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Abstract 
Going through a new phase of Fast Reactors (FRs) design, several advanced Sodium Fast 

Reactor (SFR) concepts are under development. The concept of SFR has been selected by the 

Generation IV International Forum as a promising nuclear energy system able to fulfill the 

following criteria: safety assurance, economic competitiveness, reduction of environmental 

burden, efficient utilization of resources as well as proliferation resistance and enhanced 

physical protection. With the perspective to put into operation the above type of reactors, 

extensive research related to the behavior of the structural materials and the fuel under 

irradiation conditions (nominal and transient) is required, comprising also relevant studies for  

the fuel fabrication, the pin cladding and wrapper material. The Material Testing Reactors 

(MTRs) have been key tools to address the above mentioned irradiation requirements.  

 

The objective of this thesis regards the neutronic calculations of a device which, when 

introduced in the reflector area of the thermal Jules Horowitz Reactor (JHR) will pro vide a 

neutron energy spectrum similar to that characterizing SFR. JHR is a thermal MTR and one of 

its main objectives is the investigation and study of materials for future generations of power 

plants. Therefore the development of devices that will serve for representative tests of structural 

materials and fuel is required.  

 

The existing (used, under development or proposed) technology related to spectrum tailoring 

has been studied and is comprehensively presented in the beginning of this thesis.  

With re spect to the existing technology an extended study on thermal neutron absorbers and 

their effect on the reference spectrum (JHR reflector) has been carried out. Following the 

methods reported in literature , the addition  of a booster fuel inside the JHR has been 

investigated. Moreover, the introduction of 23Na surrounding the fissile material has been 

considered. The failure of the above mentioned methods to simulate the SFR spectrum led to 

the utilization of scattering interactions.  

 

The results obtained in this study suggest that elements with important inelastic scattering  cross 

sections around 1MeV can provide a similar to a SFR neutron spectrum, without even the 

necessity to utilize fissile material. The factors which are important for an effective inelastic 

scatterer comprise the density and inelastic microscopic cross section values of the scatterer 

material as well as the energy ranges where inelastic scattering occurs. In prospect to suggest a 

device capable of achieving the required spectrum modific ation all the above mentioned factors 

are separately examined. Current neutron data indicate that potential introduction of this 

device inside the JHR reflector will not raise safety issues. 
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ɄŮɟɑɚɖɣɖ 
ȼ ŰɏŰŬɟŰɖ ɔŮɜɘɎ ˊɡɟɖɜɘəɩɜ ůŰŬɗɛɩɜ ˊŬɟŬɔɤɔɐɠ ɘůɢɨɞɠ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɖ űɎůɖ Űɞɡ  

ůɢŮŭɘŬůɛɞɨ, ˊŮɟɘɚŬɛɓɎɜŮɘ əŬɘ ŮɝŮɚɘɔɛɏɜɞɡɠ ŬɜŰɘŭɟŬůŰɐɟŮɠ ŰŬɢɏɤɜ ɜŮŰɟɞɜɑɤɜ ˊɞɡ ɣɨɢɞɜŰŬɘ ɛŮ 

ɡɔɟɧ ɁɎŰɟɘɞ (SFR, Sodium cooled Fast Reactor). ɇŬ ŭɞɛɘəɎ ɡɚɘəɎ Űɤɜ ɜɏɤɜ ŬɡŰɩɜ 

ŬɜŰɘŭɟŬůŰɐɟɤɜ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮˊɘɚŮɔɞɨɜ ɛŮ əɟɘŰɐɟɘɞ Űɖɜ Ɏɣɞɔɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ůŰɘɠ ůɡɜɗɐəŮɠ 

ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ SFRs. ȹɡůŰɡɢɩɠ, ɞɘ ŮɟŮɡɜɖŰɘəɞɑ ŬɜŰɘŭɟŬůŰɐɟŮɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ˊɘůŰɞˊɞɘŮɑŰŬɘ ɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɜɏɤɜ ɡɚɘəɩɜ ůŮ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ ɡˊɧ ŬəŰɘɜɞɓɞɚɑŬ ŮɑɜŬɘ ůŰɖ ůɡɜŰɟɘˊŰɘəɐ 

