0115 ± 0.0009 1.0082 ± 0.0008 1.0102 ± 0.0005 1.0077 ± 0.0006 

311/1968 0.9916 ± 0.0009 0.9932 ± 0.0008 0.9979 ± 0.0005 1.0011 ± 0.0006 

330/1968 1.0064 ± 0.0009 1.0011 ± 0.0008 1.0023 ± 0.0005 1.0018 ± 0.0006 

23/1976 0.9983 ± 0.0010 0.9969 ± 0.0009 0.9981 ± 0.0005 0.9971 ± 0.0006 

33/1977 0.9999 ± 0.0009 0.9959 ± 0.0008 1.0009 ± 0.0005 0.9972 ± 0.0006 

92/1999 1.0018 ± 0.0009 0.9965 ± 0.0008 1.0006 ± 0.0005 0.9974 ± 0.0006 

93/1999 0.9983 ± 0.0009 0.9971 ± 0.0008 1.0007 ± 0.0005 0.9995 ± 0.0007 

94/1999 1.0078 ± 0.0008 1.0041 ± 0.0008 1.0039 ± 0.0005 1.0022 ± 0.0007 

Median keff 1.0032 ± 0.0018 1.0000 ± 0.0015 1.0024 ± 0.0011 1.0005 ± 0.0010 
 
Calculation results presented in this work were obtained using the same nuclide data libraries as in the 
previous ones [6], but with larger number of neutron histories. Median keff is value obtained as the 
average keff for all 12 cases. It is shown together with uncertainty representing the standard deviation 
of the mean (1σ). 



4. Substitution Experiments – Measurement and Calculation Results 
 
The criticality studies with substitution experiments are carried out in the RB cores nos. 334/1968,  
335/1968 and 50/1980. Core no. 334/1968 was formed using 80 fuel elements (FE), each filled with 
13 slugs, in lattice pitch of 8 cm, while the core no. 335/1968 was formed using the same number and 
composition of FE, but in lattice pitch of 16 cm. Heavy water has had 1.5% molar of light water and 
the temperature measured was 21.0 ± 0.2 ºC. Core no. 50/1980 was formed using 52 FE (each filled 
with 14 slugs) in lattice pitch of 16 cm. Heavy water has had 0.63% molar of light water and the 
temperature measured was 20.5 ± 0.5 ºC.  Substitution experiments are carried out step by step 
replacing FE in circular rings and data on heavy water critical level has been recorded in each step. 
Horizontal cross-sections of the cores are given in Figure 2. Full circles represent FE filled with heavy 
water, while empty circles represent substituted FE (i.e., without heavy water) in the core. Rings of FE 
are marked by numbers from periphery of the core to its centre. Basic description of criticality data 
and results of MCNP4B calculations, carried out using new data from Table 1, are given in Tables 4-6. 
All calculations are carried out for 1000 cycles (after 50 initial cycles) with 2000 neutron histories 
each, and with ENDF/B-VI.6 and TMCCS continuous energy neutron data libraries.  

 
Figure 2. Cross Section of RB Substitution Experiments Cores 

 
Table 4. Substitution Experiments in RB Core no. 334/1968 

Number of FE (rings) 
with D2O without D2O 

Measured Hc 
[cm] 

MCNP: 
keff ± 1σ 

0 80 (1 - 11) 136.15 ± 0.02 0.99717 ± 0.00051 
48 (1 �6) 32 (7 � 11) 123.17 ± 0.02 0.99230 ± 0.00051 
56 (1 � 7) 24 (8 � 11) 120.32 ± 0.02 0.99999 ± 0.00049 
64 (1 � 8) 16 (9 � 11) 117.93 ± 0.02 0.99821 ± 0.00050 
68 (1 � 9) 12 (10 �11) 116.41 ± 0.02 0.99786 ± 0.00051 
76 (1 - 10) 4 (11) 113.29 ± 0.02 0.99752 ± 0.00051 
80 (1 � 11) 0 111.64 ± 0.02 0.99683 ± 0.00051 

 

Table 5. Substitution Experiments in RB Core no. 335/1968 

Number of FE (rings) 
with D2O without D2O 

Measured Hc 
[cm] 

MCNP: 
keff ± 1σ 

0 80 (1 - 11) 136.60 ± 0.02 1.00573 ± 0.00047 
48 (1 � 6) 32 (7 � 11) 133.90 ± 0.02 1.00481 ± 0.00051 
56 (1 � 7) 24 (8 � 11) 133.35 ± 0.02 1.01026 ± 0.00051 
64 (1 � 8) 16 (9 � 11) 132.54 ± 0.02 1.00633 ± 0.00050 
68 (1 � 9) 12 (10 �11) 132.26 ± 0.02 1.00578 ± 0.00029 
76 (1 - 10) 4 (11) 131.15 ± 0.02 1.00621 ± 0.00048 
80 (1 � 11) 0 130.59 ± 0.02 1.00633 ± 0.00049 



Table 6. Substitution Experiments in RB Core no. 50/1980 

Number of FE (rings) 
with D2O without D2O 

Measured Hc 
[cm] 

MCNP: 
keff ± 1σ 

52 (1 � 7) 0 134.92 ± 0.02 1.00498 ± 0.00052 
48 (1 � 6) 4 (7) 135.68 ± 0.02 1.00526 ± 0.00051 

48 (1 � 4, 6 - 7) 4 (5) 135.46 ± 0.02 1.00459 ± 0.00052 
44 (1 � 5, 7) 8 (6) 136.18 ± 0.02 1.00512 ± 0.00050 

36 (1 � 4) 16 (5 � 7) 137.33 ± 0.02 1.00532 ± 0.00052 
36 (1 � 2, 5 - 7) 16 (3 - 4) 136.94 ± 0.02 1.00550 ± 0.00052 

32 (3 � 7) 20 (1 � 2) 136.60 ± 0.02 1.00416 ± 0.00051 
0 52 (1 � 7) 141.09 ± 0.02 1.00408 ± 0.00050 

 
5. Conclusion 
 
Results for calculated heavy water critical levels for substitution experiments with LEU fuel in the RB 
cores, obtained with new evaluated data, show that all three series of substitution experiments, carried 
out for two different lattice pitches and in two distant time periods, can be used as �new LEU 
benchmark cores� of the RB reactor. 
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ABSTRACT 
 

In RIAR the works on creation of the multifunctional device for inspection of the spent 
nuclear fuel of research reactors are finished. In the report are given the results of 
preliminary tests of the measuring and television equipment, which will be used in the test 
rig of inspection. The tests were carried out in the irradiation channel - "dry channel" into 
one of pools of the central storage of spent fuel assemblies (SFA). The �dry channel� is the 
pipe stainless steel of length about 7 meters placed into the pool with water between 
standard jacks in which are stored SFA. The device with the detector CZT500S in the 
shielding from lead with the straight-hole collimator dropped into the �dry channel�. The 
device provided lifting and pivot turn of the detector with collimator for radiation guidance 
on one of environmental SFA and scanning it on height. In the same �dry channel� the 
resource tests of the prototype of the TV camera for television system of the test rig of 
inspection were carried out. Influence of the dose rate of γ-radiation on the sensitivity of 
the TV camera was investigated too. 
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ABSTRACT 
 

HANARO is operated with the cycle length of 28 days at 30MW and thus about 9 cycles a 
year. Every cycle, three 36-element assemblies and two 18-element assemblies are 
discharged from the core and refueled. About twenty seven 36-element assemblies and 
eighteen 18-element assemblies are consumed during a year. To reduce the consumption of 
the fuel assemblies, methods for extending the cycle length and changing the fuel reloading 
pattern are studied. These two methods make the maximum linear power higher than the 
current value, but within the limit. The excess reactivity at the end of the cycle for the cycle 
length of 29.5 days is reduced to 14.5 mk, which is acceptable when considering the excess 
reactivity at the EOC. By the extension of the cycle length, more than two 36-element fuel 
assemblies are saved during a year. In the case that the fuel loading pattern is changed, the 
excess reactivity at the end of the cycle is between 14 mk and 23.7 mk and two 18-element 
assemblies are saved during a year. 

