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Abstract 

Homogeneous distribution of fissile material is a crucial characteristic of nuclear fuels.  Radiation assay and 

imaging techniques have been in use for this purpose which are non destructive in nature but have the 

limitation of difficulty in quantification of the level of heterogeneity; if detected any.  Gamma autoradiography 

(GAR) is an imaging technique which is implemented for regular inspection of (U,Pu)C mixed carbide (MC) fuel 

which is the driver fuel for the Fast Breeder Test Reactor (FBTR) of India for plutonium homogeneity.  Though 

plutonium rich agglomerates could be detected in GAR, it is very difficult to characterize the detected 

agglomerates due to the absence of calibration standards.   A theoretical  simulation study was carried out to 

generate reference GAR images which will help in characterisation of plutonium agglomerates detected by 

GAR in MC fuel for FBTR.         
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1. Introduction 

 

The Fast Breeder Test Reactor (FBTR) of India is fuelled currently with (U,Pu)C mixed carbide 

(MC) fuel having a nominal PuC content of 70%.  Homogeneity of plutonium is a concern in mixed 

matrix fuels since it is a crucial requisite for good in-reactor performance of the fuel.  MC fuel is 

fabricated at Radiometallurgy Division (RMD) of BARC through a series of powder metallurgical 

processes including carbo-thermic reduction of U,Pu oxides, cold compaction and sintering [1].  The 

hyper-stochiometric fuel exists in two different phases viz; (U,Pu)C which is referred as MC and 

(U,Pu)2C3 which is referred as M2C3. Increased presence of  M2C3 phase enhances probability of 

localized Plutonium concentration in the fuel [2].  Since this indicates an inherent probability of 

plutonium heterogeneity in the fabrication procedure itself, it is very important to inspect the fuel 

for the presence of any Pu rich agglomerates.  Detection of agglomerates is a challenging task in 

FBTR fuel due to the high concentration of plutonium in the matrix.        
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Gamma auto imaging is a routine non destructive test carried out to characterize plutonium 

bearing nuclear fuels for homogeneity [3]. However, Gamma autoradiography (GAR) has limitations 

in characterising Pu heterogeneities; those detected.  Generation of standard reference 

autoradiographs incorporating every possible way of occurance of plutonium heterogeneity with 

varying governing factors on detectability, such as size, richness and position of the agglomerate is 

practically difficult.   However, simulation studies are applied in situations where experimental 

measurements are not feasible. In this study, a theoretical simulation was attempted using Monte 

Carlo method of radiation transport to recreate the process of image formation in GAR with the 

varying dimensions of agglomerate in the fuel.  The objective was to use the simulated GAR images 

as standards for visual comparison while evaluating the actual gamma autoradiographs during the 

inspection of FBTR fuel.    

 
2. Materials and methods 

 
FBTR fuel pin consists of MC fuel pellets stack flanked on either side each by a single insulation 

pellet made of uranium carbide supported by other internal hardware components made of stainless 

steel loaded in SS316 clad tubes in a specified configuration and hermetically sealed by welding both 

the ends with stainless steel end plugs.  The fuel tube is filled with helium gas for good thermal 

conductivity.  The cross sectional schematic of FBTR fuel element revealing all the internal hardware 

as well as the pellets is shown in figure. 1.  

 

 

                         

                        Fig.1.  Schematic internal configuration of of FBTR fuel element 

 

Gamma autoradiography of fuels pins is carried out by placing the fuel pin on 
radiography film for sufficient period of time for exposure during which gamma rays emitted 
from Uranium and plutonium nuclides interact with the film and forms an image.  Since 
specific radioactivity of plutonium (0.06Ci/g) is significantly more than that of uranium 
(0.33X10-6Ci/g), the image is majorly formed by plutonium gammas and hence could be 
utilized to monitor plutonium distribution in the fuel.  A typical GAR image of a FBTR fuel 
stack is shown in figure 2.   
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Figure 2.  Representative GAR image of a typical FBTR fuel element 

   
Monte Carlo method of simulation for radiation transport involves the actual 

mathematical simulation of transport of the particle/photon through the medium using 
random sampling techniques [4]. A validated Monte Carlo code (FLUKA2011.2C) was used 
for the simulation.  FLUKA code can simulate the propagation and interaction of photons of 
energies from 1 keV to thousands of TeV in very complex geometries modelled using the 
Combinatorial Geometry (CG) package [5,6]. The exact geometry of the fuel pin is simulated 
as an input to the code.  Gamma photons emitted from all the radionuclides present in the fuel 
and their interactive transport through different media such as the fuel, helium, SS clad and 
the radiography film was simulated.  The energy deposited on the film at the end of the 
interactive transport of photons through all the above mentioned media was simulated as a 
data matrix which is representative of the piece of the film corresponding to the simulated 
geometry.  This data matrix was converted to an image using Origin Pro 2015 software to 
generate the simulated gamma autoradiograph in each condition.  
 

The simulation was repeated by varying the homogeneity characteristics of the fuel 
and keeping all other parameters constant. A single fuel pellet was simulated with the 
following different characteristics such as a homogeneous fuel pellet and pellets containing 
Pu rich agglomerates of different sizes ranging from 100-400 µm.  All the simulated images 
were set to the same scale so that they are directly comparable with each other.  Composition 
of the agglomerates were assumed to be of 100% PuC and they were assumed to be situated 
on the surface of the fuel pellet making contact with the film to ensure maximum probability 
of detection during GAR.   
 

3. Results and Discussion 
 

A data matrix of 40X40 size was chosen for collection of detection data, which 
represented a 2mmX2mm portion of the film surface so that a resolution of 50µm (pixel size) 
was achieved in the simulation.  Images corresponding to fuel pellets having no Pu rich 
agglomerates and agglomerates of size 100,300,350 and 400 µm were simulated for the 
study.                                
   

It could be seen from the images that, indication of the presence of a Pu rich 
agglomerate is not visible upto an agglomerate size of 300 µm and is faintly visible when the 
agglomerate is of size 350 µm.  But the clear indication of an agglomerate as a dark spot is 
obtained when the agglomerate size is 400 µm or more.  Hence if a clear dark spot is visible 
on a GAR image of FBTR fuel, it could be inferred as having a minimum size of 400 µm 
since the simulations were carried out assuming the most favourable conditions for detection.  
 

4. Conclusion      
 

The process of  gamma autoradiography of (U,Pu)C mixed carbide fuel for FBTR was 
simulated to generate reference standard autoradiographs.  These images will be helpful in 
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characterizing Pu rich agglomerates if any detected for their size and richness during the 
routine inspection of FBTR fuel.  It was found that a 100% PuC agglomerate of size 300 µm 
or more could be detected by manual visual examination of GAR images of the fuel.  
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