Űɞɡɠ ˊɚŮɘɞɣɖűɑŬ ŬɜŰɘŭɟŬůŰɐɟŮɠ ɗŮɟɛɘəɩɜ ɜŮŰɟɞɜɑɤɜ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɛɘŬ Ŭˊɧ Űɘɠ ůɨɔɢɟɞɜŮɠ 

ˊɟɞəɚɐůŮɘɠ Űɖɠ ˊɡɟɖɜɘəɐɠ ŰŮɢɜɞɚɞɔɑŬɠ ŮɑɜŬɘ Ŭəɟɘɓɩɠ ɖ ŭɖɛɘɞɡɟɔɑŬ ůŮ ɗŮɟɛɘəɞɨɠ ŮɟŮɡɜɖŰɘəɞɨɠ 

ŬɜŰɘŭɟŬůŰɐɟŮɠ Űɤɜ əŬŰɎɚɚɖɚɤɜ ůɡɜɗɖəɩɜ ɔɘŬ Űɖ ŭɘŬəɟɑɓɤůɖ Űɤɜ ɡɚɘəɩɜ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ SFRs. 

 

Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ ɖ ŭɘŮɟŮɨɜɖůɖ ɡɚɘəɩɜ əŬɘ ɛŮɗɧŭɤɜ ˊɞɡ Ŭˊɞůəɞˊɞɨɜ ůŰɖ 

ɛŮŰŬŰɟɞˊɐ Űɞɡ ɜŮŰɟɞɜɘəɞɨ űɎůɛŬŰɞɠ ˊɞɡ ŮˊɘəɟŬŰŮɑ ůŮ ɗɏůŮɘɠ ŬəŰɘɜɞɓɧɚɖůɖɠ ɗŮɟɛɘəɞɨ 

ŮɟŮɡɜɖŰɘəɞɨ ŬɜŰɘŭɟŬůŰɐɟŬ, ůŮ ɏɜŬ Űɡˊɘəɧ űɎůɛŬ ŬɜŰɘŭɟŬůŰɐɟŬ ŰŬɢɏɤɜ ɜŮŰɟɞɜɑɤɜ ɡɔɟɞɨ 

ɜŬŰɟɑɞɡ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɜŮŰɟɞɜɘəɞɑ ɡˊɞɚɞɔɘůɛɞɑ ˊɞɡ ŬűɞɟɞɨůŬɜ Űɖɜ 

ŮɘůŬɔɤɔɐ ɛɑŬɠ ŭɘɎŰŬɝɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ŬɜŬəɚŬůŰɐ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ Jules Horowitz  (JHR, 

Jules Horowitz Reactor). ȼ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ɜŮŰɟɞɜɑɤɜ ɛŮ ŰŬ ɡɚɘəɎ Űɖɠ ŭɘɎŰŬɝɖɠ ɞŭɖɔŮɑ ůŰɖɜ 

ˊɟɞůŬɟɛɞɔɐ Űɞɡ ŮˊɘəɟŬŰɞɨɜŰɞɠ ɜŮŰɟɞɜɘəɞɨ űɎůɛŬŰɞɠ Űɞɡ JHR ůŰɖɜ ŮɜŮɟɔŮɘŬəɐ ɜŮŰɟɞɜɘəɐ 

əŬŰŬɜɞɛɐ ˊɞɡ ɢŬɟŬəŰɖɟɑɕŮɘ ɏɜŬɜ SFR. Ƀ JHR ŮɑɜŬɘ ɏɜŬɠ ɗŮɟɛɘəɧɠ ŮɟŮɡɜɖŰɘəɧɠ ŬɜŰɘŭɟŬůŰɐɟŬɠ 

əŬɘ ɏɜŬɠ Ŭˊɧ Űɞɡɠ əɨɟɘɞɡɠ ůŰɧɢɞɡɠ Űɞɡ ŮɑɜŬɘ ɖ ɏɟŮɡɜŬ əŬɘ ɖ ɛŮɚɏŰɖ ɡɚɘəɩɜ ɔɘŬ Űɞɡɠ ˊɡɟɖɜɘəɞɨɠ 

ůