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Abstract.  During a criticality accident, significant exposure is generated by 4 radiation origins: radiation directly 
induced by fissions (prompt neutrons and gamma), gamma radiations induced by (n, γ) reactions in crossed 
materials (capture gamma) and gamma radiations emitted by fission products. Due to boiling of the solution, a 
fraction of fissions products is airborne and is deposited in the ventilation shafts. 5.1018 fissions are considered in a 
dissolution tank containing uranyl nitrate by using the deterministic ATTILA radiation transport code [1]. 
Instantaneous radiations rates are evaluated as a function of the distance and compared with data available in the 
literature. Dose rates induced behind various shielding materials such as concrete, steel or glass are assessed. In all 
cases, relative contributions of prompt or capture radiations is detailed. 
 
KEYWORDS: Criticality excursion; radiation exposure; airborne fractions 
 
1. Introduction 
 
When the fuel is removed from the nuclear reactor, it still contains about 95% of uranium and 1% of 
plutonium, which can be recycled. 
 
Spent fuel processing consists in separating, via a set of mechanical and chemical processes, those 
products amenable to recovery, namely uranium and plutonium, from final non-recyclable waste (4% 
of fuel) i.e. fission products.  
 
Spent fuel rods that have been shipped are sheared and dissolved in nitric acid. The prevention 
arrangements placed at the time of these operations allow the control of the criticality risk. However, 
this risk which cannot completely be excluded and the consequences of a criticality accident at the 
time of these operations are studied. 
 
2. Experiments 
 
Dealing with criticality excursion in solution, data from the following experiments are available in 
literature [2-3-4]. SILENE is an annular tank which contains uranyl nitrate. It is 40 cm high and 36 cm 
external diameter and 7 cm internal diameter long. The uranyl nitrate solution has 220 g/l of uranium 
and contains 93% 235U. CRAC experiment is based on a 30 cm high and 30 cm diameter tank. The 
uranyl nitrate solution has 80 g/l of uranium and contains 93% 235U. 
 
The maximum value of the observed total dose during tests on the CRAC installation is 580 Gy [2] at 
1 m from the centreline of the source, for 1018 fissions. Doses emitted during the first peak on the 
SILENE reactor for 1017 fissions at 1 m from the core: a neutron dose (KERMA tissus) ~ 20 Gy and a 
gamma dose ~ 25 Gy [2]. Table 1 presents these doses normalized to 5.1018 fissions. 
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Table 1: Induced Total dose (Gy) normalized to 5.1018 fissions. 
 

Configurations Total (np + γ) dose 
(Gy) 

SILENE 1000 +1250 
CRAC 2900 

 
 

3. Model validation 
 
3.1 Geometry and source data 
 

The previous configurations have been modeled and established by ATTILA [1]. The geometries 
described above are used in the models. The source spectra used in the models are established on a 
235U fission spectrum. The sources are normalized to 1 fission, because the aim of this study is the 
radiation transport from a criticality excursion of 5.1018 fissions what ever the configuration is. 

 
 The resulting neutron and secondary gamma flux are then multiplied by 5.1018 fissions and 2.416 

neutrons emitted per fission. In the same way, the resulting prompt gamma flux is multiplied by 5.1018 
fissions and 5.7972 γp per fission. 

 
3.2 Codes 
 

The weight composition of uranyl nitrate solution is calculated by using CIGALES [5]. The 
gamma spectra are established by using ORIGEN2.2 [6]. The neutron and gamma flux are assessed by 
using ATTILA, a 3-D deterministic radiation transport code, used in a steady state mode. These fluxes 
are converted to dose with ICRP74 coefficients [7]. 
 
3.3 Results 

 
Table 2 presents a comparison between the doses obtained with ATTILA and the experimental 

values.  
 
Table 2: Comparison of induced doses by 5.1018 fissions between ATTILA’s models and experiments 

 
 

Configurations Total (np + γ) dose 

SILENE np : 59 %    γ : 78 % 
CRAC 83% 

 
Discrepancies should be due to several factors. Criticality excursion kinetic is complex. 