 
 
1. Introduction 
 
HANARO is a 30MWth research reactor with the operation cycle length of 28 days and the fuel 
management is performed on the basis of following strategy: 

- The cycle length is at least 28FPDs. 
- The maximum linear power should be less than the limit. 
- The reactor should have a sufficient shutdown margin. 
- The average discharge burnup of the fuel assemblies should be greater than 50%U-235. 

 
As shown in Fig. 1, the core consists of the compact, H2O cooled and moderated, inner core and the 
D2O moderated, H2O cooled outer core. The D2O reflector tank surrounds the core. In the inner core, 
twenty 36-element fuel assemblies and eight 18-element fuel assemblies are placed. Three sites are 
reserved for the RI(Radio Isotope) production and the material tests. In the outer core, four 18-element 
fuel assemblies are loaded and four irradiation holes are used for the experimental fuel irradiation and 
RI production.  
 
After a cycle operation, three 36-fuel assemblies and two 18-element fuel assemblies are discharged. 
For the fuel loading pattern and shuffling scheme, the loading pattern A and B in Table 1 are 
performed in rotation. The new 36-element fuel assemblies belong to the group DA and DB are loaded 
to R07 and R14, regardless of the cycle number.  
 
The fuel assemblies of the group DC and DD show a very different path. That is, the fuel assemblies 
of these groups are depleted during the two consequent cycles without shuffling. Thus following the 
refuelling scheme, two of the 36-element fuel assemblies (group DA and DB) reside during 7 cycles 
and one (group DC and DD) during 6 cycles. But the 18-element fuel assemblies are placed during 6 
cycles in core. The average discharge burnups of the 36-element fuel assemblies and the 18-element 
ones are 55.85%U-235 and 51%U-235, respectively. 

 



 
 

Fig. 1 Plan view of HANARO core and reflector tank 
 
In this paper, two kinds of fuel management schemes will be investigated. One is the extension of the 
cycle length and the other is the change of the fuel reloading pattern to reduce the fuel consumption on 
the basis of the current fuel management method. 
 
 
2. The extension of the cycle length 
 
HANARO was designed so that the excess reactivity at the EOC is around 28mk without irradiation 
materials[1]. This excess reactivity is enough for experiments, radioisotope production and material 
tests through operation experience. Therefore, the possibility of extending the cycle length has been 
studied to economize the fuel. The analysis for the new equilibrium core has been performed using the 
present fuel management code system, WIMS/D-4 and VENTURE [2]. 
 
In the results of the analysis, the cycle length could be extended by about 2 days. When the cycle 
length is extended to 29.5 and 30 days, the reactor has the excess reactivity of 14.5 mk and 11 mk, 
respectively. The cycle length of 29.5days might be acceptable when considering the excess reactivity 
at the EOC. The discharged fuel assemblies are burned more than the current cycle by about 3 %U-
235. The maximum linear power is increased slightly as shown in Table 2.  
 



Table 1. Fuel loading and shuffling scheme 

Group Loading Pattern A 
SA 
SB 
DA 
DB 
DC 

NEW FUEL → CAR4 → SOR2 → CAR2 → OR7 → OR8 → SOR4 → OUT 
NEW FUEL → CAR3 → SOR1 → CAR1 → OR2 → OR1 → SOR3 → OUT 
NEW FUEL → R07 → R15 → R04 → R11 → R01 → R18 → R08 → OUT 
NEW FUEL → R14 → R06 → R17 → R10 → R20 → R03 → R13 → OUT 
NEW FUEL → R05 → R12 → R19 → OUT 

 Loading Pattern B 
SA 
SB 
DA 
DB 
DD 

NEW FUEL → CAR4 → SOR2 → CAR2 → OR7 → OR8 → SOR4 → OUT 
NEW FUEL → CAR3 → SOR1 → CAR1 → OR2 → OR1 → SOR3 → OUT 
NEW FUEL → R07 → R15 → R04 → R11 → R01 → R18 → R08 → OUT 
NEW FUEL → R14 → R06 → R17 → R10 → R20 → R03 → R13 → OUT 
NEW FUEL → R16 → R09 → R02 → OUT 

 
In the results of the analysis, the cycle length could be extended by about 2 days. When the cycle 
length is extended to 29.5 and 30 days, the reactor has the excess reactivity of 14.5 mk and 11 mk, 
respectively. The cycle length of 29.5days might be acceptable when considering the excess reactivity 
at the EOC. The discharged fuel assemblies are burned more than the current cycle by about 3 % U-
235. The maximum linear power is increased slightly as shown in Table 2.  
 

Table 2. The maximum linear power and excess reactivity at the EOC 

 Max. Linear Power Excess reactivity at the EOC 
Limit 100.6 kW/m  
Current 95.7 kW/m 27.8 mk 
29.5days a cycle 97.1 kW/m 14.5 mk 
30 days a cycle 97.5 kW/m 11.0 mk 
Change of loading pattern 99.3 kW/m 14 ~ 23.7 mk 

 
 
3. The change of the fuel reloading pattern 
 
In parallel with the extension of the cycle length, a change of the fuel reloading pattern has been 
studied. The method is that the fuel loading pattern for the 6 cycles is the same as the present one as 
shown in Table 1, but in the 7th cycle, the 36-element fuel assemblies are only changed. That is, the 
18-element fuel assemblies are irradiated one cycle more. The excess reactivity at the EOC and the 
discharged burnup of 18-element fuel assemblies are different from each cycle during 7 cycles. The 
excess reactivity at EOC is the lowest value of 14 mk at the cycle after the 36- element fuel assemblies 
are only discharged and thereafter increases to 23.7 mk at the 7th cycle as shown in Fig. 2.  
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Fig. 2  k-effective values at each cycle 



The maximum linear power increases by about 4 %. The fuel discharge burnup of the 18-element fuel 
assemblies range from 55.6 % to 59.1 % U-235 and those of the 36-element fuel assemblies show 
negligible changes when compared with the current discharge burnup. 
 
 
4. The effect of irradiation material. 
 
The major concern in the extension of the cycle length and the fuel loading pattern change is the 
excess reactivity at the EOC when the irradiation materials are loaded in the core. Various irradiation 
works such as RI production, experimental fuel irradiation, material tests and NTD (Neutron 
Transmutation Doping) are conducted in HANARO. The RI production and NTD are conducted 
usually in the reflector area and they have a negligible effect on the core excess reactivity. The 
material test capsule and Ir-192 production rigs are loaded to the CT or IR holes and the fuel 
irradiation capsules are loaded to the OR holes in Fig. 1. These irradiation materials except for the fuel 
irradiation have a large negative reactivity. The material tests are performed once or twice a year using 
an instrumented capsule. It has a very large negative reactivity as shown in Table 3 due to its structure 
material of stainless steel. The iridium rigs are placed every cycle in the CT, IR-1, IR-2 holes when the 
material test capsule is not loaded. The negative reactivity of the iridium rigs in case of loading them 
simultaneously in the three irradiation holes is about 13.4 mk. 
 
So, the 30-day operation with an excess reactivity of 11 mk at the EOC is difficult to sustain critical 
with the 3 iridium rigs or a material test capsule. But the 29.5-day operation is possible if the amount 
of iridium loading in the rig is reduced. For the change of the reloading pattern, if the loading schedule 
of the material test capsule is controlled, this method has no problem in excess reactivity. 
 

