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Abstract

Neutron calculations in the neutron shielding of fast neutron reactors are a complex problem as deterministic schemes are usually not suited for such calculations while Monte-Carlo codes have poor computational performance due to the very low flux levels in neutron shields. In this article, both methods are studied, as well as a hybrid scheme on the neutron shielding of the ASTRID fast reactor benchmark. This hybrid scheme uses a fission source calculated by a deterministic code in order to precisely calculate neutron fluxes in the shielding with a Monte-Carlo code using variance reduction techniques. This provides reference results in order to validate deterministic calculations. Comparisons between deterministic codes and this hybrid reference show that large biases are obtained, up to 50%. Further studies are made to reduce the biases, showing that many physical phenomena should be treated, including anisotropy of the scattering law at high energies and spatial self-shielding inside the boron carbide shielding. These improvements reduce the biases to less than 10%. Finally, some applications to designing criteria for the neutron shielding are presented, such as gas production in the neutron shielding and activation of secondary sodium at the intermediate heat exchanger (IHX).


1 Introduction
1.1 Role of neutron shielding
Neutron shielding is of great importance for sodium cooled fast reactors for several reasons. As the neutron spectrum in the reactor core is obviously harder than in thermal reactors, there is a far larger proportion of leaking neutron due to the smaller diffusion lengths caused by smaller cross sections at high energies. These fast neutrons cause neutron damage on the vessel and the structures, directly affecting the lifetime of the reactor. Furthermore, leaking neutrons can, in case of a sodium-cooled fast reactor, activate the sodium in the internal exchanger, leading to gamma emissions from the secondary loop. This has a direct effect on the maintenance operations due to the gamma dose received by the personnel and hence the availability of the reactor. Therefore, neutron shielding should be as efficient as possible to enhance the reactor's lifetime and performance, which implies that precise calculation tools must be developed to efficiently design neutron shielding by meeting the necessary design characteristics, such as flux attenuation, spectral variation, deposited energy, damage on structures, gas emission, and secondary sodium activation.
1.2 Calculation tools in neutron shielding
There are two families of neutron calculation codes. The first family gathers the stochastic codes, which simulate the random histories of a certain numbers of source particles in order to deduce the wanted physical quantities. This method in principle introduces no geometry, material, angular or energy approximations and is therefore considered as a reference, however as the number of simulated particles is limited, all calculated values have a statistical uncertainty that may be high in many applications especially in deep neutron shielding because of the low flux level in these regions. The second family is represented by the deterministic codes, which introduce discretisation and approximations to solve the transport equation by analytical methods. However, when the methods used are not suitable, biases can occur, which is usually the case in neutron shielding since the approximations introduced are usually more suitable for core applications. In this article, the neutron shielding of the ASTRID ‎[1] core is studied using both the deterministic method, with the ERANOS ‎[2] reference code, which is the historical code used for SFR studies in France, extensively validated against representative fast reactor experiments in the last 3 decades, and the newly developed APOLLO3® ‎[3] codes. The neutron shielding is also studied with the stochastic Monte-Carlo method using the TRIPOLI-4® ‎[4] code.
1.3 Presentation of the ASTRID benchmark
Fast reactors are considered for the future as fourth generation reactors for their better use of natural uranium resources and enhanced safety compared to the current Gen-II and III reactors. While current reactors use water as coolant and moderator, fast reactors use less conventional coolants such as gas, sodium or lead ‎[5] as one wants to avoid any fast neutron moderation. Sodium was historically more used than the other materials for many reasons including its better thermodynamical properties. However, it has a neutronic safety issue: it can lead to an increase of reactivity in case of loss of the coolant: the induced spectrum hardening increases fast fissions of uranium 238 and the number of neutrons by fission. In order to solve or reduce this problem, the CFV concept (Coeur à Faible Vidange–Low Void Core) ‎[6] is proposed. The ASTRID project ‎[1] is an industrial demonstrator of a 4th generation reactor with improved safety level and targeted performances. This core introduces many technical innovations including the CFV concept as described below.
The core is radially composed of two uranium-plutonium oxide fissile zones with different plutonium contents, as depicted in Figure 2. The plutonium content in the external core is higher than in the internal core in order to flatten the neutron flux. The plutonium vector is issued from spent PWR MOX assemblies. The fissile core is surrounded by five rows of reflector assemblies made of magnesium oxide and six rows of shielding assemblies made of natural boron carbide. The assembly pitch is 17.17 cm, which means that the reflector is around 85 cm thick while the lateral shielding is around 1 metre thick.
The core is very heterogeneous axially as described in Figure 1 in order to reduce the void coefficient. Both internal and external cores have a lower fertile zone made of depleted uranium oxide pins. The internal core has a middle fertile plate, while the external core is a little higher. Above the fissile zone, there is a sodium plenum, then the upper shielding. The upper shielding consists of two zones: the lower one uses highly enriched boron carbide, while the upper zone uses natural boron carbide.
The reactivity is managed using control rods composed of both natural and enriched boron carbide, as represented in Figure 2 in pink, black and blue.
The most common material historically used as reflector and shielding for fast reactors is stainless steel. However, this material may lead to large shielding thicknesses, which may lead to large reactor vessels in integrated designs, hence increasing the cost of the reactor. Therefore, the ASTRID prototype uses magnesium oxide as a reflector and boron carbide as shielding for better performance, as described in Figure 3. This makes the ASTRID core an interesting object to challenge neutron calculation codes. Therefore, an ASTRID-like core will be used as a numerical benchmark in this article.
	[image: thumbnail]	Fig. 1 Axial description of the ASTRID core.



	[image: thumbnail]	Fig. 2 Radial description of the ASTRID-like core studied in this benchmark (assembly pitch is 17.17 cm).



	[image: thumbnail]	Fig. 3 Description of the reflector (left) and shielding (right) assemblies (assembly pitch is 17.17 cm).



