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Abstract

The breed-and-burn (B&B) fast reactor concept, in which depleted or unenriched fuel is loaded in a core and breeds fissile fuels while burning them, has been familiar to nuclear engineers since the 1950s. Development of B&B reactors has resulted in effective utilization of uranium resources and reduction of spent fuel.  However, issues remain to be solved, such as irradiation damage and reduction of DPA in high burnup. The best combination for fuel and coolant core materials and the impact on DPA of these combinations in B&B reactors remains to be elucidated. 
The objective of this study was to clarify the impact of several materials on DPA by performing burnup analyses using the Monte Carlo SERPENT code. Neutron balance (NB) analyses for the infinite fuel cell with fixed geometry in which different combinations of metallic (UZr), natural and enriched nitride (UN), and oxide (UO2) fuels, and helium, sodium, lead, and lead-bismuth coolant, were performed to determine the best combination of core materials and their impact on DPA (displacements per atom). 
[bookmark: _GoBack]It is found that the minimum burnup required to sustain a B&B mode of operation in a large fast reactor core is a combination of metallic fuel and any type of coolant. Therefore, the maximum NB value for sustaining the B&B operation condition was also metallic fuel with any type of coolant. Combinations of any fuel and sodium, lead, and lead-bismuth coolants produced no large difference on the minimum burnup results, DPA, or NB value. For oxide fuel, only the core with helium as a coolant could sustain the B&B mode of operation. For nitride fuel, we had considered natural nitrogen and 70% as well as 99% enriched nitrogen-15 for uranium mononitride fuel. Therefore, if the nitrogen-15 isotope is enriched more for nitride fuel, the minimum burnup and corresponding DPA are decreased further than the natural ones due to the softer spectrum. 
The conclusion is that the combination of metallic fuel and helium coolant has the least impact on DPA in a large B&B reactor core.
1. INTRODUCTION
There are over 400 thermal reactors operating in nuclear countries, and they produce large amounts of spent nuclear fuel. There is a way to reprocess this spent nuclear fuel in order to separate useful fission products and fissile nuclides, and reduce the amount of nuclear waste. However, such reprocessing is very costly, and not many countries have such plants. 
Alternatively, nuclear engineers have known about the B&B fast reactor concept since the 1950s. In a B&B reactor, depleted or unenriched fuel is loaded into a core and breeds fissile fuel while burning. Development of B&B reactors is an effective way to optimize use of uranium resources and reduce the amount of spent fuel. Small B&B reactors require only modest initial investigation, and have advantages in terms of non-proliferation, as well as less low-radioactivity nuclear waste. However, issues remain to be solved, including irradiation damage and reduced DPA in high burnup. To date, no investigation has clarified the best combination of core material fuel and coolant for B&B reactors, or the impact on DPA of different combinations of core materials. 
The objective of this study is to clarify the impact on DPA of several combinations of materials in a B&B reactor.


2. Methods
Several studies have analyzed B&B reactor core design using the neutron balance (NB) method, in which the NB value is evaluated as the net number of neutrons from production and absorption reactions in a system [1-6]. NB analyses for an infinite one cell with a fixed geometry, in which the cell is composed of different combinations of fuel, such as metallic, natural and enriched nitride, and oxide, and various coolants, such as helium, sodium, lead and lead-bismuth, and cladding such as oxide dispersion strengthened (ODS) steel, are shown in Fig. 1.Coolant (He, Na, Pb, PbBi)
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FIG. 1. Horizontal cross section of the fuel cell

Here, we perform burnup analysis using the Monte Carlo SERPENT code [7] with the ENDF-B/VII nuclear data library [8] to determine the best combination of core materials and their impact on DPA. The neutronic calculation condition was the same for all calculations, in which the number of source neutrons per cycle was 100,000, the total number of active cycles was 100, and the first 20 cycles were omitted from the statistical analysis. Fuel temperature, cladding, and coolant in the operating condition were set as 800, 700 and 700 K, respectively. The neutron flux in a cell was normalized to a total flux of 1015 n/cm2s during burnup.
3. Results and discussion
In NB analyses, the infinite neutron multiplication factor and NB curve with burnup are determined to find the minimum possible burnup for B&B operating condition. Figs. 2 and 3 contain example curves for combinations of different fuels with sodium coolant. Similar figures were obtained for other combinations of fuels and coolants, but and the general trend was the same as those in Figs. 2 and 3. 
In the figure legends, UNnat-ODS-Na/UN70-ODS-Na/UN99-ODS-Na indicate cells composed of a combination of natural/70% enriched/99% enriched nitride fuel, with ODS cladding and sodium coolant, respectively. Those identified as UZr-ODS-Na and UO2-ODS-Na are cells with metallic fuel, ODS cladding, and Na coolant, and oxide fuel, ODS cladding, and Na coolant, respectively. The first NB point (FNBP), maximum NB point (MNBP), second NB point (SNBP) and NB at MNBP for each combination of fuel cell materials could be determined using the NB curves. As explained in our previous study [9], FNBP is the minimum required burnup for the neutron production rate to equal the neutron absorption rate. In other words, the corresponding burnup of NB first equals zero in Fig. 3.  MNBP is the burnup where the NB value has the maximum value in Fig. 3. SNBP is the maximum burnup when the neutron production rate equals the neutron absorption rate, or NB equals zero again. Fig. 3 shows that the NB was always negative for both oxide and natural nitride fuels.
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FIG. 2. Change of infinite neutron multiplication factor in burnup for fuel cell made of different fuel materials, ODS cladding and Na coolant.
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FIG. 3. Change of NB value in burnup for fuel cell made of different fuel materials, ODS cladding and Na coolant

Using these results, the minimum burnup at FNBP and NB at MNBP for the fuel cells composed of different materials is depicted in Figs. 4 and 5, respectively. For natural nitride and oxide fuels with coolants other than He, the B&B operating condition was not achieved. Generally, oxide- and nitride-fueled cores have softer neutron spectra than metallic-fueled cores. When nitride fuel is further enriched with the N-15 isotope, the minimum burnup value is reduced, and NB is increased. This is mainly due to the decreasing amount of N-14 isotope, whose capture cross section is larger than that of N-15. The combination of metallic fuel and any coolant was found to outperform all others. Among all combinations of metallic fuel, that with He coolant was best, with the smallest minimum burnup at FNBP, and largest NB at MNBP. There were no significant differences in the corresponding results for combinations of each fuel with varying coolants (sodium, lead and lead-bismuth).
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FIG. 4. Minimum burnup at FNBP for fuel cells composed of different fuel materials
[image: ]
FIG. 5. NB at MNBP for fuel cells composed of different fuel materials

Similar relationships to those shown in Fig. 4 were obtained between corresponding burnup values at MNBP and SNBP for different combinations of fuel and coolant (see Figs. 6 and 7). The general tendency of burnup vs. coolant for each fuel shown in Fig. 4 is the same in Figs. 6 and 7. However, the burnup at MNBP and SNBP was the largest for metallic fuel and smallest for natural nitride fuel, which means that the burnup values for the combinations are in the opposite order to that in Fig. 4.
[image: ]
FIG. 6. Burnup at MNBP for fuel cells composed of different fuel materials

Therefore, it is necessary to determine DPA on the cladding to each burnup value of fuel, especially to minimum burnup. In order to ascertain this value, the accumulated neutron fluence at FNBP is first calculated using the volume average neutron flux at the cladding domain. Then, the DPA value is estimated using an approximated formula: 2.0 x 1025 n/m2 neutron fluence in neutron energy over 100 keV corresponds to 1 DPA in Fe and Cr atoms [10]. The obtained DPA at FNBP for fuel cells composed of different materials are shown in Fig. 8.
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FIG. 7. Burnup at SNBP for fuel cells composed of different fuel materials
[image: ]
FIG. 8. DPA at FNBP for fuel cell made of different materials
The results in Fig. 8 show that the smallest DPA was estimated for metallic fuel with each coolant. Since there were not large differences on the minimum burnup at FNBP for fuel whether the coolant was sodium, lead, or lead bismuth, DPA values for the corresponding combinations also did not differ much. Fig. 9 shows the relationship between DPA and burnup for combinations of metallic fuel and coolants as an example. The higher burnup produced larger DPA, which is reasonable. Therefore, for an He-cooled core, DPA at the same burnup is larger than others. This kind of relationship was also obtained for nitride fuel and the relationship trend and curve order were the same as those in Fig. 9. However, for oxide fuel there is only one curve corresponding to He coolant. 
Fig. 10 shows the relationship between DPA and burnup for combinations of He coolant with different fuels as another example. Here again, when burnup increases, DPA becomes larger. Among the combinations with the same coolant, DPA at the same burnup is larger for metallic fuel. The harder spectrum enhances neutron economy for metallic fuel.
[image: ]
FIG. 9. Relationship between DPA and burnup for combination of UZr fuel with different coolants
[image: ]
FIG. 10. Relationship between DPA and burnup for combination of He coolant with different fuels
Conclusions
In the present work, we conducted NB analyses for a large fast reactor core with different combinations of core materials to determine the best combination to sustain a B&B mode of operation. The result showed that the required minimum burnup was smallest for metallic fuel paired with any type of coolant compared to other combinations. Therefore, the neutron economy is best with the metallic fuel and any type of coolant in the infinite geometry. 
Combinations of any fuel and sodium, lead, and lead-bismuth coolants did not show a large different effect on the results of minimum burnup, DPA, or NB value. For oxide fuel, only the core with helium as a coolant could sustain the B&B mode of operation. Therefore, if nitrogen-15 isotope is enriched more for the nitride fuel, the minimum burnup and corresponding DPA will decrease more than those of the natural ones due to the softer spectrum. 
In conclusion, the combination of metallic fuel and helium coolant has less impact on DPA for large-sized B&B reactor core than other core materials. 
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