Table 3. Reactivity worth of iridium and the m
capsule in the in-core irradiation hole

Irradiation hole Ir Rig Capsule for m

aterial 
s 

aterial test 

CT - 4.8 mk - 11.4mk 

IR - 4.3 mk - 8.3 mk 

OR - 1.6 mk  
 
 
5. Conclusion 
 
To economize the fuel consu ion, two are consid  is the extension of the cycle 
length from 28 days to 29.5 or 30 days is to change the fuel reloading pattern that 
discharges five fuel assembl uring 6  only three 36-element fuel assemblies at the 7th 
ycle. Two 36-element fuel assemblies are saved by the extension of the cycle length and two 18-
lement fuel assemblies are saved by the change of the reloading pattern. But in the case of extending 

to 30 days, the instrument capsule for the material tests is difficult to load to the CT 
ole and the amount of iridium in the rig should be controlled. For the 29.5 days cycle length, the 

mpt  methods ered. One
 and the other 
cycles andies d

c
e
the cycle length 
h
instrument capsule and the iridium irradiation are performed simultaneously by reducing the amount 
of iridium in the rig. The change of reloading pattern has no problem in excess reactivity at the EOC if 
the irradiation plan is managed such that the material test capsule is loaded at the cycle with enough 
excess reactivity. In the future, the capsule will be optimised at the design stage to reduce the 
reactivity effect on the reactor. The core conversion of HANARO has been studied for the use of high 
uranium density fuel [3]. Until achieving the core conversion, these methods to economize the fuel can 
be adopted to the reactor operation.  
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ABSTRACT 
 

An overview is given of the spent fuel handling procedure during the REBUS burn-up 
credit experiments. In these experiments a spent fuel bundle is introduced in the VENUS 
critical assembly where up till now only fresh fuel was used in neutron code validation 
experiments.  
The introduction of the spent fuel involved the development of a special procedure 
considering the cleaning, transport, shielding and loading of the assembly. This procedure 
was developed using a multidisciplinary approach involving specialist in chemical 
cleaning, electronic and mechanical engineering,  industrial safety, shielding design and 
dose optimization. A combination of mock-up tests and 3D simulations with dose 
evaluation where used to assess the radiation safety of the loading procedure. 
The procedure has been applied in a first experiment using a spent fuel bundle with a burn-
up of 20 GWd/tM and a cooling time of 16 years. Results on cleaning effectiveness and 
doses to the workers taken during the transport and loading are  given. 
 

 

1. Introduction 
 
Optimising the storage capacity of the spent fuel elements is one of the important aims in the 
management of the fuel cycle. A higher storage capacity can for example lead to a reduction in the 
number of spent fuel transports by increasing the number of fuel pins per transport. One way to 
achieve this goal is by taking into account the reactivity loss of the spent fuel elements. Currently 
spent fuel storages need to be assessed based on the fresh fuel conditions. However before being able 
to take the burn-up credit into account we first need to establish that the calculation codes are capable 
to adequately predict the burn-up credit. Therefore a series of experiments is setup called REBUS in 
order to validate the calculation codes [1]. 
Experiments are foreseen with two types of spent fuel, a GNK UO2 fuel enriched to 3.8% with a burn-
up of 51 GWd/tM and a cool down period of 7 years and a MOX fuel with 20 GWd/tM and a cool 
down period of 16 years. The REBUS experiments are performed at the VENUS critical facility. 
VENUS is a zero-power reactor used for the validation of reactor core configurations and criticality 
codes. These experiments are different from the other experiments performed at the VENUS reactor 
by the fact that we now introduce spent fuel in the core. Experiments in the past were only performed 
with fresh fuel. The introduction of spent fuel elements means that the fuel loading can no longer be 
performed manually as was done before with the fresh fuel. A new strategy to load the critical facility 
with the spent fuel bundle needed to be established taking into account the aspects of shielding, 
industrial safety, decontamination, heat production and dose optimisation. In the next sections we give 
a description of the method that was developed to perform the spent fuel handling and loading 
procedure during the REBUS experiments. 
 
2. Technical realisation 
 
Loading the spent fuel pins in the reactor needs to be performed by remote operation and by using a 
proper shielding as the naked spent fuel pin bundle delivers dose rates in the order of several hundreds 
of Sieverts. The bundle is assembled in a hot cell at the SCK•CEN, loaded in a custom designed 
container and transported to the VENUS reactor site. In the shielding design of the container we 



needed to take into account some boundary conditions imposed by the capabilities of the VENUS site. 
The motorised tackle used to lift the container in the building is restricted to a maximum lift of 1.5 ton. 
This had to be taken into account and limits the mass available for shielding during the loading 
operation. A design was put forward consisting of two containers; an outer shielding container used 
during the transport from the hot cell building to the VENUS site and an inner shielding container 
used during the loading phase at the VENUS facility. The transport container enables that the transport 
takes place without any major dose uptake. The inner or loading container allows the tackle to be used 
at the cost of a higher dose rate near the container. We shall see later that the problem of a higher dose 
rate is compensated by having a short loading operation time. 
The loading container is positioned above the VENUS reactor where a telescopic arm is connected to 
the top structure of the bundle enabling the bundle to be lowered into the reactor. This operation is 
only allowed when the personnel has left the reactor room shielded with concrete walls of 2 (upper 
part) and 1 m (lower part) thickness (Fig. 1.). Special attention was paid to the fuel bundle lifting and 
lowering mechanism. The system was designed to allow a manual lift of the bundle, using long 
handling tools, when a failure of the motor or electronics would occur. This meant that in case of a 
failure the bundle can be retrieved to a safe position reducing the exposure risk.  
Other attention points regarding the safe operation during the loading are connected to industrial safety 
more specific the risks associated to the lifting of the inner container. The different lifting points on 
the container where dimensioned to allow a safe lift operation. The whole lifting and loading 
procedure was tested several times using a dummy fuel bundle with the same weight and structure as 
the real bundle to test the soundness of the method. Small adaptation to the procedure were made 
based on the feedback of the tests. 

 
Fig. 1. The VENUS reactor with its biological shielding. The loading container is positioned on top 
of the VENUS reactor with the fuel bundle connected to the lowering and lifting mechanism. 

 
Fig. 2. Photographs of the lifting operations (left: the inner container with the spent fuel elements 
is lifted out of the transport container, right: the container is put into an upright position to be 
lifted towards the top of the reactor). 



3. Container shielding design and shielding tests 
 
In order to minimise the exposure of the personnel during the transport and the loading of the fuel 
bundle we designed the container shielding taking into account the maximum lift of the tackle at the 
VENUS facility. This meant that the total weight of the fuel and the container must be smaller then 1.5 
ton. Therefore we opted for a lead shielding of 10.5 cm around the fuel bundle encapsulated in 
stainless steel with a shielding thickness of 0.8 cm.  
Two different calculation were performed to evaluate the shielding of this design. The first method 
made use of the MicroShield program based on a point-kernel integration with an infinite media build-
up factor correction [2]. The calculations were performed based on the conservative assumptions of a 
fuel assembly of 25 GKN UO2 fuel pins enriched to 4.5 % with a burn-up of 60 GWd/tM and a cool 
down time of 5 years as it is expected that this configuration is the most penalising from the 
radiological point of view. The exact geometry of the bundle was homogenised in a cylindrical volume 
with an equivalent density for the fuel material. The lateral cylindrical shielding is 10.5 cm lead and 
0.8 cm iron. The isotopic composition of the source was derived from ORIGEN 2.1 calculations. A 
maximum dose rate in contact with the shielding was estimated at 5.5 mSv/h. The dose rate at 1 m was 
estimated at 0.664 mSv/h. Both calculation were performed using a lead build-up factor. 
The same calculations were also performed using MCNP 4C using standard photon cross section 
libraries. The geometry was simulated as close as possible to the fuel bundle and container design. The 
source was axially homogenised over the full fuel length of 1 m. A dose rate, in contact with the 
container, of 3.4 mSv/h was calculated. The results of both calculation methods compare well taking 
into account that the first approach returns a conservative estimate due to the geometric and density 
approximations used. 
In both estimates we find a dose value in contact with the container higher then the transport norm of 2 
mSv/h. In order to minimise the dose during the transport of the container from the hot cell to the 
VENUS reactor we designed an additional transport container that envelopes the first one (Fig. 2.). 
This container is made of a 3.8 cm lead shielding. Taking into account the shielding and the 
geometrical factor we arrive at a dose reduction of a factor 10. So dose requirements for transport are 
achieved. Once constructed the inner container was tested on its shielding integrity by moving a Co-60 
source axially in the container and measuring the attenuated radiation intensity on the outside mantle. 
No radiation leaks where found only a slight increase of radiation was detectable near the sliding door 
of the container which is opened to lower the bundle in the reactor. 
 
4. Heat production evaluation 
 
A large number of fission products are present in the spent fuel with a high alpha activity. This leads 
to a heat production in the fuel pins that must be assessed in order to evaluate what the temperature of 
the fuel will be in the REBUS container during transport and prior to the loading. An evaluation was 
made for the GNK fuel (60 GWd/tM, 5 year cool period) using the heat generation assessment code of 
MicroShield [2]. The heat production was conservatively estimated at 3 W per fuel pin a value 
confirmed in literature [3]. The heat source inside the container is estimated at 75 W in total. 
The safety aspects coupled to the heat production were evaluated through a set of experiments where 
the heat production was simulated using a set of resistive heating rods similar in dimension and heat 
production to the fuel pins. The experiments revealed that the temperature in the container rises to a 
maximum of 105 °C. A temperature that does not represent a risks to the materials used in the 
container. However the fact that the bundle temperature will rise to this temperature pushed us to 
respect a cool down time of 2 h from the moment the bundle is lowered out of the container to the 
moment we start with the criticality experiments involving the pumping of water in the reactor vessel. 
Experiments where also performed to test the influence of the heat production of the bundle on the 
temperature of the stagnant water in the reactor vessel. These showed that the volume of water present 
in the reactor is large enough to absorb the heat produced by the spent fuel assembly.  
 
5. Cleaning of the fuel pins 
 
The spent fuel pins used in the first experiment were fuel pins of the BR3 reactor now in the 
decommissioning phase. It was found that they were contaminated to a level of 2.104 Bq.cm-2 in Co-60 



and 2.102 Bq.cm-2 in alpha contaminants. A contamination level that is not allowed in the VENUS 
critical facility. Therefore a cleaning procedure was developed to reduce the contamination level of the 
rods to acceptable levels. The method selected is based on the MEDOC® method, used on a semi-
industrial scale in the decommissioning of the BR3 reactor [4]. This method is very effective and up 
till now 12 tons of contaminated stainless steel has been treated leading to a free release of about 80% 
of the material. The method is based on a bath with cerium IV in a sulphuric acid at a temperature of 
80 °C with ultra sonic agitators to increase the effectiveness of the process on large and complex 
pieces. The cerium IV is regenerated using ozone. Important here is the fact that the method does not 
attack the zirconium i.e. it leaves the fuel pin cladding intact. The method was adapted to clean the 
fuel pins in a hot cell. It was decided to work without regenerating the Cerium IV at a lower 
temperature (60 °C) and without ultrasonic vibrators. Three sequential baths are used, a first with a 
high concentration of Ce IV in a sulphuric acid medium a second with a reduced Ce IV concentration 
and a third slightly acid bath to rinse the fuel pins. Using this method we were able to reduce the 
contamination level on the fuel pins to levels acceptable for the VENUS critical facility. 
 
6. Dose assessment, dose optimisation and personnel training. 
 
The complete loading procedure was tested by performing the loading of a set of dummy fuel pins as 
discussed earlier. We registered the position of the workers and the work duration during these tests in 
order to assess the dose using a 3D dose assessment program called VISIPLAN 3D ALARA planning 
tool [5]. The calculations are performed using a point-kernel algorithm with a build-up correction. The 
photon source of the spent fuel bundle is simulated based on the photon spectrum derived from the 
ORIGEN 2.1 code for 60 GWd/tM and a cooling down period of 5 years (Fig. 3.). 

 
Fig. 3. Dose rate pattern, calculated using VISIPLAN, near the inner container with 
25 GKN spent fuel pins (red: 1, magenta: 0.5, yellow: 0.2, green: 0.1, light blue: 
0.050, blue: 0.020, light gray: 0.010 and dark gray: 0.005 expressed in mSv/h) 

 
The complete sequence of the loading procedure was simulated in VISIPLAN from the moment the 
transport container enters the building to the positioning of the inner container on top of the reactor 
(Fig. 4.). The gamma dose to the personnel is negligible as long as the inner container remains in the 
transport container. This changes when the top of the transport container is removed. We assessed the 
dose for the person controlling the lift and the person performing the hook up operations. The 
collective dose for the loading operation was estimated at 0.058 man.mSv with 40% to the person 
directing the lift operation and 60% for the operator making the connections to the tackle. The latter 
persons is the closest to the container during the operations resulting in a higher dose uptake. The 
loading operation takes 35 man.min in total. The total dose for the loading and the unloading of the 
container is estimated at 0.174 man.mSv taking the dose of the radiation protection person into 
account.  
The neutron dose rate caused by spontaneous fissions in spent fuel was in the order of one 0.27 mSv/h 
for the MOX spent fuel. No attempt was made to reduce the neutron dose by supplementary shielding. 
The neutron dose was kept low by keeping the interventions near the container as short as possible. 



The simulation of the gamma dose prior to the operation gave us the opportunity to inform the 
operators on the dose risks during the whole operation. This lead to a better awareness of the risk and 
ultimately to a dose optimisation during the operation through better positioning of the workers with 
respect to the container. 

 
Fig. 4. Dose assessment of the whole loading operation using VISIPLAN 3D 
ALARA planning tool starting with entering the transport container, removing 
the inner container, lifting the inner container to an upright position to the 
positioning of the container on the VENUS reactor. 

 
7. Conclusion 
 
The introduction of experiments using spent fuel in the VENUS critical facility involved the 
development of a new fuel handling procedure for this site. This procedure was developed taking into 
account aspects of shielding, decontamination, industrial safety and dose optimisation.  
The training of the operations prior to the real operation and the knowledge of the radiation field in the 
work area obtained through the simulation leads to a dose reduction through a reduction of the work 
duration and a greater awareness of the workers regarding the radiation levels involved in the work. 
The procedure is already applied with success to the loading and unloading of the spent fuel of 
20 GWd/tM and a cool down period of 16 years. 
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ABSTRACT 
 

Long wavelength (cold) neutrons with high intensity are indispensable probes for material-, 
biological- and polymer research. For this reason GKSS installed a cold neutron source 
(CNS) at the FRG-1 in 1988. Principal component of this CNS is the moderator cell shaped 
like a discus. As moderator supercritical gaseous hydrogen is applied. With this plant the 
long wavelength neutrons  with λ > 0.4 nm were increased in number by a gain factor of 
more than 20. In order to again increase the yield of cold neutrons, a study for a new layout 
of the moderator cell was performed. The fundamentally new design of the moderator cell 
is based on a hemispheric form, thereby increasing the cold neutron flux by approx. 60% 
exploiting the focusing effects. The new design doubles of the weight of the H2-moderator, 
whereas the weight of the structural material (AlMg3) is increased by just 10%. However, 
this total weight enhancement  increases the nuclear heating by 14%, only. The paper will 
discussed the new moderator cell design, the nuclear heat density and stability requirements 
for the shielding walls. 

