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ABSTRACT 
The VALMONT program aimed at qualifying the HORUS3D (HOrowitz Reactor simulation 
Unified System) neutronics calculation route that is used for the development of the JHR core, 
and to verify the correct treatment of UMo/Al (20% enrichment in 235U) fuel. 
The program is composed of two parts. The first part was devoted to the measurement by the 
oscillation technique of the reactivity effect of UAl/Mo fuel with an accuracy around 1% (1�). 
The second part consisted of gamma-spectroscopy experiments on a dedicated UMo/Al fuel 
sample in order to characterize, through axial power profiles and modified conversion ratio of 
238U measurements, the production and absorption effects inside the UAl/Mo fuel. 
The overall excellent agreement between high accuracy experiments and calculations allowed 
to qualify the HORUS3D neutronics calculation route for UMo/Al fuel. 

 
 
1. Introduction 
 
In the framework of preliminary design on JHR (Jules Horowitz Reactor) Error! Reference source 
not found.] which will use the UMo/Al LEU high-density fuel, the experimental VALMONT 
(Validation of ALuminium MOlybdenum uranium fuel for NeuTronics) program in the MINERVE 
reactor of CEA Cadarache was launched in 2004. 
 
The VALMONT program aimed at qualifying the HORUS3D (HOrowitz Reactor simulation Unified 
System) neutronics calculation route Error! Reference source not found.] that is used for the 
development of the JHR core, and thus to adapt to UMo/Al fuel specificities, i.e. an enrichment in 235U 
close to 20% and the presence of the Molyb-denum absorber whose resonances may have interactions 
with the resonances of the Uranium isotopes. 
 
The program is composed of two parts. The first part was devoted to the measurement of reactivity 
effect of UAl/Mo fuel. The oscillation technique was used and allowed an accuracy on measurements 
around 1% (1�). Differential effects of the fuel density, the 235U enrichment, the Molybdenum content 
and the matrix were studied. The second part consisted of gamma-spectroscopy experiments on a 
dedicated UMo/Al fuel pin in order to characterize the production and absorption effects inside the 
fuel. Axial power profiles and modified conversion ratio of 238U were particularly investigated. 
 
This paper resumes the utilized experimental techniques and the results that were obtained. It also 
gives a comparison of calculations to experiments. 
 
2. Experiments 
 
MINERVE is a pool type reactor operating at a maximum power of 100 watts. The core is submerged 
under 3 meters of water and is used as a driver zone for the different experiments located in a central 
square cavity with a size of about 70 cm by 70 cm.   
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The core is contained in a rectangular tank containing about 100 m3 of water. The driver zone consists 
of enriched metallic uranium/aluminium plates clad with aluminium. These are standard Materials 
Testing Reactor (MTR) fuel elements. Figure 1 shows the core loading for a typical configuration (R1-
UO2). 
 
Several lattices corresponding to different neutron spectra can be built in the central region of the 
MINERVE Reactor. For the VALMONT program, measurements were performed in the PWR/UOx 
spectrum (R1-UO2 lattice) that is detailed in Figure 2 and corresponds to a moderation ratio 
Vm/Vf=1.4. 
 

Fig 1.  Radial view of the MINERVE Reactor 
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Fig 2.  PWR/UOx experimental lattice (R1-UO2) 
 



 

 
224

 
2.1. Manufacturing of oscillation samples and of the dedicated UMo/Al fuel pin 
The VALMONT samples (see Table 1) were manufactured at CERCA Romans. They are made of a 
matrix of aluminium containing different fuel components at different concentrations in order to 
differentiate the physical effects. A sixth previously existing sample containing natural Molybdenum 
in an Al2O3 matrix ("AMo"), was also studied to verify the correct treatment of the different resonant 
Molybdenum isotopes. 
 
Each sample is made of fuel pellets with standard PWR dimensions (save for UMo/Al 8 and UMo/Al 
2.2 samples, consisting of annular pellets in order to adapt the reactivity worth to experimental 
requirements) and of a double clad in Zircaloy with an external diameter of 1.06 cm and a length of 
10.35 cm. High accuracy chemical, isotopic and geometrical characterization was performed for each 
sample. 
 