2 Current status of calculations in the neutron shielding of ASTRID
2.1 Monte-Carlo criticality calculations
An attempt to calculate the flux in the neutron shielding of ASTRID is made with the Monte-Carlo code TRIPOLI-4® ‎[4]. The pointwise JEFF-3.1.1 nuclear data library ‎[7] is used. The core is modelled in a 3D hexagonal geometry in the combinatorial mode, i.e., lattices are considered as the same volume. A radial section from the centre of the core to the neutron shielding is computed at the highest flux axial axis, which corresponds to the middle of the upper fissile zone presented in Figure 1. A criticality calculation in which the neutron source is updated at each generation is run during 7 days on 126 CPU. 104 particles by batch are used and the first 50 batches are discarded (5 × 105 particles) to ensure convergence on keff. About 3 × 10⁹ neutron histories were simulated. However, despite the huge computational power deployed, the flux calculation fails to converge in the neutron shielding, as the standard deviations (1σ) obtained in the two first neutron shielding rings are 5% and 30% respectively, while no scores were given in the last three rings. The obtained fluxes and standard deviations up to the first two neutron shielding rings are presented in Figure 4. In the following, all mentioned uncertainties are given at 1 standard deviation.
Figure 4 shows that the neutron flux is flat in the fissile zone in the fissile core, and then decreases quickly in the reflector (between 2 and 3 decades in the first four assemblies − i.e., in ∼70cm) and even quicker in the neutron shielding (about 2 decades in one assembly − i.e., in 17 cm). The corresponding standard deviation has an opposite behaviour: it is very low in the fissile core (less than 0.1%), but increases steadily in the reflector to reach 5% in the first ring of neutron shielding. The low flux level in the neutron shielding is the main reason for the high standard deviations obtained in those remote areas. As the standard deviation follows a [image: equation] law with respect to the number of neutron histories, it is virtually not possible to compute accurate fluxes in the neutron shielding using brute force methods. Variance reduction techniques have to be used, and will be discussed in the following sections.
A similar work was done on the axial section of fissile assemblies. Traverses were computed from the bottom to the top of several fissile assemblies. As the obtained tendencies are similar, only one inner fissile assembly will be presented. The fissile assembly studied is from the last row of the internal core. The standard deviation obtained at the top of the upper shielding may reach 7%. The results are presented in Figure 5.
Figure 5 shows that the flux is high in the fissile zones and decreases in both directions, while the standard deviation follows the opposite behaviour. The figure also shows the shape of the flux due to the successive fissile and fertile zones and shows the flux decrease in the upper neutron shielding. One can see that in the 7.5 cm enriched boron carbide zone, the flux decreases by almost a decade, followed by a 3-decade decrease in the remaining 62.5 cm natural boron carbide zone. As for the radial traverse, variance reduction techniques are necessary to compute the flux in the upper neutron shielding. However, as the radial problem is harder to solve than the axial problem, these techniques will be detailed in part ‎3, but for the radial traverse only.
	[image: thumbnail]	Fig. 4 Radial traverse of the neutron flux obtained with a TRIPOLI-4® criticality calculation.



	[image: thumbnail]	Fig. 5 Axial traverse of a fissile assembly obtained with a TRIPOLI-4 ® criticality calculation.



2.2 Deterministic calculations
The reference deterministic calculation tool is the ERANOS code ‎[2], developed since the beginning of the 1990's for fast reactor applications. The reference calculation route is based on a two-step scheme:
	
a fine-flux cell calculation using the method of first collision probabilities and the subgroup method for self-shielding, the so-called ECCO 1968-group energy mesh ‎[8] is commonly used.



	
a core calculation that uses either the Pn
 or the SPn method and the nodal method ‎[9] for 3D calculations, or the Sn
 method and the finite differences method for 1D or 2D calculations, commonly using the 33-group energy mesh ‎[8].






For the present study, the core is modelled in three dimensions using nodal and SP3 methods. Two calculation schemes are used, a so-called project scheme and an improved one, treating the heterogeneity of the structure assemblies at the cell level and enhancing the transport treatment at the core level (Tab. 1).
The project calculation needs about one hour to calculate the neutron flux in the ASTRID core including neutron shielding, while the improved scheme needs four more time. As there is not yet a reference calculation in neutron shielding, comparisons are presented later in the article between the two schemes. A new generation of deterministic codes is developed with the APOLLO3®‎ [3] multi-purpose code and will be used later in the article.
Table 1 
Calculations schemes used in the ERANOS code.

Table 2 
Calculation cost and biases obtained with each deterministic method.

3 Building a reference hybrid scheme for the ASTRID neutron shielding
Figures 4 and 5 show that Monte-Carlo calculations are unable to calculate fluxes in the ASTRID neutron shielding within acceptable calculation time. As the radial problem is harder, only this problem is detailed in this section. Within the framework of the present topic, an extensive experimental validation work has been performed preliminary on the TRIPOLI-4 tool and its nuclear data library, on both representative fast ZPR configurations with internal storage (the BALZAC SI experiment ‎[10]) and deep propagation in reference shielding problems (the Janus Fe88 ‎[11] and phase7 ‎[12] experiments). The aim was to both ensure the overall performance of the code and its library, and to identify and manage the C/E residual biases for deep transport problems.
Variance reduction techniques need to be applied in order to compute the flux in the neutron shielding with Monte-Carlo codes. These techniques, informally called biasing, consist in increasing the neutron propagation towards a certain direction. A correction is made on the weight of neutrons to keep the consistency of the simulation. However, these techniques cannot be used in criticality mode, as the fission source, which is updated at each generation, would be unrealistic. Therefore, a constant fission source must be defined for such calculations. This fission source is introduced in TRIPOLI-4® using the shielding mode. Variance reduction techniques can therefore be used.
In order to validate this approach, the following methodology is applied:
	
the various fission sources are calculated.



	
a shielding calculation is performed using each source, without the use of variance reduction techniques.



	
comparison of the obtained fluxes using the criticality calculation as a reference wherever the standard deviation allows it (mainly the core and the reflector in radial traverses).



	
a shielding calculation using each source, with the use of variance reduction techniques in order to reduce the standard deviation in the area of interest (last shielding ring in the case of radial traverses). The exponential transform method is used with an importance map generated analytically with the INIPOND module of the TRIPOLI-4® code. A punctual attractor is placed at the end of the neutron shielding in order to calculate the importance map. The energy mesh used is [20 MeV, 8 MeV, 4.5 MeV, 2 MeV, 1 MeV, 10−5 eV] and the (r,θ,z) spatial mesh is (20 cm, 9°, 20 cm). The calculation of the importance map is fairly quick (several minutes at most). A “monitoring” process is executed afterwards in order to optimise the importance map: five batches of particles are simulated and coefficients are introduced on the energy importance to maximise the number of collisions close to the attractor.



	
as there is no reference in those areas of interest, an arbitrary source is chosen to check the impact of the studied effects. When applicable, this arbitrary reference would be the source calculated with the most precise options. Comparisons are made to this reference.





3.1 Punctual stochastic fission sources
An intuitive way to compute the neutron source is to save the pointwise fission sources from a criticality Monte-Carlo simulation. Four sources of this kind are tested:
	
the 100th batch of a calculation with 1000 neutrons per batch (i.e., the first 99 batches are discarded).



	
the 100th batch of a calculation with 10,000 neutrons per batch.



	
the 100th batch of a calculation with 100,000 neutrons per batch.



	
the 100th batch of a calculation with 500,000 neutrons per batch.





