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Abstract.  A major challenge for future Fast Reactors could be the recycling of minor actinides (MA) 
in the core fuel, in order to minimize wastes and contribute to meet both the sustainability objective 
and the reduction of the burden on a geological disposal. Although the most outstanding issues will be 
found in the development and validation of the appropriate fuels, the presence of MA in the core can 
potentially deteriorate the core reactivity coefficients. In the present paper we will show however that 
there is no physical limit to the amount of MA in the core fuel, but that a careful physics analysis can 
indicate the most appropriate measures to reduce the MA impact on the reactivity coefficients, and in 
particular, for Na cooled reactors, on the Na void reactivity coefficient. 
 

1. Introduction 

Innovative fast reactors will have to comply with the major objectives as stated, e.g. within the 
Generation-IV initiative, namely sustainability and waste minimization, keeping their safety 
characteristics at least as good as Generation-III evolutionary reactors. As a consequence, a specific 
feature of most innovative fuels envisaged for future fast reactors is the potential high content of 
Minor Actinides (MA: Np, Am, Cm etc). This is the case whatever the mission assigned to a fast 
reactor: to be a breeder, an “isogenerator” or a TRU burner, i.e. fast reactors with very different 
conversion ratios (CRs), and whatever the strategy adopted for the spent fuel processing [1]. The MA 
content can vary in a wide range, according to the core design characteristics and the fuel type. In 
practice, the MA content can vary from a few percent (e.g. <10%) in a core with a CR�1 and with the 
homogeneous recycle of not-separated TRU, aiming to a MA inventory stabilisation in the fuel cycle, 
to ~20-30% in the case of the fuel of a burner fast reactor (CR<1) with a Pu/MA ratio ~1. It is well 
known that the introduction of such significant amounts of MA can have an impact on the core 
reactivity coefficients (e.g. coolant void and Doppler coefficients) and, in the case of cores with a very 
low CR value, on the delayed neutron fraction.  

2. Method for the analysis 

Several recent studies have been devoted to quantify these effects (see e.g. [2]). However, it is 
important to use a flexible and powerful physics tool, in order to understand the physics features of the 
calculated effects, to predict trends and potential limitations during preliminary design phases. This 
flexible and powerful physics tool is provided by the Equivalent Perturbation Theory (EGPT, [3]), as 
implemented in the ERANOS code system [4]. In particular, the effect of the variation of isotope j 
associated to its cross section type k, is given by: 
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where �� , � , �� p , p� are the real and adjoint fluxes of the reference and perturbed system 

respectively and If  and p
fI  are normalisation factors. This method allows then analysing by isotope, 

reaction type and energy region the effect of introducing MA in the core on reactivity coefficients as 
coolant void and Doppler reactivity coefficients.  
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The specific cross section characteristics of the different MA isotopes, and in particular their � 
(= af /���  ) energy behaviour, will have an impact on the neutron importance energy shape and, 
consequently, there will be a potentially significant impact on reactivity coefficients mainly on those 
reactivity coefficients very sensitive to the neutron importance energy shape, like the void reactivity 
coefficient in liquid metal cooled FRs. 

3. Systems considered and reference parameters 

Two Na-cooled FRs with different core size and different MA content have been analyzed [5], namely 
SFR, i.e. a burner fast reactor, with a MA/Pu ratio equal approximately ~0.1 and CR~0.20  and a 
standard large size fast reactor (EFR) with a limited content of MA in the fuel, equivalent to the 
equilibrium value. A summary of the two core characteristics is given below and the respective TRU 
compositions are given in Table I: 

Summary of two core characteristics 

 

 

 

 

 

 

TABLE I: SFR and EFR TRU compositions 

Isotopes SFR Composition 
(x10^24 atom/cm3) 

EFR Composition 
(x10^24 atom/cm3) 

Am241 1.07E-04 5.98E-05 
Am242m 7.41E-05 2.97E-06 
Am243 9.52E-05 1.68E-05 
Cm242 5.83E-06 7.97E-09 
Cm244 6.70E-05 1.21E-05 
Cm245 1.74E-05 2.81E-06 
Cm246 9.46E-06 1.77E-06 
Np237 8.63E-05 9.34E-06 
Pu238 1.41E-04 3.93E-05 
Pu239 7.33E-04 1.12E-03 
Pu240 8.82E-04 6.69E-04 
Pu241 1.61E-04 6.65E-05 
Pu242 2.73E-04 7.32E-05 
U234 1.55E-05 9.50E-06 
U235 5.03E-06 5.96E-06 
U236 1.12E-05 6.57E-06 
U238 1.70E-03 6.60E-03 