Sample Characteristics 
APur neutral Al2O3, serving for the normalization of the sequence 
UappAl UAlx with depleted Uranium at low density (2.2 gU/cm3), to assess the effect of the 238U 
UAl20 UAlx with 20%-enriched Uranium at low density, to measure the effect of the enrichment 
UMo/Al 
2.2 

UMo/Al with 20%-enriched Uranium at low density, to analyse the effect of 
Molybdenum  

UMo/Al 
8 

reference JHR-fuel, with 20%-enriched Uranium at high density (8 g/cm3), to evaluate the 
effect of the Uranium density 

Tab 4. Samples of the VALMONT oscillation program  

 
Besides, a dedicated fuel pin containing UMo/Al with 20%-enriched Uranium at high density (8 
g/cm3) was fabricated. It contains annular fuel pellets (in order to limit the reactivity worth of the pin). 
The other parts of the pin were exactly the same as for R1-UO2 pins of the lattice. This specific fuel 
pin was used for �-spectroscopic measurements. 
 
2.2. Reactivity worth measurements by the oscillation technique 
The technique consists in oscillating samples in the centre of the experimental R1-UO2 lattice in order 
to measure the associated reactivity variation with an accuracy (reproducibility of the measurements) 
better than 1% (at 1�). Each sample is placed in an oscillation rod and moved periodically and 
vertically between two positions located in and out of the experimental zone Error! Reference source 
not found.]. 

 
The studied sample is compared to a reference sample that is placed in the bottom of the oscillation 
rod. Each sample is measured at least 5 times in order to significantly decrease systematic errors. A 
measurement corresponds to 20 oscillations of 60 seconds each. 
 
The variations of flux induced by the oscillation are detected by a fission chamber placed in the driver 
zone, that commands to a rotary automatic pilot rod.  The pilot rod uses an adjustable surface of 
cadmium sectors to compensate the reactivity variations. The pilot rod is calibrated using 235U samples 
whose reactivity worth is known with uncertainties better than 1% through deterministic calculations.  
 
2.3. �-spectroscopic measurements 

A critical aspect of the experimental program VALMONT was also to characterize the absorption and 
production effects inside UMo/Al fuel. In consequence, the program also included �-spectroscopic 
measurements of modified conversion ratio of U-238 and of the axial power distribution. 
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2.3.1. Axial power distribution 
The axial profile of the total fission rate was obtained by integral gamma spectroscopy on irradiated 
fuel pins Error! Reference source not found.]. The gamma-spectroscopy device was made of a 
standard HPGe detector and adapted electronics, with a lead collimation window allowing the 
measurement of the fuel pins with axial resolution of 2 cm. 
 
2.3.2. Modified conversion ratio of U-238 

The modified conversion ratio is defined as the ratio of the 238U capture rate to the total fission rate 
inside the pin. It was obtained via gamma spectroscopy measurements of irradiated fuel pins. The 
determination is based on the measurement of the integral photopeak of a high-yield fission product 
(FP) relative to the total fission rate inside the fuel pin Error! Reference source not found.].  The 
specific fission product gamma ray line that is used is the 293.27 keV line from 143Ce. The 277.60 keV 
gamma ray line from 239Np is used to measure the 238U capture rate because it is related to the number 
of 238U captures through subsequent beta decays: 
 

PuNpUnU days 239355.2239min5.23239238 ⎯⎯⎯⎯ →⎯⎯⎯⎯ →⎯⎯→⎯+
−− ββ  

 
To perform these measurements, a special device has been developed to detect the low energy �-rays 
with high accuracy using a Low-Energy Germanium detector and adapted electronics. 
 
3. Experimental results – Comparison to calculation results 
 
Figure 3 plots the measured reactivity effect (ordinate in arbitrary unit called “pilot unit”) versus the 
calculated reactivity effect (abscissa) of 235U calibration samples. The slope of the regression line 
allows to convert the pilot units to calculation units (c.u.). 
 
Figure 4 shows the results of the measurements of the VALMONT samples by plotting the measured 
reactivity effects (converted to c.u.) versus the calculated values. The y-error bars correspond to the 
measurement uncertainties (2σ). The calculation uncertainties (x-error bars) are due to uncertainties in 
the material balance of the samples. The plot is normalized to the signal of the inert Al2O3 ("APur") 
sample. 
 
The overall excellent agreement between measurement and calculation is illustrated by the proximity 
of all points to the diagonal. It is confirmed by the comparison of calculations to experiments given in 
Table 2. A detailed analysis leads to the following comments Error! Reference source not found.]: 

– The absorbing effect of the "AMo" natural Molybdenum sample is calculated with an 
acceptable  deviation of 3.7% (experimental uncertainty: 1.9% at 2σ). Note that a "natural" 
Molybdenum isotope cross section, that enabled to take into account with high precision the 
self-shielding interactions of the different natural isotopes, was used for calculations. 