The position of the fission sources is introduced in TRIPOLI-4® as pointwise sources, with an isotropic angular distribution and a Watt fission spectrum, while the weight of each source is turned into a source intensity. As presented in the introduction of Section 3, a first-step shielding calculation is done without using variance reduction techniques and the obtained fluxes are compared to those computed in the criticality calculation. This is done on radial traverse calculations. Results are presented in Figure 6.
Figure 6 shows that the first source gives very poor results in comparison with the criticality calculation, with biases up to 100%. The increase of the number of points in the source calculation reduce these biases, however there is an unexplained fluctuation until the 100,000 point source. In order to understand this behaviour, the Shannon entropy is used.
The Shannon entropy ‎[13] can be used as a criterion to evaluate the fission source convergence in Monte-Carlo calculations. If the space is divided in N volumes, and the probability of a fission source to be in the region i is pi
, the Shannon entropy can be calculated through the formula:[image: equation]

In case of an uniform distribution, the entropy is maximum and equal to log(N).
The Shannon entropy is computed during the two calculations used to generate the sources. The spatial mesh used to compute the entropy is cylindrical.
Figure 7 shows that there is a large fluctuation in the Shannon entropy for the calculations with 1000 and 10,000 neutrons per batch, and these fluctuations decrease as the number of neutrons per batch increases. This can be explained by the size of the core. Even if the 500,000-point source seems to give satisfactory results, the source computation is very long (several days to compute 5 × 107 histories) as parallelisation is not possible. Furthermore, the memory load of the propagation calculation increases with the number of sources and reaches 4 Gb per CPU with 500,000 sources, making this type of calculations inefficient and inaccurate. Therefore, this type of stochastic source will not be studied in the article.
	[image: thumbnail]	Fig. 6 Comparison between Monte Carlo shielding calculations using pointwise stochastic fission sources and criticality calculation.



	[image: thumbnail]	Fig. 7 Shannon entropy computed during the calculation of each source.



3.2 Deterministic sources
Another way to calculate the fission source is to compute the v ∑ fΦ reaction rate (total production of neutrons by fission) over all fissile and fertile areas, and to introduce it as a source in a shielding calculation, using an isotropic angular distribution and a Watt fission spectrum. A neutron source is thus computed using the ERANOS deterministic code ‎[2] by calculating the 33-group neutron flux in each cell and multiplying it by the corresponding v ∑ f cross section. The two calculation schemes presented in Table 1 are used. The fission source is also computed with the TRIPOLI-4® code using the score dedicated to particle production. Each calculated source (the two ERANOS sources and the TRIPOLI-4® source) are then introduced in an independent TRIPOLI-4® shielding calculation.
3.2.1 Impact of the deterministic scheme used to compute the source
The methodology presented above is applied. First, each source is used in a TRIPOLI-4® shielding calculation without using variance reduction techniques. The results are compared to the fluxes obtained by the criticality calculation on the core and the reflector.
Figure 8 shows that, as expected, the source computed with TRIPOLI-4® gives the best results, with biases smaller than 2% in comparison to the criticality calculation. The improved deterministic scheme gives satisfactory results with biases around 3%. However, this source is far easier to compute as explained previously.
Then, the three computed sources are used in a TRIPOLI-4® shielding calculation using variance reduction techniques. As comparisons with the criticality calculation in the neutron shielding are not possible, the fluxes obtained with the source calculated with TRIPOLI-4® are used as an arbitrary reference.
The tendencies obtained in Figure 8 are confirmed by Figure 9, with a slight overestimation of the flux in the neutron shielding with the improved ERANOS source in comparison to the TRIPOLI-4® source. Figures 8 and 9 show that the source used to compute the flux in the neutron shielding based on variance reduction techniques should be as accurate as possible, but the improved deterministic scheme should be sufficient to obtain accurate fluxes in the neutron shielding.
	[image: thumbnail]	Fig. 8 Radial flux traverse comparison between shielding calculations using sources from different origins and the criticality calculation.



	[image: thumbnail]	Fig. 9 Shielding calculations with variance reduction techniques: radial flux traverse comparison between the deterministic sources and stochastic source.



3.2.2 Impact of the fission spectrum
The previous studies were made using the Watt fission spectrum as the fission spectrum in the shielding calculation. This fission spectrum may be enough for most applications. In order to check the possible impact of the fission spectrum, comparisons will be made between six fission spectra:
	
Watt fission spectrum (previous studies), with the default TRIPOLI-4® values (a = 0.9804 MeV, b = 2.286 MeV−1).



	
Fast fission spectrum (2 MeV) of plutonium 239 (main fissile isotope in the ASTRID core).



	
Thermal fission spectrum (2.5 eV) of plutonium 239.



	
A spectrum calculated by getting the energies of fission neutrons during a criticality calculation. The spectrum is averaged all over the core and discretised on the VITAMIN-J 175-group fast shielding energy mesh ‎[8]. Below 50 keV, the groups are condensed in one group. This spectrum will be called “averaged TRIPOLI-4® spectrum”.



	
The fission spectrum calculated with the ERANOS code in the external core, discretised on the ECCO 33-group energy mesh ‎[8].



	
The fission spectrum calculated with the APOLLO3® deterministic code ‎[3] in the external core, discretised on the ECCO 33-group energy mesh. This code allows for an energy dependency of the incident neutron, while the ERANOS code uses a fission spectrum independent from the energy of the incident neutron.





The impact of the fission spectrum is studied through the analysis of six different shielding calculations without variance reduction techniques. The source is calculated with TRIPOLI-4®, and a different fission spectrum is used in each calculation. The fluxes obtained are then compared to the results obtained with the criticality calculation. Note that in the criticality calculation, the energy of fission neutrons is sampled taking into account the energy of the neutron that induced the fission.
Figure 10 shows that there is almost no impact of the fission spectrum used on the fluxes in the core and in the reflector (within associated statistical uncertainties).
Next, the same shielding calculations using different fission spectra are performed, but using variance reduction. As comparisons to the criticality calculation are not possible, the TRIPOLI-4® averaged spectrum (in cyan on Fig. 10) is used as an arbitrary reference.
Figure 11 shows that, even if the impact of the fission spectrum is negligible in the core and in the reflector, it has an important effect on the flux in the neutron shielding. Boron 10 being a thermal absorber, the neutron flux that propagates deep in the neutron shielding is mainly fast (Fig. A1). Therefore, the fastest neutron spectra give the highest flux level in the neutron shielding. It is thus necessary to have an accurate fission spectrum to calculate the flux in the neutron shielding. The fission spectrum can be calculated using either a deterministic or a Monte-Carlo code, but its dependency to the energy of the incident neutron should be taken into account in the first case.
	[image: thumbnail]	Fig. 10 Radial flux comparison between shielding calculations using different fission spectra and the criticality calculation.



	[image: thumbnail]	Fig. 11 Radial flux profile comparison between the shielding calculations with variance reduction techniques using each fission spectrum.