 

EFR SFR 
3600 MWth Power 840 MWth Power 
U-TRU oxide fuel  U-TRU-Zr metallic fuel 

U blanket  SS reflector 
22% TRU content  56% TRU content 

1.22% MA  10.8%MA 
1520-to-300°K Doppler 

reactivity  
850-to-300°K Doppler 

reactivity 
Na-void of core and blankets. Na-void of the core
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The following integral parameters have been calculated with the ERANOS code system [4]: Na void 
reactivity and Doppler coefficients and effective delayed neutron fraction. The results have been 
summarized in Table II, where the Na void reactivity coefficient has been calculated with exact 
perturbation theory and both in diffusion and transport theory. It should be mentioned that the 
“leakage” component in transport theory is not a direct, but a deduced result. The transport leakage 
term is calculated as the difference on the group self scattering contribution as absorption and 
scattering source. By direct comparison between the diffusion and transport perturbation components, 
this difference corresponds to the diffusion leakage term. 

TABLE II. Integral parameters for SFR and EFR systems 

Syst.  Theory   

Na-Void Reactivity Perturbation Components 
(pcm)  

Na-void 
total 
effect 
(pcm)  

Doppler 
reactivity 

(pcm) 

�_eff 
(pcm)  

Absorption  Production Leakage  Spectral 
Component 

SFR 
Transport  262.9 120.2 -4512.5 6168.2 2038.9 280 271 
Diffusion  266.3 122.9 -5429.7 6240.5 1200 - - 

Difference  -3.4 -2.7 917.2 -72.3 838.8 - - 

EFR 
Transport 363.6 107 -1255.7 2752 1966.9 1306 337 
Diffusion 365.5 106.8 -1258.8 2753 1966.5 - - 
Difference -1.9 0.2 3.1 -1 0.3 - - 

 

As for the reference parameter calculation, it is important to notice the strong transport effects in the 
Na void reactivity calculation in the case of the smaller system, i.e. SFR, essentially due to the 
overestimation of the (large) leakage effects in diffusion theory. This is already a noticeable effect that 
indicates the need to avoid calculation approximations that can lead to not-conservative estimations of 
important reactivity effects (in this case there is an underestimation by a factor of ~2 of a positive 
reactivity effect). Of course, the difference between diffusion and transport theory becomes small in 
the case of a large system with smaller leakage effects. 

4. Sensitivity analysis with EGPT 

The ERANOS code system [4] has also been used to calculate sensitivity coefficients according to 
equation (1). The energy-integrated sensitivity coefficients for the Na void reactivity effects are shown 
in Table III and IV.  The values in the two tables are sensitivity coefficients, integrated over energy as 
in equation (1), relative respectively to the Na-void reactivity coefficient of the SFR and of the EFR. 

The data shown in Tables III and IV indicate that the global effect of each isotope (here indicated 
under “SUM”) can be interpreted as the combination of competing effects. To investigate energy 
trends, figures 1-6 give some examples, related to the energy breakdown of the fission sensitivity of 
Pu-239, of the capture sensitivity of U-238 and the elastic cross section sensitivity of Fe-56. The 
trends shown in Figs. 1-6 for the selected isotopes are representative of the trends of the corresponding 
sensitivity coefficients in other isotopes. In summary the analysis of the results of Tables III and IV 
and of Figs. 1-6 indicates the following: 
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TABLE III. SFR: Relative Sensitivity Coefficients of Na Void Reactivity to 100% variation 

 

TABLE IV. EFR: Relative Sensitivity Coefficients of Na Void Reactivity to 100% variation 

 

 

 

 

 

 

 

 

 

 

ISOTOPE CAPTURE ELASTIC NU INELASTIC FISSION SUM
Pu239 0.339 0.013 -1.064 -0.022 -0.857 -1.591
Pu240 0.326 0.018 0.676 -0.031 0.391 1.380
Pu241 0.052 0.004 -0.662 -0.006 -0.495 -1.107
Fe56 0.112 1.020 0.000 -0.218 0.000 0.913
Na23 0.078 0.154 0.000 0.515 0.000 0.747

Am242m 0.025 0.001 -0.407 -0.007 -0.316 -0.704
Pu242 0.099 0.006 0.203 -0.009 0.121 0.420
U238 0.356 0.038 0.083 -0.101 0.037 0.413

Am241 0.142 0.002 0.072 -0.011 0.045 0.250
Np237 0.113 0.002 0.072 -0.007 0.040 0.220
Am243 0.118 0.002 0.045 -0.011 0.028 0.182
Cm244 0.042 0.001 0.083 -0.003 0.053 0.176
Cm245 0.007 0.000 -0.098 -0.001 -0.078 -0.170

ISOTOPE CAPTURE ELASTIC NU INELASTIC FISSION SUM
Pu239 0.339 0.013 -1.064 -0.022 -0.857 -1.591
Pu240 0.326 0.018 0.676 -0.031 0.391 1.380
Pu241 0.052 0.004 -0.662 -0.006 -0.495 -1.107
Fe56 0.112 1.020 0.000 -0.218 0.000 0.913
Na23 0.078 0.154 0.000 0.515 0.000 0.747

Am242m 0.025 0.001 -0.407 -0.007 -0.316 -0.704
Pu242 0.099 0.006 0.203 -0.009 0.121 0.420
U238 0.356 0.038 0.083 -0.101 0.037 0.413

Am241 0.142 0.002 0.072 -0.011 0.045 0.250
Np237 0.113 0.002 0.072 -0.007 0.040 0.220
Am243 0.118 0.002 0.045 -0.011 0.028 0.182
Cm244 0.042 0.001 0.083 -0.003 0.053 0.176
Cm245 0.007 0.000 -0.098 -0.001 -0.078 -0.170

ISOTOPE CAPTURE ELASTIC NU INELASTIC FISSION SUM
Pu239 0.313 0.005 -1.089 -0.012 -0.923 -1.706
Na23 0.055 0.362 0.000 0.272 0.000 0.690
U238 0.421 0.096 0.124 -0.184 0.027 0.485
Pu240 0.149 0.003 0.121 -0.009 0.047 0.311
Pu241 0.012 0.000 -0.154 -0.001 -0.120 -0.263
Fe56 0.066 0.022 0.000 -0.033 0.000 0.055

Am241 0.034 0.000 0.012 -0.003 0.006 0.049
Pu242 0.014 0.000 0.013 -0.001 0.006 0.031
Cm245 0.000 0.000 -0.007 0.000 -0.006 -0.013
Cm244 0.003 0.000 0.006 0.000 0.003 0.012

Am242m 0.000 0.000 -0.007 0.000 -0.006 -0.012
Am243 0.009 0.000 0.002 -0.001 0.001 0.011
Np237 0.006 0.000 0.003 0.000 0.002 0.010

ISOTOPE CAPTURE ELASTIC NU INELASTIC FISSION SUM
Pu239 0.313 0.005 -1.089 -0.012 -0.923 -1.706
Na23 0.055 0.362 0.000 0.272 0.000 0.690
U238 0.421 0.096 0.124 -0.184 0.027 0.485
Pu240 0.149 0.003 0.121 -0.009 0.047 0.311
Pu241 0.012 0.000 -0.154 -0.001 -0.120 -0.263
Fe56 0.066 0.022 0.000 -0.033 0.000 0.055

Am241 0.034 0.000 0.012 -0.003 0.006 0.049
Pu242 0.014 0.000 0.013 -0.001 0.006 0.031
Cm245 0.000 0.000 -0.007 0.000 -0.006 -0.013
Cm244 0.003 0.000 0.006 0.000 0.003 0.012

Am242m 0.000 0.000 -0.007 0.000 -0.006 -0.012
Am243 0.009 0.000 0.002 -0.001 0.001 0.011
Np237 0.006 0.000 0.003 0.000 0.002 0.010

Figure 1   Figure 2 
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- The increase of capture at high (e.g. E>100 keV) energy results in a flattening of the high 
energy slope of the adjoint flux (responsible for the positive reactivity Na-void effect). On the 
contrary, the capture increase at low (e.g. E<100 keV), results in a flattening of the low energy 
slope of the adjoint flux (responsible for a negative contribution to the same coefficient). The 
sum of the two effects results in a decrease of the Na reactivity coefficient, due to the 
predominance of low energy effects. 