– One remarks a change of sign passing from the depleted UO2 sample (UappAl) to the 20%-
enriched UAlx sample (U20%Al) and from the low- to the high-density UMo/Al samples 
(UMo/Al2.2 and UMo/Al8); these deviations, however small, are thought to be linked to 
approximations in the self-shielding calculation scheme. 

– The deviations of the UAlx and UMo/Al fuel samples with the same Uranium loading of 2.2 
g/cm3 are identical within the experimental uncertainties. This proves that the Molybdenum 
effect is correctly treated in the neutronics calculations. 

– The deviation experiment-calculation of the RJH reference fuel sample ("UMo/Al 8") amounts 
to 2.4 c.u. and is thereby within the experimental uncertainty of 2.8 c.u. (2σ). From a 
qualitative point of view, this result marks the qualification of the neutronics route for this 
fuel. 
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Fig 3. Normalization of the absorber rotation               Fig 4. Calculated (abscissa) vs. measured ordi- 
angle with regard to the calculated reactivity effect      nate) reactivity effects of VALMONT samples 
 
 
Sample 235U-Enrichment 

[% mass] 
Uranium density 
[g/cm3] 

Deviation 
C – M [c.u.] 

Experimental 
Uncertainty (2σ) [c.u.] 

"UappAl" 0.47 2.2 – 4.8 ± 0.9 
"UAl20%" 19.8 2.2 + 7.2 ± 0.9 
"UMo/Al 2.2" 19.8 2.2 + 5.4 ± 1.6 
"UMo/Al 8" 19.8 8.0 – 2.4 ± 2.8 

Tab 5. Deviation (calculated effect – measured effect) of the 4 fuel samples of the VALMONT 
program 

Concerning γ-spectroscopy measurements, 3 fuel pins were analysed (see Figure 2) during the 
VALMONT program: the UMo/Al pin (V) in the centre of the lattice, the fuel pin close to the UMo/Al 
pin (U0) and another one farther away (U1), supposed to be representative for the asymptotic 
homogenous lattice.  

The results of modified conversion ratio (MCR) are given in Table 3. The usual over-estimation of 
calculation of about 2% for the UO2 3% fuel pin U0 and U1 is found, even for the perturbed neutron 
spectrum near U0 pin. The deviation for UMo/Al pin (V) is in agreement with the ~2% (1�) 
measurement uncertainty, what evidences the absence of compensation phenomena with regard to the 
self-shielding. 

  APOLLO2 code + JEF2.2 TRIPOLI4 Monte Carlo  code + JEF2.2 
Fuel pin Measurement Calculation   (C – M)/M Calculation  (C – M)/M 
V 0.1056 ± 3.2% 0.1064 + 0.7% 0.1066 ± 1.8% + 0.9% 
U0 0.5197 ± 4.4% 0.5293 + 1.8% 0.5239 ± 0.8% + 0.8% 
U1 0.4985 ± 3.2% 0.5088 +2.1% 0.4985 ± 0.8% 0% 

Tab 6. MCR  measurement and calculation results (uncertainties correspond to 2σ) 

 
The results of axial power profiles of fuel pins V, U0 and U1 are shown in Figure 5. Bucklings are 
presented in Table 4. 
An excellent agreement within the statistical uncertainties at 2� is obtained between calculations and 
experiments. This confirms the ability of HORUS3D to correctly take into account the production and 
absorption effects inside the UMo/Al fuel. 
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Axial power profile around the UMo/Al fuel pin 
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Fig 5. Axial power profile inside V, U0 and U1 fuel pins 

 
 
 

 measurement calculation  
Fuel pin Bz² (mm-2) Δ (Bz²) / Bz² TRIPOLI4 Bz² (mm-2) s.d. (%) (C – M)/M 
V 1,865E-05 0,64% 1.732E-05 5.8% -7.1% 
U0 1,941E-05 1,03% 1.868E-05 3.2% -3.8% 
U1 1,918E-05 0,47% 1.900E-05 3.2% -0.9% 

Tab 4. comparison of measured axial bucklings to calculated axial bucklings 

 
 
4. Conclusion 
 
The excellent agreement between calculations and experiments about reactivity effect measurements 
performed by the oscillation technique with an accuracy around 1% (1�), shows the ability of 
HORUS3D to correctly take into account the 20% enrichment in 235U, the high density and the 
presence of Molybdenum absorber inside UMo/Al fuel. 
 
A good agreement was also found between MCR and axial power profile experiments and 
calculations, what qualifies HORUS3D for correctly simulating production and absorption effects 
inside UAl/Mo fuel. 

In the end, the overall excellent agreement between high accuracy experiments and calculations 
allowed to qualify the HORUS3D neutronics calculation route for UMo/Al fuel. 
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