Simulating a single pulse can be considered as an approximation. Experimental values are averaged 
from multiple experiments. Radiation diffusion especially neutrons on the wall is not considered. 
Excursion is supposed to be homogeneous in the whole source in ATTILA model. Experimental doses 
are extrapolated form measurements by removing attenuation of tank protections and the density 
change due to the boiling effect is not taken into account in the model.  

 
Finally, taking into account all these uncertainties, ATTILA modeling can be considered as a 

satisfying approach of a critical excursion in solution. This means that it can be used to model 
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excursion in solution in facilities. It should be very useful for radiation protection design or setting up 
of criticality detectors.   

 
4. Parametrical study of the radiation transport 

 
During a potential criticality accident, significant exposure is generated by 4 radiation 

components: radiation directly induced by fissions (prompt neutrons and gamma), gamma radiations 
induced by (n, γ) reactions in crossed materials (capture gamma) and gamma radiations emitted by 
fission products (FP).  

 
As the experiments mentioned above, the particles go thought ~ 35 cm of uranyl nitrate and ~1 m 

of air. The influence of different parameters such as the fissile material thickness and protection 
shields (concrete, leaded glass) is studied on a model based on CRAC experiment with a uranyl nitrate 
solution that has 210 g/l of uranium enriched at 93% 235U. 

 
The total dose without protection shields obtained with this model is 1720 Gy at 1 m from the 

source. 
 

4.1 Uranyl nitrate thickness 
 
The diameter of this model varies from 30 cm to 100 cm. In each configuration the 4 doses are 

assessed at 1 meter from the source. 
 
Figure 1:  Influence of the uranyl nitrate tank diameter on the doses 
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As shown by figure 1, neutron and gamma doses are decreasing when the tank diameter increases. 

It can be explained by the fact that the sources are normalized to 5.1018 fissions what ever the 
configuration is. But it also shows that the uranyl nitrate solution has self-absorption behavior or at 
least a dilution effect. 

 
4.2 Protection shields 

 
4.2.1. Without protection shields 
 

In terms of dose, a criticality excursion of 5.1018 fissions in such a configuration with a 5% 235U 
uranyl nitrate causes 1720 Gy at 1 m from the source without protection shields. It comes at ~ 40 % 
from prompt neutrons, 31 % from secondary gamma and ~ 29 % prompt gamma and ~0.1 % from 
gamma emitted by fission products. Prompt neutrons and secondary gammas represent 71 %. Their 
induced Dose Rate (DR) is shown on figure 2; a line at 1 m from the source is drawn. 
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Figure 2:  np and (n,γ) DR  induced by 5.1018 fissions in a uranyl nitrate tank 

 
4.2.2. Behind protection shields 
 

The influence of protection shields are used to assess the doses for workers in the outer 
laboratories. Table 3 presents the doses induced at 1 m from the source behind a 70 cm thick concrete 
wall, behind a 10 cm thick steel door and behind 40 cm of leaded glass (thicknesses currently 
encountered in uranium cycle installation). 

 
Table 3: Induced doses (Gy) at 1 m from the source behind protection shields 

 

Doses (Gy) 70 cm of 
concrete 

10 cm of 
steel 

40 cm of 
leaded 
glass 

Prompt neutrons 
dose 5.2 381 40 

Secondary gamma 
dose 17.5 64.7 1.6 

Prompt gamma dose 2.4 37 0.7 
Gamma emitted by 
FP dose (t = 30 s) 3.9.10-3 6.4.10-2 1.3.10-3 

Total dose 25.1 482.8 42.3 
 
Prompt neutron and gamma created by neutron capture still represent the most part of the total 

dose especially in case of steel. As an example, induced Dose Rate (DR) behind a 70 cm thick 
concrete wall and a 40 cm thick leaded glass window are shown respectively on figures 3 and 4. 