3.3 Conclusion of the hybrid scheme
The use of variance reduction techniques is mandatory to precisely compute fluxes in the radial neutron shielding of the ASTRID reactor. Therefore, the input fission source used as an external source in a shielding calculation needs to be computed. Part ‎‎3.1 shows that stochastic punctual sources are not suited for these calculations due to both lack of convergence and crippling CPU time. Another way is to calculate the v ∑ fΦ reaction rate all over the core. The choice of the source type was discussed and it has been proved that a deterministic scheme that better takes into account the structure assemblies and the spatial discretisation gives satisfactory results in terms of accuracy and performance. Finally, the impact of the fission spectrum has been evaluated, and it was proved that in case of boron carbide shielding, the fission spectrum needs to be evaluated in an accurate way, taking into consideration the dependency of the energy spectrum of the incident neutron. Given the results from the preliminary studies, we are now able to accurately compute the flux in the radial neutron shielding of ASTRID. The fission source computed with TRIPOLI-4® is used with the fission spectrum calculated by TRIPOLI-4® all over the core in a shielding calculation. Variance reduction techniques are used to reduce the statistical uncertainty in neutron shielding. The calculated neutron flux and its statistical uncertainty are plotted in Figure 12.
Figure 12 shows that the neutron flux in the radial shielding of ASTRID decreases by almost one decade by ring. The decrease is slower than in the first ring, mainly due to the fact that the neutron flux arriving to the first ring is mainly thermal and thus more subject to the capture on boron 10, while the neutron spectrum in the last rings is mainly fast (Fig. A1).
The previous studies have shown that building a Monte-Carlo reference may be very complex and time consuming for neutron shielding. Therefore, it could be interesting to have a deterministic scheme able to compute neutron fluxes in the shielding in a flexible way that may allow applied studies such as depletion calculations.
	[image: thumbnail]	Fig. 12 Flux in the core and in the radial shielding of ASTRID calculated with and without variance reduction techniques.



4 Deterministic/Monte-Carlo comparisons
In this part, an attempt to build a deterministic calculation scheme for the neutron shielding of the ASTRID core is made. First, the current ERANOS ‎[2] deterministic code is used. Then, the new capabilities of APOLLO3® ‎[3] are explored.
4.1 Current calculation schemes
In this section, the calculation schemes presented in Table 1 are used to calculate the neutron flux for the radial traverse of the ASTRID core. The comparison is made to the results obtained with the hybrid scheme presented earlier, using the criticality calculation in the core and the reflector and the shielding calculation with variance reduction techniques in the shielding. As shown in Figure 12, the combined statistical uncertainty is smaller than 1% and will not be presented.
Figure 13 shows that the ERANOS code gives large biases on the neutron flux, especially with the project scheme. Biases up to 40% are obtained in the neutron shielding, with large instabilities like the instability between the last row of the reflector and the second row of the radial shielding. These biases could be due to the limitations of the ERANOS code, including the scattering law limited to P1, the limitations on memory usage that restricts the calculation to the simplified transport method, etc. Therefore, in order to understand and reduce the biases, the newer APOLLO3® ‎[3] will be used for the neutron shielding of the ASTRID core. As the flux gradient is higher in the radial shielding than for the axial shielding, these studies will focus on the former one.
	[image: thumbnail]	Fig. 13 Comparison between the ERANOS and the TRIPOLI-4® codes on the radial traverse of the ASTRID core.



4.2 Improvement of the calculation scheme for the radial shielding
Neutron shielding can be the location of complex physical phenomena. First, the calculation methods used for the radial shielding of ASTRID are presented, taking into account the result of previous studies and their recommendations. Then, these methods are applied to the radial shielding of ASTRID. Finally, additional studies are done in an attempt to further reduce the biases.
4.2.1 Presentation of the calculation scheme
The APOLLO3® code uses a similar two step approach as proposed by the ERANOS code, with a cell calculation using 1968 energy groups and a core calculation using 33 energy groups. However, new calculation methods are introduced. In the cell calculation, the Method of Characteristics (MOC) and the Tone self-shielding method are also available, giving better accuracy for the former and better calculation costs for the latter. At the core level, the method of discrete ordinates (Sn
) and the method of finite elements are used. Note that the core calculation is able to handle non-structured geometries.
The calculation scheme recommended for the ASTRID core consists of a 2D/1D scheme ‎[14] for the internal fissile assembly that allows for the better treatment of the axial heterogeneity of the assembly, and a traverse model for the external core and the reflector. The condensation of the cross sections between the cell and the core calculation is made using the angular moments of the flux, as this method takes better in consideration the anisotropy of the flux.
Former studies with the APOLLO3® ‎[15] code have shown that many factors must be taken into consideration for calculations in neutron shielding including the variation of the neutron spectrum, the sensitivity to the fission spectrum and the cross sections with the propagation and the anisotropy of the scattering law at high energy. Therefore, the traverse model (as used for the reflector) is used until the neutron shielding as shown in Figure 14 and the P3 scattering law is used in order to take into account the variation of cross sections with propagation. The axial mesh used is 5 cm, the radial mesh is 8 cm and the angular order used is S6.
	[image: thumbnail]	Fig. 14 Traverse model for the calculation of the cross sections reflector and the neutron shielding (to the right).



4.2.2 Comparisons between APOLLO3® and TRIPOLI-4®
The neutron flux calculated with APOLLO3® is compared to those calculated with TRIPOLI-4®.
Figure 15 shows that the APOLLO3® code strongly reduces the biases between the deterministic codes and the Monte-Carlo reference from around 50% to less than 20%, with the instabilities between the reflector and the shielding also reduced. However, the remaining biases could be not negligible, depending on the targeted precisions on designed criteria.
The radial shielding of the ASTRID core used boron carbide. This material is known to cause homogenisation problems because of the strong flux heterogeneity and the strong spatial self-shielding, as such problems were encountered for the control rods. A solution proposed for the control rods is the semi-heterogeneous description in the core calculation ‎[16]. A similar approach is then used for the radial shielding: the boron carbide rod is modelled separately from the remaining shielding assembly in the core calculation as described in Figure 16. This semi-heterogeneous model allows to separate the cross sections of the highly absorbent boron carbide from the mostly diffusive cross sections of sodium and steel structures.
This description is used to calculate the neutron flux on the radial traverse of the ASTRID core.
Figure 17 shows that the semi-heterogeneous description of the ASTRID shielding does not affect the value of the bias in the last shielding row. However, the instability between the reflector and the shielding is reduced, and the gradient of the bias inside the shielding is also reduced. The semi-heterogeneous description of the shielding seems therefore to better describe the neutron shielding.
As boron carbide is a very efficient neutron absorber, the flux in the shielding region is very anisotropic because many neutrons go in the direction of the shielding but few neutrons come back. In order to study this impact, the order of the method of discrete ordinates is increased from S6 to S16.
Figure 18 shows that the more precise angular order slightly reduces the bias inside the neutron shielding to less than 10%. This bias on an 8-decade gradient between the core and the last row of neutron shielding seems satisfactory for most applications.
	[image: thumbnail]	Fig. 15 Deterministic-stochastic comparison on the radial traverse of the ASTRID core.