- The opposite effects are observed for the high energy and, respectively the increase at high 
energy of the fission cross section will result in an increase of the energy gradient of the 
adjoint flux at high energy (and then of the associated positive reactivity effect), that is 
counterbalanced, in the case of fissile isotopes, by a corresponding effect of opposite sign at 
low energy. This means that “fertile” isotopes with threshold fission cross sections will induce 
only the increase of the positive reactivity effect at high energy, while the predominance of 
low energy effects for fissile isotopes give a global decrease of the positive reactivity. 

- Apart from actinide content and associated data uncertainties, a very significant effect is due 
to the elastic cross section of Fe-56. Any variation, both due to composition variation or due to 

Figure 3 Figure 4 

Figure 5 Figure 6 
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data uncertainties, has a very significant impact on the Na void reactivity. For example, a 10% 
increase of the Fe-56 content in SFR, will give rise to a 13% increase of the positive Na void 
effect. 

Finally, the increase of the inelastic component of each isotope will result systematically in the 
reduction of the high energy flux and then in a reduced weight of the high energy positive contribution 
to the reactivity coefficient value. Fe-56, Na-23 and U-238 are the main contributors to this effect both 
in the case of SFR and of EFR.  

As far as the cross comparison of the sensitivity coefficients in SFR and in EFR, the qualitative 
indications given above are confirmed in both cases. However, the quantitative effects differ due, from 
one side, to the different amounts in the two cores of the individual isotopes (case e.g. of Am-242m or 
Am-241) and, on the other side, to the spectrum hardness (case e.g. of Pu-240). As for Fe-56, the large 
difference between SFR and EFR coefficients in the case of elastic scattering component is due to 
energy dependent effects (see Figs 5 and 6).  

In summary, the sensitivity analysis shows that any increase of the amount of « fertile » isotopes 
results in an increase of the positive Na-void reactivity coefficient. Inversely, any increase of fissile 
isotopes results in a decrease of the Na-void reactivity. This feature clearly explains the effects of MA 
isotopes increase, i.e. positive for Am-241, Am-243, Np-237, and Cm-244 and negative for Am-242m 
and Cm-245. 

These sensitivity coefficients can be used to evaluate the effect on the Na-void reactivity of the 
increase, e.g., of a factor of two of the MA content. This increase should be compensated, e.g., by the 
corresponding decrease of Pu and U-238, keeping constant the Pu and MA composition and also the 
Pu/U ratio. This means that the total U+TRU number of nuclides is kept constant. The results are 
shown in figures 7 and 8. In both cases the total effects are rather limited. This is expected, since they 
are the combination of contributions of opposite sign. The absolute values are approximate values, 
since they are calculated at first order, but they are very much representative of physics trends. 

Figure 7 
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Figure 8 

 

5. Direct calculation of MA content on reactivity coefficients 

In figures 9-10 the impact of a variable MA content, calculated using direct calculations of the relative 
composition perturbations, is shown for the case of the Na-void and Doppler reactivity coefficients 
and of beta effective, both for the EFR and SFR systems. These are still indicative trends, since the 
impact can be optimized by design, e.g. playing both on the Pu/MA ratio and on the Pu/U ratio.  

As expected, the Doppler reactivity coefficient is reduced when an increasing amount of MA replaces 
in particular U-238, and the delayed neutron fraction �eff is also reduced, while the positive Na void 
reactivity coefficient increases, essentially due to the spectrum variation effects analyzed above with 
the help of the sensitivity analysis. 

 

Figure 9. SFR: Na-Void and Doppler Reactivity Coefficients and �eff at various MA% 
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Figure 10. EFR: Na-Void and Doppler Reactivity Coefficients and �eff at various MA% 

 

From these results, we can see that, e.g., doubling the amount of MA in EFR (i.e. from 1.2 to 2.4%), 
the void reactivity will only increase by roughly 100 pcm. In the case of SFR, where the initial amount 
of MA is much larger (see table I), doubling the MA content from 10.8 to 21.6% corresponds to an 
increase of the positive Na void effect of ~300 pcm. This value is significant, but still relatively 
modest. As indicated above, the impact of MA increase on reactivity coefficient is very much related 
to the approach taken in core and fuel design, and it can be optimized according to pre-defined 
objectives and constraints. 

6. Conclusions 

These results point out that it is not possible to define rather theoretical “upper limits” in the MA 
content in the fuel of a fast reactor that would recycle TRU in a homogeneous mode, but that a careful 
physics analysis, that should be performed system by system, can suggest appropriate design measures 
that would limit the potential safety impact of the MA content increase in the core, accounting for both 
void reactivity and Doppler reactivity effects. 
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