 
1. Cold Neutron Source (CNS) 
 
1.1 The existing CNS 
The CNS 1988 installed possesses a moderator cell shaped as a discus, which is filled with 
supercritical gaseous hydrogen as moderator (Fig. 1).  
 
 
 
 
 
 

Dimensions of the CNS moderator cell   
Large axis 155 mm 
Small axis 60 mm 
Wall thickness 5.8 mm 
H2-Volume 796 cm3 

  
 
 

Fig. 1: In-pile Section of the existing Cold Neutron Source 



The moderator cell is manufactured from AlMg3 meeting the following specifications: At normal 
operating conditions to generate cold neutrons the moderator has a temperature of  T ≈ 25K and a 
pressure p ≈ 15 bar, respectively. A He-refrigerator with an inlet-/outlet- temperature of 19K/25K is 
used to provide these low temperatures. The heat generated by the  nuclear heating of the hydrogen of 
approx. 1400 W plus by the heating of the cold structure of approx. 250 W are dissipated at the H2/He 
heat exchanger (Fig. 2). Besides the forced H2-circulation, which cools the moderator cell at all 
operational states of the reactor, it is also possible to cool the moderator cell by natural convection [1]. 
 

 
Fig. 2: Schematic View of  the GKSS � CNS 

 
Should the He-cooling system fail, a standby cooling system is available. This Freon cooling system 
supplies temperatures of �35°C. No cold neutrons are produced any more, but the reactor can be 
operated nevertheless. The GKSS-CNS as existing delivers a gain factor for cold neutrons of more 
than 20 for long wavelength neutrons and is well comparable to other CNS. 
 
1.2 The new moderator cell design 
A  study was ordered from Framatome for an innovative design of the moderator cell to optimise the 
cold neutron flux even further. An important parameter under investigation was the moderator 
thickness in direction of the beam tube. That thickness must enable sufficient moderation of the 
neutrons down to the temperature of the moderator atoms (T ≈ 25K). At the same time the absorption 
of cold neutrons must not increase strongly. These competitive processes are to be considered 
particularly with H2 as moderator in terms of a careful optimisation of the moderator thickness. The 
neutronics design and optimisation by Framatome ANP GmbH was accomplished with the 3D Monte 
Carlo Code MCNP. The basic geometry of the moderator cell consisted of two parallel hemispherical 
shells and two concentric cylinders (Fig. 3).  
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Fig. 3:  3dim. drawing of the new mo
Dimensions of the new moderator cell 
uter radius of hemisphere 84 mm 

nner radius of hemisphere 51 mm 
all thickness 3 mm 
2-Volume 1560 cm3 
 
derator cell 



The distances of the hemispherical shells and of the cylinder barrels varied. That basic design was 
selected also due to its mechanical stability by balls and cylinders so that relatively thin walls could be 
taken. In this way the parasitic heating in the structure material could not rise excessively. 
Calculations for the improved performance of the CNS were performed for different distances. The 
accomplished part of the neutron flux densities at the neutron guide entrance, which had angels 
permitting total reflection at the guide walls, were compared with that part at the existing design. For 
the moderator cell an convincing gain factor of up to 60% results due to the focusing effects of the 
new shape of the moderator cell (Fig. 4). 
 

 

 
Fig 4. Comparison of neutron spectra with dis
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2. Summary 
 
The consistent increase of the neutron flux by two core compactions and by the installation of the CNS 
was already realised by GKSS /2/. The installation of the focusing moderator cell will lead to a further 
increase of the important cold neutron flux. The additional gain of cold neutrons of approx. 60% and 
will lift the FRG-1 to an interesting middle flux neutron source available to the national and 
international user community. Along with the continuous upgrades and refurbishment in the past this 
major improvement is the best guarantee for the future operation of FRG-1 for n-scattering and 
irradiation experiments during the next decade. 
 
3. References 
 
[1] W. Knop and W. Krull; The Cold Neutron Source of GKSS, atw, 43. Jg. (1998), 

Heft 2-Februar 
[2] W. Knop, W. Jager and P. Schreiner; FRG-1 Compact Core with Higher Density Fuel, 

RERTR, Bariloche, November 2002 



U-Mo SPENT FUELS REPROCESSING 
FIRST EXPERIMENTAL RESULTS ON UNIRRADIATED FUELS 

 
 

A. JUVENELLE, M.H. GARRIDO,  
A. VAUDANO and J.Ph. DANCAUSSE 

 
DRCP/SCPS 

CEA/VALRHO-Marcoule, BP 17171, BAGNOLS SUR CEZE Cédex – France 
 
 
 
 

ABSTRACT 
 

The definition of the U-Mo fuels reprocessing process is part of the French qualification 
program. The proposed scheme consists, first of all, in a specific dissolution in a nitric acid 
medium. The obtained solution is then diluted in standard UOx fuel dissolution solutions 
before treatment by the PUREX process. Despite the experience acquired by the  
reprocessing of U-Mo alloys containing from 0.5 to 1 weight % of molybdenum, it was 
necessary to obtain additional data in relation to the RTR fuels (7 % of Mo) and the chosen 
process: solubility of Mo in terms of Al, U and H+ concentrations, dissolution rate versus 
the temperature and the nitric acid concentration. Only the aluminium concentration was 
found to have a significant effect on molybdenum solubility. The results have led to the 
definition of the amount of fuel by dissolution batch. 
The experiments carried out on pieces of fuel plates, show a complete dissolution and a 
meat dissolution rate ranging from 200 to 250 mg.cm-2.h-1 (T =107 °C), the acidity effect 
being insignificant. Finally, no problem was brought up with first experiments carried out 
on heated samples, in order to produce the interaction products between U-Mo alloy and 
Al. 
The results acquired to date have permitted us to define dissolution conditions which are 
now qualified with irradiated samples. 

 
 
1 Introduction 
 
The PUREX process has been chosen by COGEMA to reprocess the RTR spent fuels. Experiments 
carried out in the past to dissolve fuels containing between 0.5 and 1 weight % of molybdenum, 
showed an important effect of certain other elements in the solution on the molybdenum solubility. So 
we needed to assess the Al and U effects on this parameter. 
The dissolution conditions having been defined, the dissolution rate was measured on unmodified and 
heated samples in order to generate interaction products between Al and U-Mo alloy. 
 
2 Molybdenum solubility study 

 
During the sixties, U-Mo spent fuels containing from 0.5 to 1 weight % of molybdenum were 
reprocessed, but the nitric dissolution was only operated on the U-Mo alloy after a chemical 
decclading. 
The main experimental conclusions were : 

 
• uranium concentration and acidity effects on the molybdenum solubility depend each other, 
• the molybdenum precipitation rate is very low at room temperature, 
• the precipitate constitution depends of the medium acidity value. 

 



The aim of this work is, firstly, to assess the aluminium effect on the Mo solubility. The experimental 
area is : 

• aluminium concentration : 0 to 40 g.l-1 
• uranium concentration : 0 to 40 g.l-1 
• acidity value : 1 to 4 N. 

 
In order to achieve the solutions stability quickly, these were maintained at 100 °C for 5 hours after 
Mo dissolution. 
The results, partially presented on figure 1, show a significant acidity effect and a higher one of the 
aluminium concentration ; the uranium concentration being ineffective. 
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Figure 1 : Acidity and aluminium effects on Mo solubility ([U] = 30 g.l-1) 
 
The precipitate analyses confirm an important uranium proportion when the acidity value is lower than 
2 N. When it is more or equal than 3 N, the molybdenum precipitates without uranium. 
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Figure 2 : Comparison between molybdenum solubility and Mo/Al ratio in the fuel                  

(assumption : mass of Al = mass of U7Mo)  



About the dissolution conditions to be used, figure 2 leads to define the complete fuel (U-Mo 
alloy containing 7 weight % of molybdenum) solubility area (on the left hand of the point of 
intersection). In order to obtain a solution free from precipitate, the aluminium concentration 
should be less or equal to 15 g.l-1. 
 