	[image: thumbnail]	Fig. 16 Semi-heterogeneous description of the ASTRID shielding.



	[image: thumbnail]	Fig. 17 Impact of the semi-heterogeneous of the radial shielding of ASTRID.



	[image: thumbnail]	Fig. 18 Impact of the number of angular directions on the fluxes calculated in the shielding of ASTRID.



4.3 Conclusion of the deterministic studies
The studies on the radial and axial shielding of the ASTRID reactor show that the main concern to calculate accurate fluxes is the use of boron carbide in neutron shielding. This material, as a very efficient absorber of thermal neutrons, leads to several issues such as the anisotropy of scattering at high energies, the sensitivity to the fission spectrum and a strong heterogeneity in the neutron flux distribution due to high spatial self-shielding. The latter problem is the most difficult one to overcome. A semi-heterogeneous description of the neutron shielding has been proposed. This approach leads to computation costs that may be prohibitive as cylindrical assemblies have to be described by polygons, heavily increasing the number of meshes. Despite these issues, the biases are reduced up to 10% for the radial shielding (8 decades). Table 2 below summarises the cost of each calculation method.
In order to further reduce the biases and reduce the calculation costs, several improvements should be developed, including cylindrical finite elements and more efficient homogenisation techniques.
5 Applications
In this part, the capabilities of the methods developed in parts ‎3 and ‎4 are challenged on several physical quantities that may be important for the design of the ASTRID neutron shielding, including gas emissions, neutron damage, energy deposition and activation of the secondary sodium. First, the hybrid scheme defined in part ‎3 is used in order to obtain a Monte-Carlo reference. Then, the deterministic scheme built in part ‎4 is used to check if the proposed improvements enable to calculate precise designing criteria. Finally, an attempt to determine the uncertainties due to nuclear data is made in order to check the order of magnitude of the uncertainties on the calculated designing criteria.
5.1 Hybrid calculations
The hybrid calculation scheme defined in part ‎3 allows the calculation of several physical quantities that may be important for the design of the neutron shielding of the ASTRID core. Among others, one can calculate gas emission and irradiation damage along with the neutron flux, and last but not least, secondary sodium activation. The JEFF-3.1.1 evaluation is used for consistent comparison with the Monte-Carlo results.
5.1.1 Gas emissions in boron carbide
The neutron capture reaction on boron 10 leads to the emission of various gas particles such as alpha particles at low energy and tritium at high energy. The former leads to the swelling of the boron carbide zone and to an increase in the pressure inside the cladding, while the latter leads to the activation of neutron shielding, making the reprocessing of the assemblies more complex. Therefore, both emissions should be precisely determined. The cross sections of the reactions involved are presented in Figure A3. These emissions are calculated with the TRIPOLI-4® code and the axial traverses for each row of assemblies are presented.
Figure 19 shows that the production of alpha particles is by far higher at the centre of the first row of neutron shielding, as the values obtained in the first row is around 100 times higher than in the second row, with the maximal emission values corresponding to the middle fertile zone of the internal fuel assemblies. This is due to the spatial self-shielding, as boron carbide is most efficient at low energies. The neutron flux at the end of the reflector is mainly thermal as shown in Figure A1 and has a high probability of being captured in the first row of the shielding assemblies. After this first row of assemblies, most of thermal neutrons were already captured and therefore the neutron capture reaction becomes less effective.
The emission of tritium particles is also calculated, but the statistical uncertainty may be higher for this reaction. They are lower than 5% at the centre of the assemblies but increase in both directions. Tritium particles emission causes radioactivity in these assemblies that should be quantified in order to be taken into consideration for both waste management and tritium production during routine reactor operation and maintenance.
Figure 20 shows that, as for the emission of alpha particles, the emission of tritium particles is higher in the first row of assemblies and decreases with neutron propagation. However, the decrease between the first and second assemblies is much lower, with the value in the first row being “only” six times higher than in the second row, compared to alpha production. This is because fast neutrons causing this reaction are less sensitive to the absorption properties of boron carbide. Note that depletion calculations were not performed and therefore the production of tritium from lithium 7 produced by boron 10 was not considered.
	[image: thumbnail]	Fig. 19 Axial traverses of the production of alpha particles in the neutron shielding, linear scale (left), logarithmic scale (right).



	[image: thumbnail]	Fig. 20 Axial traverses of the production of tritium particles in the neutron shielding, linear scale (left), logarithmic scale (right).



5.1.2 Neutron damage on the hexagonal tube
Another designing criteria is the neutron damage on the structures, including the hexagonal tube surrounding the cladding and the boron carbide. This neutron damage may reduce the assembly lifetime and should therefore be quantified. In this part, the number of displacement per atom (dpa), an indicator of the damage received by the structures, is calculated with the code TRIPOLI-4® using the Kinchin-Pease model ‎[17]. They are presented on the figure below.
Figure 21 shows that the rate of damage per atom decreases with the neutron propagation. However, the values obtained are very low, even in the first row. The rate of neutron damage on a full year is far lower than one displacement by atom. This figure is coherent with the conceptual studies for the ASTRID core shielding ‎[18] that indicate that the number of displacements per atom is smaller that 5 DPA over the reactor's lifetime (60 years).
	[image: thumbnail]	Fig. 21 Axial traverses of damage per atom in the hexagonal tube of neutron shielding, linear scale (left), logarithmic scale (right).



5.1.3 Deposited energy in the hexagonal tube
As for the damage per atom, the deposited energy in the structures may affect the lifetime of the neutron shielding. The deposited energy by both neutrons and photons in the hexagonal tube of neutron shielding are calculated by the TRIPOLI-4® code and are presented by the figures below. Note that for photon calculations, only the prompt source is considered, and the electron transport is discarded. The delayed part would need the use of a depletion code. Its estimated contribution is around 30% ‎[19]. The values calculated for photons are not well converged because the use of variance reduction techniques for photons in neutron-photon calculations can be complicated. This is due to the fact that the source of photons needs to be computed precisely, however while the neutron source is limited to the core, the photon source currently covers the core, the reflectors and the shielding. It is therefore difficult to have a converged photon source in the core and the shielding at the same time.
Figures 22 and 23 show again that both neutron and gamma heating are the highest in the first row and decrease in the following rows. The figures also show that local photon heating is much higher than neutron heating. Therefore, photon heating should not be neglected in heating calculations.
	[image: thumbnail]	Fig. 22 Axial traverses of the neutrons deposited energy in the hexagonal tube of neutron shielding, linear scale (left), logarithmic scale (right).