 
Figure 3:  np and (n,γ) DR  induced by 5.1018 fissions in a uranyl nitrate tank behind a 70 cm thick 

concrete wall 
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Figure 4:  np and (n,γ) DR induced by 5.1018 fissions in a uranyl nitrate tank behind a 40 cm thick 
leaded glass window 

 

 
 
4.3 Environmental impact 
 
4.3.1. Airborne fractions 
 

Power excursions leads to different physical phenomena such as warm-up, boiling, evaporation, 
radiolysis... In these conditions, solution containment should be lost and a fraction of the matter 
contained in the canister is airborne. 

 
Among fission products, distinction can be made among rare gases, volatile elements (Iodine, 

Bromine and Ruthenium) and aerosols (Caesium, Rubidium…). Actinides already present in the 
solution are considered as aerosols. Airborne fractions extracted from literature [2] are presented in 
table 4. 

 
Once airborne, particles pass in transit through ventilation network and a fraction deposit on pipe 

walls. This constitutes a source able to irradiate workers. The fraction of particles not deposited is 
subject to be discharged in the environment after filtration. 

 
Table 4: Airborne fraction consecutively to criticality excursion in solution 
 

Radionuclide Fraction airborne (%) 

Short half-life 
 ( T < 60 s) 

92Kr, 141Xe : 10% 
91Kr : 25% 

140Xe : 50% Gas 
Long half-life 

 ( T > 60 s) 100% 

Iodine 20% (a) 
Bromine 20% 

Ruthenium 1% 
Aerosols 0,05%(b) 

(a) In case of boiling (in document 8, iodine airborne fraction can reach 30 %). Under 
boiling, airborne fraction is 1 %. 

(b) Airborne fraction form liquid to ambient air [7] 
 

4.3.2. Dose induced by the deposit in pipes 
 

Conservatively, the maximal activity of every fission products (from t = 0 second to t = 18 hours) 
present in the solution is considered. The activity deposited in ventilation shafts is supposed to be 
0.1% m-1 of the total activity airborne (except gas).   
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The gamma Dose Equivalent Rate (mSv.h-1) induced by fission products generated by 5.1018 

fissions of 235U and deposited on the walls of a 50 cm diameter pipe is simulated by using ATTILA 
[1]. The length of the pipe is increased until the DER converges.  

 
Asymptotically, DER reaches 9.6 mSv/h at 1.5 m below the pipe. At this last distance, a 30 s 

exposition leads to a dose of 80 µSv. 
 

4.3.3. Dose to the members of the public 
 
Dosimetric impact from plume induced to the public, consecutive to the discharge at stack of 

airborne fission products generated to 5.1018 fissions of 235U, can be evaluated with a gaussian model. 
 
Conservatively, the maximal activity of every fission product present in the solution is considered. 

All the matter airborne is supposed to be discharged neglecting deposit in pipes and filtration at stack. 
Inhalation and external dose are evaluated respectively by using ICRP72 [9] and FGR12 [10] dose 
coefficients.  

 
In this configuration, the external dose due to the plume reaches 23 Sv/(s.m-3) while inhalation 

dose from plume is only 0.5 Sv/(s.m-3). Main contributing radionuclides are rare gas such as 138Xe 
(77%), 88Kr (7%), 87Kr (4%) and 134I (6%).  As a consequence, the dose obtained should be not much 
reduced by the presence of filtration stages at chimney. Note that the dose induced by the uranium 
present in the solution before excursion can be neglected. 

 
In this way, the dose obtained at 500 m in normal diffusion conditions with a wind of 5 m.s-1 is 

approximately 1 mSv for an adult for a stack height of 30 m. 
 

4. Conclusion 
 
The aim of this study is to assess the induced doses by a criticality excursion of 5.1018 fissions in 

uranyl nitrate tank. The total dose without protection shields is 1720 Gy at 1 m from the source. 
Attenuation of standard protection shields layers made of concrete, steel and leaded glass are 
calculated. 

 
The environmental impact due to the resuspension of fission products could induce a 9.6 mSv/h 

dose rate for workers after deposit in the ventilation shafts and about 1 mSv to the members of public 
(500 m) after release from a 30 m high stack.  
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