3 Dissolution kinetics 
 
3.1 Unmodified samples 

 
The operating conditions applied, led to obtain the following solution specifications : [Al] = [UMo] = 
15 g.l-1.  
The first experiments carried out on meat samples show the simultaneous dissolution of the three 
elements U, Al and Mo. On an additional test where [Al] = [UMo] = 20 g.l-1 , we firstly observed the 
complete dissolution, following by the precipitation of the excess molybdenum amount. 

 
Dissolution kinetics were performed on plate sections, in order to evaluate the temperature and acidity 
effects. They were measured by monitoring the uranium concentration (ICP/AES) over the time and 
expressed in terms of the external meat surface.  
 
Temperature (°C) 90 100 b.p.         b.p. b.p. 

[H+] initial (N) 6,5 6,0 6,1 7,3 4,8 

[H+] after decladding (N) 5,1 - 4,9 6,0 3,5 

[H+] final (N) 4,5 4,1 4,1 5,2 2,8 

Uranium dissolution rate 
(mg.cm-2.h-1)  

70 110 195 180 185 

Meat dissolution rate  
(mg.cm-2.h-1) 

85 130 235 220 225 

Tableau 1 : Temperature and acidity effects on dissolution kinetic 

The results, mentioned in table 1, show an important effect of the temperature, but the acidity value is 
ineffective. 

 
3.2 Heated samples 
 
Plate sections were heated in order to produce interaction compounds between U-Mo alloy and Al, 
such as observed after irradiation. 
The main objective has been to evaluate their behaviour during the dissolution:  

• Is the dissolution still complete? 
• Is the kinetic modified ? 

 
Three operating conditions were applied (table 2) and the samples TT1 and TT2 were examined. 
 

Sample reference TT1 TT2 TT3 
Temperature (°C) 160 160 400 
Time 5 weeks 15 weeks 100 hours 
Gas flushing AIR AIR ARGON 

Tableau 2 : Heat treatment conditions 

 
Despite the important treatment time, the MEB and EDS examinations of the samples TT1 and TT2 
have not shown an interaction layer around the fuel particles.  



Today the sample TT3 is not yet analysed. However the dissolution of this sample was carried out and 
led to the following results: 

• The dissolution is complete : no residu was observed 
• The meat dissolution rate increases significantly.  

Additional tests are now realized to confirm these results. 
 
4 Conclusion 

 
The experiments carried out to date on unirradiated U-Mo fuels show that the reprocessing is possible. 
The solubility study has shown an important effect of the aluminium concentration on the 
molybdenum solubility and the results acquired have led us to limit the amount of fuel by dissolution 
batch in order to obtain the complete solubility of the fuel. The first results obtained on heated samples 
in order to assess the interaction products behaviour are encouraging. 
So as to confirm these results, experimentations are now operated on irradiated fuels in Atalante 
facilities. 
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ABSTRACT 
 

The spent nuclear fuel of the RA reactor (Belgrade, Serbia and Montenegro) is disposed in the 
stainless channel tubes located in the cooling pools. The total number of these tubes is about 
300, and each contains up to 18 fuel elements. In case of any disposal option for the RA 
reactor spent fuel (transfer for reprocessing or transportation to the long-term dry storage) the 
fuel elements will be taken from the channel tubes, which will be in their turn the solid 
radioactive waste. The report presents two possible ways of handling the channel tubes to 
allow decontamination of their surfaces, both outside and inside.  

 
 
1. Introduction 
 
The spent nuclear fuel of the RA reactor (Belgrade, Serbia and Montenegro) is disposed in 
four connected cooling pools. Part of the fuel (approximately 2600 fuel elements) is contained 
in the stainless channel tubes,[1]. 
The total number of the stainless channel tubes is 304, each containing up to 18 fuel elements. 
The internal volume of the channel tubes is filled with 10 litres of water.  
Water samples taken from the channel tubes show high 137Cs activity. High water activity in 
some channel tubes means that tightness of the fuel elements is lost, and the fuel composition 
have contacts with water, [1]. 
Further storage of the spent fuel under the existing conditions can result in further corrosion-
induced damage to the fuel elements. The spent fuel storage conditions can be improved by 
transfer of the fuel elements to the long-term dry storage. This option of handling the RA 
reactor spent fuel should be reviewed alongside with review of the feasibility of transportation 
of the spent fuel for reprocessing. 
A dry storage can be a structure that uses the actual channel tubes for dry storage of the fuel 
elements. In this case the process of handling the channel tubes will include two main 
operations: decontamination and cleaning of the tube surface and installation of the upper plug 
as biological shielding. 
 
2. Features of microarc decontamination 
 
The low-voltage pulse arc discharges that are power controlled and excited from sources with 
the fixed volt-ampere characteristic by way of direct contact of electrodes (the tool and the 
workpiece) are used for a number of the operations related to treatment and cutting the metal 
structures contaminated with radionuclides. 
This method can be used for granulating the material of elements of those structures having 
superficial or volumetric radioactivity, with the purpose of their compact long-term storage. 



The method of metal removal that is based on the application of this type of the arc discharges 
was called the microarc metal treatment, a technology developed by the NIKIMT Institute. Its 
efficiency when applied for the above purposes was confirmed in 1965 when it was used for 
granulation of the spent nuclear fuel, and then in 1970 – for decontamination of the 
component surfaces, and cutting of the VVER reactor structural elements at the Novovoronezh 
NPP-1.[2] 
 
Specific features of the microarc method are as follows: 

• There is no radioactivity penetration into the surface treated. The cause is that in the 
process of excitation of the arc discharges from the power supply that has the fixed 
volt-ampere characteristic there are contact bridges between the electrodes, and their 
destruction is of explosive nature. The destruction is accompanied with excitation of 
the disconnection arc as well as intensive ejection of the melted metal from the 
treatment area. 

• There is opportunity to change the treatment energy modes by changing the power of 
the arc discharges in a wide range. This allows various operations such as 
decontamination, cutting and granulation of the structural materials to be carried out. 

• The specific power consumption is low (2-5 kWh/kg of metal removed from the 
treatment area). 

• There is opportunity to carry out operations in any non-flammable environment. The 
best (in terms of cost efficiency) process fluids are water and its solutions. 

• The electrode voltage is low (from 7 to 40 V), that makes this method safe for the 
personnel and allows the operations to be made with manual (portable) tools. 

• Practically no efforts are required for treatment. 
• There is possibility to use standard power supplies for operation of the processing 

equipment, including storage batteries (for decontamination). This is important for 
working in the field conditions. 

• Design of the processing tools is simple, and materials for their manufacture are cheap 
(steel, graphite). 

 
In the course of the metal surfaces treatment with the low-voltage pulse arc discharges by 
means of the electrode tool in water and its solutions, the following components are 
generated: 
Solid spherical particles of various size. During decontamination the maximum size of the 
particles is 0.01 to 0.5 mm, depending on the energy mode of treatment. The particles formed 
can be easily trapped with gravitational filters (settling tanks). 
Finely divided particles of 0.005 - 0.01 mm that are formed as a result of condensation of the 
materials’ vapor. During operations in gas media aerosols are formed; during operations in 
liquid media - coarse colloid solutions. The colloid solutions formed in water disintegrate 
quickly, the sediment being formed, while water keeps its properties as the process fluid in 
any operating mode of the installation. 
Oxygen and hydrogen generated as a result of thermal decomposition of water. In mild energy 
modes (decontamination) this phenomenon is not observed, however, at cutting and 
granulation it is necessary to be considered when these processes are implemented in the 
closed space. 
 