	[image: thumbnail]	Fig. 23 Axial traverses of the photons deposited energy in the hexagonal tube of neutron shielding, linear scale (left), logarithmic scale (right).



5.1.4 Activation of secondary sodium
5.1.4.1 Complete model
In this subsection, the activation of the secondary sodium inside the internal heat exchanger (IHX) is studied with the TRIPOLI-4® code. The IHX is modelled as presented in Figure 24.
The position of the IHX, at six metres from the centre of the core, is presented in Figure 25. Several structures were not modelled for their complexity such as the control rod mechanism, the lower core structures and the separation of the primary and the secondary sodium. The aim is therefore not to compute precise values for the actual design of the ASTRID neutron shielding but to check the capability of the proposed methods to calculate such values.
The activation rates are scored on the zones presented in Figure 24. In order to calculate these scores, a shielding calculation using a pre-calculated fission source and variance reduction techniques is made. However, the importance map generated with the INIPOND module of the TRIPOLI-4® code fails to deliver converged values inside the neutron shielding. As explained in Section ‎3, this module calculates the importance map in two steps: first, geometric importance maps by energy group are calculated in an analytical way, then a “monitoring” process is executed for the first few generations in order to address the energy dependence by calculating coefficients for each energy group. Therefore, besides the energy dependence of cross sections, the spatial and energy components of the importance map are dealt with separately. This seems not to cause issues when neutron fluxes are calculated in neutron shielding as fast neutrons in both the core and the shielding are the most likely to penetrate deep inside the neutron shielding (Fig. A1). However, in case of the secondary sodium activation, thermal neutrons inside the sodium zone are more likely to contribute to the reaction rate (Fig. A2) while fast neutrons in the core and the shielding are more likely to propagate on large distances. Therefore, the separation of the energy and spatial importance does not allow for considering the former phenomena.
To address this issue, an importance map is calculated with the ERANOS code ‎[2] in a simplified 1D-cylindrical dimension, in order to better take into consideration the peculiar space-energy dependence of the importance map. Thanks to this importance map, convergence of sodium activation in the central closed zone (shown in Fig. 24) is obtained with less than 10% standard deviation.
Table 3 shows that the highest activation values are obtained in the lower zones. This is due to the lack of lower core shielding, enabling fast neutron to cover longer (primary) distances in sodium, as well as the lack of modelling of the structures below the core. The statistical uncertainty is relatively low for the closed zone which is facing the core, but these uncertainties increase for the upper and lower zones of the internal heat exchanger.
	[image: thumbnail]	Fig. 24 Axial (left) and radial (right) description of the IHX in the TRIPOLI-4® code.



	[image: thumbnail]	Fig. 25 Position of the IHX and the temperatures used for sodium (TRIPOLI-4® model).



	[image: thumbnail]	Fig. 26 Radial description of the core and the IHX.



Table 3 
Activation values obtained with the TRIPOLI-4® code inside the IHX.

5.1.4.2 Approximate model for deterministic studies
The detailed model presented above may be prohibitive for deterministic codes, especially because of the large axial zones that need to be treated. Therefore, calculations are made on a simplified version of the IHX. The axial zones above and below the core are ignored. The IHX is modelled by two concentric cylindrical tubes, whose edges are not modelled. Axially, reaction rates are calculated on 20 cm high slices. First, stochastic Monte-Carlo calculations are performed with the TRIPOLI-4® code in order to have a reference for comparisons with the deterministic calculations.
Variance reduction techniques are applied with both an ERANOS importance map used for the full model and an importance map analytically calculated with the INIPOND module of the TRIPOLI-4® code. Both the ERANOS and the INIPOND maps use the following energy mesh: [20 MeV, 6,06 MeV, 3,67 MeV, 1,35 MeV, 498 keV, 67,3 keV, 9,11 keV, 748 eV, 91,6 eV, 3,31 eV, 10−5 eV]. The spatial mesh is R-cylindrical with a 20-cm mesh splitting.
Calculations are run on 128 processors during about four days. Both performances are compared on the maximal flux and activation values.
Table 4 shows that the performances of the ERANOS importance map are far better than those of the INIPOND importance map, even if less neutron histories are simulated. This confirms the fact that with the ERANOS map, the neutron histories simulated contribute more to the targeted scores. Furthermore, the statistical uncertainties obtained with the ERANOS importance map are similar for the flux and the activation rate, while the statistical uncertainty obtained for the activation rate is significantly higher than that of the flux with the INIPOND map. This is due to the fact that the ERANOS map has been calculated specifically to compute neutron capture by sodium 23 while the INIPOND map has been optimised using the number of collisions in the desired area, which does not take into consideration the energy domain of these collisions.
In the following, the reaction rates obtained with the ERANOS importance map are presented.
Figure 27 shows that the activation rate is maximum in the axial zone where the neutron flux is maximum inside the core. However, as the contribution of the axial leakage of neutrons is neglected, these results can only be used to validate deterministic calculations on a similar model.
Table 4 
Comparison of the performance of the ERANOS importance map and the INIPOND importance map.

	[image: thumbnail]	Fig. 27 Activation rate in the simplified model of the heat exchanger.



5.1.5 Conclusions of TRIPOLI-4® calculations
The studies presented above show that the TRIPOLI-4® code is able to calculate several designing criteria of the neutron shielding of the ASTRID core. However, in case of IHX sodium activation, the use of an importance map calculated with a deterministic code like APOLLO3® may be required.
5.2 Deterministic calculations
The studies presented above show that some calculations for designing criteria for the ASTRID core may present computational challenges. Therefore, modern and more flexible up-to-date deterministic tools are developed for such applications. In this part, selected design criteria are addressed with the APOLLO3® code and comparisons are made to the TRIPOLI-4® results. For the sake of brevity, we will mainly focus on alpha and tritium production as well as the activation of secondary sodium.
5.2.1 Production of alpha particles
The production rates of alpha particles in the shielding region are compared between the APOLLO3® and TRIPOLI-4® codes.
Figure 28 shows that the discrepancies between deterministic and Monte-Carlo reference calculations are very close, with discrepancies smaller than 10%. They are to some extent consistent to those obtained for the neutron flux (Fig. 18).
	[image: thumbnail]	Fig. 28 Comparison between APOLLO3® and TRIPOLI-4® codes on the production of alpha particles.



5.2.2 Production of tritium particles
Figure 29 reproduces deterministic vs Monte-Carlo discrepancies. They appear to be slightly larger than those obtained for alpha particles, with maximum discrepancies reaching 15%, and a general underestimation by the APOLLO3 calculation.
	[image: thumbnail]	Fig. 29 Comparison between APOLLO3® and TRIPOLI-4® codes on the production of tritium particles.



5.2.3 Activation of secondary sodium
In this part, an attempt is made to calculate the activation of secondary sodium on the simplified model presented in Figure 26. The simplified model is chosen because the full model is prohibitive with deterministic codes, given the large memory requirements linked to the axial outer zones. The calculation is based on the scheme developed in part ‎4 . Different options for the number of angular directions, the size of the spatial mesh as well as the geometric description of the neutron shielding were implemented as presented in Table 5. The sodium cross sections are calculated with a source calculation. Because of some convergence issues in the thermal energy domain, the punctual convergence criteria has been improved to 10−5.
The different calculation options are presented below.
Comparisons are made between APOLLO3® and TRIPOLI-4® on the internal zone of the heat exchanger.
Figure 30 shows that, with the exception of the second scheme giving better results than the first one, the better schemes give lower discrepancies between the deterministic and Monte-Carlo calculations. Discrepancies range from 12% to 25% according to the scheme used. However, the calculation cost of the most accurate scheme can be not competitive in comparison to the Monte-Carlo reference (from one to two days on 128 CPU to obtain acceptable convergence criteria), especially because of the memory requirements.
Table 5 
Deterministic calculation schemes used to calculate the activation of secondary sodium in the neutron shielding.

	[image: thumbnail]	Fig. 30 Deterministic-stochastic comparison on the activation rate inside the internal heat exchanger.



5.2.4 Conclusion on the deterministic calculations
The deterministic scheme presented in part ‎4 is able to calculate several design parameters for the neutron shielding with small discrepancies (of the same order of magnitude) compared to a Monte-Carlo code calculation, as for the total flux. However, the large memory cost of the calculation of neutron shielding shows that this particular application remains in the domain of Monte-Carlo calculations, at least until several improvements are made for deterministic codes.
5.3 Uncertainties on nuclear data
The nuclear data used in the studies are characterized by uncertainties, which lead to uncertainties on the design parameters calculated in this article. An attempt to evaluate these uncertainties is done using the Generalized Perturbation Theory implemented in the APOLLO3® code. 33 energy group sensitivities coupled to the COMAC-v2.0 ‎[20] covariance matrix library are used to compute propagated uncertainties. However, this proprietary library does not include covariance matrices for boron 11, which is a major component of the neutron shielding structure. Therefore, two covariance matrices have been calculated with the NJOY code ‎[21] for this isotope, based on the JENDL-4.0 ‎[22] and ENDF/B-VII.1 ‎[23] evaluations. This work is done to demonstrate the major importance of well-known covariance values on target parameter uncertainties.
The uncertainties for the production of alpha and tritium particles in the neutron shielding as well as the activation of secondary sodium are computed.
5.3.1 Production of alpha particles
Propagated uncertainties on flux-dependent quantities usually have a direct and an indirect component. The first one is due to the uncertainty of the studied reaction cross section (in this case, (n, α) of boron 10) while the second one is due to the effect of all other cross sections on the flux and therefore on the reaction rate. In the present case, the direct effect is very small (around 1%, as the uncertainty of the capture cross section is relatively low) in comparison to the indirect effect and therefore only the indirect effect will be detailed. Furthermore, in case of boron 11, the uncertainties obtained with both covariance matrices are presented.
Figure 31 shows that the uncertainty due to nuclear data on the production of alpha particles is mainly due to the isotopes present in the reflector and neutron shielding, mainly boron 11 (in the neutron shielding), magnesium 24 and oxygen 16 from the reflector, and iron 56 from the main structures. The figure also shows that the uncertainty due to boron 11 is far larger when calculated with the JENDL-4.0 covariance matrix. With that in mind, the total uncertainty can be computed, using both matrices for boron 11.
Figure 32 shows that the impact of the direct effect is negligible on the uncertainties on nuclear data, as the uncertainty on the cross section of production of alpha particles is less than 1% below 1 keV. Furthermore, the choice of the covariance matrix of boron 11 used for the uncertainty calculation has a major impact on the obtained value, as the JENDL-4.0 matrix gives almost twofold uncertainties in comparison to the ENDF/B-VII.1 matrix. In both cases, the obtained uncertainties (17–30%) are larger than the deterministic-stochastic discrepancies (<10%). As a consequence, the propagated uncertainties are the main driver for the improvement of predictive capabilities.
	[image: thumbnail]	Fig. 31 Uncertainty by isotope due to nuclear data on the production of alpha particles in the neutron shielding assemblies.



	[image: thumbnail]	Fig. 32 Total uncertainty due to nuclear data on the production of alpha particles in the neutron shielding assemblies.



5.3.2 Production of tritium particles
Contrary to the alpha production case, the direct effect on the production of tritium particles is not negligible because the cross section of tritium production is characterised by non-negligible uncertainties. Therefore, this effect, alongside the indirect effect, will be presented.
Figure 33 shows that the direct uncertainty due to nuclear data on the production of tritium inside the neutron shielding assemblies is almost constant, and comprised between 13 and 15%. This higher value compared to alpha particles production is due to a relatively high standard deviation in the (n,t) reaction data.
Figure 34 shows that the uncertainties due to nuclear data on the production of Tritium have the same tendencies to those obtained for the production of alpha particles, with higher contributions of oxygen 16 and iron 56. Given these uncertainties, the total propagated uncertainty is computed.
Figure 35 shows that, as for the alpha particle production, the uncertainty on the tritium production depends strongly on the covariance matrix used for boron 11. Furthermore, the combined uncertainty (22–31%) is larger than the deterministic-stochastic discrepancies (<15%).
	[image: thumbnail]	Fig. 33 Direct uncertainty due to nuclear data for production of tritium particles in neutron shielding.



	[image: thumbnail]	Fig. 34 Nuclear data uncertainty by isotope on the production of tritium in the neutron shielding assemblies.



	[image: thumbnail]	Fig. 35 Total uncertainty due to nuclear data on the production of tritium particles in the neutron shielding assemblies.



5.3.3 Activation of secondary sodium
In this part, the uncertainty due to nuclear data is computed in the zone where the activation is maximum (160–180 cm in Fig. 27). The calculation scheme number 4 in Table 5 is used as perturbation calculations require much more memory space than direct calculations. The detailed contribution of each isotope to the total uncertainty is presented below.
Table 6 shows that, as for the production of alphas and tritium, the indirect uncertainty due to nuclear data on the activation of secondary sodium is dominated by that of boron 11, magnesium 24, iron 56 and oxygen 16, with a dependence on the covariance matrix used for boron 11. The impact of the direct effect is also important with a 10% contribution. The obtained uncertainties are, once again, larger than the deterministic-stochastic bias.
Table 6 
Uncertainties (in %) due to nuclear data on the activation of secondary sodium.