3. Electrospark method for processing of internal tube surfaces 
 
With the application of an electrospark method the superficial processes do not involve 
mechanical contact of the electrode and the surface to be treated. The contaminated layer is 
removed with the pulse electric arc that is excited by the electric pulse generator. In this case, 
power consumption, quality characteristics and quantities of the waste, the working medium 
and time of processing are the same as for the microarc method. 
Since there is no mechanical contact between the electrode and the surface being treated, it is 
possible to use power supplies with the soft volt-ampere characteristic. The possibility to 



proportionally distribute the load among three electrodes allows the application of three-phase 
supplies, avoiding phase distortion. 
However, high voltage (about 1500 V) between the electrode and the surface being treated and 
requirement of keeping the fixed gap do not allow the decontamination operations to be 
carried out with the portable tool. 
The application of the electrospark method is effective mostly on the automated lines where 
processing of large quantities of identical items is required. 
 
4. Application of microarc and electrospark decontamination methods for tubes in spent 
fuel storage 
 
For the purpose of decontamination of the tubes in the RA reactor spent fuel storage two 
processes based on the microarc and electrospark methods can be used. Figures 1 and 2 
present decontamination procedures for the external tube surfaces. 
Since the number of the channel tubes in the RA reactor storages is small, the microarc 
method is preferable as the most cheap and easy in implementation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Microarc treatment of tubes.   Fig. 2. Electrospark treatment of tubes. 
 
5. Technological scheme for establishing a long-term dry storage of RA reactor spent 
fuel with use of stainless channel tubes 
 
Preparation of the channel tubes for their installation in a dry storage includes the following 
operations: 
 
1.  Removal of the fuel elements from a channel tube. 
2.  Drying of the fuel elements. 



3.  Decontamination of the outside and inside tube surfaces. Decontamination will be 
carried out in the pool without water drainage from the internal cavity of a tube. 

4.  Drainage of water and decontamination products from the tube to the filtration cleaning 
system. 

5.  Drying of the tube. 
6.  Final mechanical treatment of the tube in order to ensure installation of the upper 

biological shield plug. Manufacture of the plug. Leak tightness test of the tube with the 
plug installed. 

7.  Charging of the fuel elements in the tube and closing of the upper plug 
 
The long-term dry storage can be established by two different ways: 
-  installation of the channel tubes in the pools filled with water; 
-  installation of the channel tubes in a bulk concrete (see Fig. 3). 
 

 
Fig. 3. Channel tube in the dry storage cell 

 
To establish the dry storage in place of the cooling pools, the following preparatory works are 
required: 
-  the pool is to be tightly sealed by the locking gate; 
-  drainage of water from the pool;  



-  cleaning of the pool’s bottom and walls; 
-  coating of inside surfaces of the pool with corrosion-proof compound; 
-  filling of the pool’s internal space with concrete and arrangement of cells for 

installation of the channel tubes (see Fig. 3). 
 
The spacing between the channel tubes shall be determined following the nuclear safety 
requirements. If the number of the fuel elements in one channel tube is increased from 18 to 
25, the available number of channel tubes (304 tubes) will be quite sufficient for installation 
in the dry storage of all the spent fuel of the RA reactor. 
 
6. Conclusion 
 
The channel tubes that contain the RA reactor spent fuel could be used for the long-term dry 
storage of the spent fuel. To implement that, the channel tubes should be decontaminated; the 
microarc method for superficial treatment is proposed for this purpose. The problem of 
decontamination will remain urgent even if the decision on transportation of the spent fuel for 
reprocessing is made. Moreover, costs associated with decontamination of the channel tubes 
with subsequent transfer of stainless steel to the industry should be compared with those 
associated with storage of these tubes as solid radioactive wastes. 
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ABSTRACT 
 

The Finnish Triga reactor, a 250 kW research reactor, has been in operation since 1962. 
The main purpose to run the reactor has been lately the Boron Neutron Capture Therapy 
(BNCT). According to the current operating license of our reactor we have to achieve a 
binding agreement between our Research Centre and the domestic Nuclear Power 
Companies about the possibility to use the Olkiluoto final disposal facility for our spent 
fuel. There is also the possibility to make the agreement with USDOE about the return of 
our spent fuel back to USA. If we want, however, to continue the reactor operation beyond 
the year 2006, the domestic final disposal is the only possibility. At the moment the 
domestic final disposal is naturally the primary alternative and we are preparing a technical 
study about the applicability of the spent Triga fuel to the final disposal surroundings of the 
spent fuel of nuclear power plants. If the BNCT and other irradiations develop satisfactorily 
and seem to have a positive future, which is the situation just now, the reactor can be kept 
in operation beyond the year 2006 and the domestic final disposal will be implemented 

 
 
1. Introduction 
 
The FiR 1 reactor, a 250 kW Triga reactor, has been in operation since 1962. The main purpose to run 
the reactor has been lately the Boron Neutron Capture Therapy (BNCT). The epithermal neutrons (0.5 
eV – 10 keV) needed for the irradiation of brain tumor patients are produced from the fast fission 
neutrons by a moderator block consisting of Al+AlF3 (FLUENTAL) developed and produced by 
VTT. The material gives excellent beam values both in intensity and quality and enables the use of a 
small research reactor as a neutron source for BNCT purposes [1]. Close to thirty patients have been 
treated since May 1999, when the license for patient treatment was granted to the responsible BNCT 
treatment organization [2]. The treatment organization has a close connection to the Helsinki 
University Central Hospital. The funding of the BNCT-project is coming from a public funding 
organisation. The goal of the funding of the BNCT project is to develop the treatment organisation to a 
profit-making company. VTT as the reactor operator has a long term contract with the treatment 
organisation to produce epithermal neutrons for the patient treatments. 
 
The BNCT work dominates the current utilization of the reactor: three or four days per week for 
BNCT purposes and the rest for other purposes such as the neutron activation analysis and isotope 
production. Figure 1 describes the general layout of the BNCT facility at the FiR 1 reactor. The 
facility gives a high epithermal neutron field, 1.1×109 n/cm2s with a very low fast neutron and gamma 
component. 
 
During this and the next year (2004 and 2005) the back end solutions of the spent fuel management 
will have a very important role in our activities and in the possibility to continue the operation of the 
reactor. According to our current operating license we have to achieve next year (2005) a binding 
agreement between VTT and the domestic Nuclear Power Plant Companies about the possibility to use 
the final disposal facility of the Nuclear Power Plants for our spent fuel. In this case we can continue 
the operation of the reactor as long as there is reasonable work to do and the funding is in order. 
Naturally we can also make an agreement with the USDOE within the well-known time limits. 
 



 
Fig 1.  BNCT Facility at the FiR 1 –reactor 

 
2. Final disposal solution in Finland 
 
The Finnish Nuclear Power Companies founded in 1995 a separate company Posiva to develop the 
technology and carry out safety analysis and site investigations for implementing the spent fuel final 
disposal. In 1999 Posiva submitted an application for a decision in principle for a final repository to be 
built at Olkiluoto, on the western coast of Finland. Olkiluoto is also one of the two nuclear power plant 
sites in Finland. At the end of the year 2000 the Finnish government approved the application and sent 
it to the parliament for ratification. The ratification took place in May 2001. Separate licenses still will 
be needed for the construction of the facility, scheduled to start in 2010, and also for the operation, 10 
years later. The government alone will grant these licenses and no political aspects are supposed to 
involve in the licenses. For the final repository the spent fuel will be encapsulated in airtight copper 
canisters and situated in the bedrock at a depth of 500 m. The safety of this deep underground 
repository is based on multiple natural and engineered barriers. Each canister contains 12 normal fuel 
assemblies from nuclear power plants. The present concept for Triga fuel elements is that the elements 
will be loaded in containers, which have the same outer dimensions as the nuclear power plant fuel 
assemblies. This ensures that the Triga fuel will be easily handled in the final disposal facility and 
loaded in the heavy copper canisters. Figure 2 describes the final disposal canisters. 

                
  Posiva Oy      Posiva Oy 

Fig 2. Final disposal canisters 



3. Spent fuel situation at the FiR 1 reactor 
 
In Finland also the research reactor must have a nuclear waste management plan, which contains 
among others a part for spent fuel management. The plan describes the methods, the schedule and the 
cost estimate of the whole spent fuel management procedure starting from the removal of the fuel from 
the reactor core and ending to the final disposal. The cost estimate of the nuclear waste management 
plan has to be updated annually and every fifth year the plan will be updated completely. The plan has 
been based on the assumption that the final disposal site will be somewhere in Finland. Now we know 
that the final disposal facility for the spent fuel of the nuclear power plants will be situated in 
Olkiluoto. The final disposal facility is supposed to be in operation in 2020. 

In Finland the producer of nuclear waste is fully responsible for its nuclear waste management. The 
financial provisions for all nuclear waste management have been arranged through the State Nuclear 
Waste Management Fund. The cost estimate of the nuclear waste management will be sent annually to 
the authorities for approval. Based on the approved cost estimate the authorities are able to determine 
the assessed liability and the fees to be paid to the Fund [3]. The main objective of the system is that at 
any time there shall be sufficient funds available to take care of the nuclear waste management 
measures caused by the waste produced up to that time. The system is applied also to the government 
institutions as FiR 1 research reactor operated by the VTT. 

We have had already for fourteen years an agreement in principle about the possibility to use the final 
disposal facility of one of the Finnish Nuclear Power Companies. Later this agreement was transferred 
to the joint nuclear waste management company Posiva. According to the current operation license of 
our reactor we have to achieve a binding agreement between our Research Centre and either Posiva or 
USDOE about the back end solution of the spent fuel. This means that the said agreement in principle 
is not sufficient any more. The binding agreement with Posiva is the only alternative, when we want to 
continue the reactor operation beyond the year 2006. Obviously the idea is that the binding agreement 
has to be established during the time when there are still two possible agreement partners left. Before 
we can start the real negotiations about the final disposal of our spent fuel with Posiva, we have to 
prepare a safety study about the behaviour of the Triga fuel in the final disposal surroundings. 

The current operation license of our reactor will expire in 2011. It is possible to apply a new license at 
that time. In every case it is very probable that there will be certain waiting time from the shut down of 
the reactor to the opening of the final disposal facility. Therefore there have to be a sufficient interim 
storage for the spent fuel before the transportation to the final disposal facility. After enlargement 
work in 1997 we have sufficiently storage capacity for the fuel in the reactor building. So far we have 
used it as dry storage. In addition to the domestic final disposal solution there is still the USDOE 
alternative available until 2006. 
 
 
4. Safety of the Triga fuel in the final disposal repository 
 
For later negotiations aiming to the binding agreement we are making safety studies about the long 
term behaviour of the spent TRIGA fuel in the final disposal surroundings. The main safety aspects, 
which have to be analyzed and compared to the spent fuel coming from nuclear power plants, are the 
criticality safety, the solubility of the fuel (UZrHx) in water and the existence of some moving and 
long-lived radioactive isotopes. The TRIGA fuel is much more reactive compared to the spent fuel 
coming from nuclear power plants and therefore the TRIGA fuel can not be situated so tightly in the 
final disposal canister. The Triga containers will be situated in the outer zone of the canister and the 
inner zone will be left empty. In practice the empty positions will be loaded with dummy assemblies 
made of cast iron. The criticality safety calculations show, however, that it is possible to load safely all 
the TRIGA fuel elements in one final disposal canister. This is important, because if the criticality 
safety would demand the fuel to be divided to two or more canisters, the expenses would also be about 
twice or more compared to the one canister alternative. 

 



5. Conclusions 
 
At the moment, when the BNCT and other irradiations develop satisfactorily and the funding of the 
reactor is in order, the primary alternative for the spent fuel management is naturally the domestic one. 
It is, however, reasonable to keep so far both of the possibilities still open: the domestic final disposal 
and the return to the USA offered by USDOE. The cost estimates of the both possibilities are on the 
same order of magnitude. At the end of this year (2004) we will be ready to have an opinion about the 
future of the BNCT and the reactor. Consequently we will be able to decide, which of the spent fuel 
policies will be obeyed. Meanwhile the necessary safety assessment concerning the behaviour of the 
spent fuel in the final disposal surroundings will be completed and based on the safety assessment the 
draft of the binding agreement will be written.  
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ABSTRACT 
 

The fuel cycle for Research Reactors and Laboratories is an integral part of the fuel cycle 
of Power Reactors. Due to the type of material (uranium enriched up to 93%) the shipment 
must comply with the international regulation for dangerous goods, IAEA standards and 
National and International laws for physical protection. The AREVA Group Companies 
offer comprehensive solutions. CERCA and COGEMA LOGISTICS have developed a full 
partnership in the front end cycle : 
- In the field of uranium (HEU and LEU) CERCA and COGEMA LOGISTICS have 

the long term experience of the shipment from Russia, USA to the CERCA plant. 
This cooperation includes providing the packages such as TN-BGC, TNUO2, 
technical assistance on sites and door-to-door transportation logistics. 

- Since 1960, CERCA has manufactured over 300,000 fuel plates and 15,000 fuel 
elements of more than 70 designs. These fuel elements have been delivered to 40 
research reactors in 20 countries. 

- Following the fuel fabrication, CERCA and COGEMA LOGISTICS provide 
transport services from CERCA plant to the reactor in Europe or abroad. Most of 
the fuel deliveries are performed with the CERCA 01 package. It has been 
developed in cooperation between both companies, complies with IAEA 96, and can 
be used for multimodal transportation. 

Examples will be provided, such as transports to Japan and within Europe, using CERCA 
package for fresh fuel, TNUO2 or TNF-XI for powders and pellets, or TN-BGC for 
HEU. 
For the Back-End stage, COGEMA and COGEMA LOGISTICS propose customized 
solutions and services for international shipments, in a complex regulatory framework. 
COGEMA LOGISTICS has developed a new generation of packaging to meet the various 
needs and requirements of the Laboratories and Research Reactors all over the world. 4 
TN-MTR casks, which can be equipped with 6 different types of basket allowing a 
capacity from 4 to 68 fuel elements, and 2 TN-106 casks with two different lengths of 
cavity (2200 mm and 2000 mm) are presently in use. A TN-MIL, allowing the 
transportation of 20 irradiated fuel rods will be in use in a very near future. All these 
packagings meet AIEA 1996, TS-R1 regulations. Examples will be provided, on current 
transport operations: OSIRIS shipment to the US, using the TN MTR cask and a 
dedicated ship, shipments of spent fuel from Japan, and recent shipments in Europe using 
the TN 106 cask. Comprehensive assistance, services, technical studies, packaging and 
transport systems are thus dedicated and made available at each stage of the life of the 
research reactor fuel and cover the whole cycle. 
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ABSTRACT 
 

The LVR-15 reactor is a light water research type which is situated at NRI in Rez near 
Prague. The poster describes the procedure and methodology used for sipping test of the 
fuel assemblies. These tests are designed to evaluate the leakage of fuel and fission 
products from the tested fuel assembly. From 1995 to 2003 there have been performed 
about 200 tests. Examples of results of sipping water activity measurements are presented. 
The values of activities of 137Cs and 134Cs are used for decision if the fuel assembly can be 
used in reactor core, transported to storage pool or if it is necessary to put the fuel 
assembly into the special protective can. The used limits of activities are discussed. 
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