5.3.4 Conclusion on uncertainty calculations
The calculation of uncertainties due to nuclear data for gas production and sodium activation show that large uncertainties, up to 30%, can be obtained on several designing criteria for neutron shielding. The obtained uncertainties depend strongly on the covariance matrix used for boron 11. The main uncertainty sources are boron 11 and magnesium 24, two isotopes that are either common and present in similar quantities in current reactor designs. The main conclusion of these studies is maybe the fact that uncertainties to nuclear data (up to 30%) being larger than deterministic-stochastic biases (10–20%), they are the main drivers on the calculation tools capability. Hence, additional work for improving nuclear data knowledge should be envisaged, through dedicated differential or/and integral experiments.
6 Conclusions
Accurate neutron calculations in the neutron shielding of fast neutron reactors and beyond represent a complex problem for modern neutron transport codes. In this article, both deterministic and Monte Carlo methods are studied, as well as a hybrid scheme on the neutron shielding of the ASTRID fast reactor prototype. Monte-Carlo calculations performed with the continuous energy TRIPOLI-4® fail to converge in those remote areas due to the small flux magnitude compared to the fissile core (4 decades loss in upper shielding, 8 decades in radial shielding). Variance reduction techniques need to be used to improve flux convergence in these zones within a reasonable CPU time. Therefore, the fission source of the core needs to be calculated. A hybrid scheme was built by calculating the source with the historical deterministic code ERANOS for SFR, introducing it as an external source in a further full 3D shielding Monte-Carlo calculation. This hybrid scheme significantly improves the computational performance by giving biases lower than 3% compared to a full Monte-Carlo method, while needing only about 4 hours of CPU time in comparison with several days for the source calculation. Since the ASTRID reactor uses a boron carbide shielding whose cross section strongly depends on the energy of the incident neutron, a non-negligible impact has also been observed on the choice of the fission spectrum that initiates the source calculation. As the ASTRID reactor uses boron carbide in neutron shielding, the fission spectrum of the source should be taken into consideration.
While the ancient ERANOS-based deterministic calculations exhibited large biases, up to 50% in the ASTRID neutron shielding in comparison to the hybrid reference, the newer APOLLO3® deterministic code, reduces the biases to less than 10% for the radial shielding and 20% for the axial shielding. To obtain these satisfactory results, several improvements in the calculation scheme were needed, including scattering law and a semi-heterogeneous description of the boron carbide zones. In order to reduce further these biases, improvements should be introduced to the APOLLO3® code, including more flexibility for the SPH homogenisation method and cylindrical finite elements.
Some applications were made to calculate physical quantities that may have an impact on the design of neutron shielding, such as neutron and photon heating, damage per atom and alpha and tritium particle emission, to illustrate the capabilities of the hybrid scheme to support core and assembly design studies. Designing criteria such as energy deposition, gas production or structure damage can easily be addressed with the hybrid scheme. The activation of secondary sodium may require additional efforts such as the use of an importance map calculated with a deterministic code. An attempt to compute these designing criteria is also performed with the deterministic method. A S&U analysis on nuclear data shows that uncertainties up to 30% can be obtained on these designing criteria.
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Nomenclature
Deterministic schemes: 
Methods and approximations used by deterministic codes in order to calculate the neutron flux.

Flux biased: 
Neutron flux calculated by a shielding calculation using variance reduction techniques.

Flux criticality: 
Neutron flux calculated by a criticality calculation.

Hybrid scheme: 
A calculation method combining the deterministic and the Monte-Carlo methods.

Neutron calculation: 
Calculation of the neutron flux and derived physical quantities.

Reference code: 
A calculation code historically used for certain applications.

Thermal neutron: 
Slow neutrons with energies close to the thermal agitation energy.

Watt spectrum: 
An analytical spectrum commonly used to represent the energy spectrum of secondary fission neutrons.





Appendix A
	[image: thumbnail]	Fig. A1 Evolution of the neutron flux in the core, the reflector and the shielding of ASTRID (TRIPOLI-4® calculations).



	[image: thumbnail]	Fig. A2 Neutron spectrum and capture rate by group in the internal heat exchanger.



	[image: thumbnail]	Fig. A3 Cross sections of the production of alpha and tritium particles on boron 10 (JEFF-3.1.1).
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        Axial traverses of the photons deposited energy in the hexagonal tube of neutron shielding, linear scale (left), logarithmic scale (right).
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        Axial (left) and radial (right) description of the IHX in the TRIPOLI-4® code.
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        Position of the IHX and the temperatures used for sodium (TRIPOLI-4® model).
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        Deterministic-stochastic comparison on the activation rate inside the internal heat exchanger.
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        Direct uncertainty due to nuclear data for production of tritium particles in neutron shielding.
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      Uncertainties (in %) due to nuclear data on the activation of secondary sodium.

      
        


	Isotope
	Capture
	Fission
	Elastic
	Inelastic
	Fission. Spectrum.
	Total





	B10
	1.25
	0.
	0.89
	0.
	0.
	1.53



	B11 (ENDF/B.VII.1)
	0.
	0.
	3.06
	0.45
	0.
	3.09



	B11 (JENDL-4)
	0.
	0.
	25.94
	0.
	0.
	25.94



	Fe56
	0.39
	0.
	5.97
	5.04
	0.
	7.82



	Mg24
	2.12
	0.
	7.35
	7.48
	0.
	10.7



	Mg25
	0.5
	0.
	1.31
	0.76
	0.
	1.6



	Mg26
	0.01
	0.
	1.51
	0.75
	0.
	1.69



	Na23 (indirect)
	1.22
	0.
	4.55
	2.05
	0.
	5.14



	Na23 (direct)
	10.38
	0.
	0.
	0.
	0.
	10.38



	Na23 (direct + indirect)
	9.47
	0.
	4.55
	2.05
	0.
	10.7



	O16
	3.61
	0.
	6.57
	0.15
	0.
	7.5



	Pu239
	0.25
	0.8
	−0.06
	−0.09
	3.01
	3.12



	Pu240
	0.53
	−0.18
	0.07
	0.06
	2.36
	2.42



	Pu241
	0.22
	0.15
	0.02
	0.03
	3.97
	3.98



	U238
	−0.04
	0.65
	0.93
	1.83
	0.6
	2.29



	Indirect (ENDF/B-VII.1)
	4.7
	1.02
	13.26
	9.49
	5.58
	17.9



	Indirect (JENDL-4)
	4.7
	1.02
	28.97
	9.48
	5.58
	31.36



	Total
(ENDF/B-VII.1)
	10.5
	1.02
	13.03
	9.52
	5.58
	20.08



	Total (JENDL-4)
	10.5
	1.02
	28.86
	9.51
	5.58
	32.65
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        Evolution of the neutron flux in the core, the reflector and the shielding of ASTRID (TRIPOLI-4® calculations).
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        Cross sections of the production of alpha and tritium particles on boron 10 (JEFF-3.1.1).
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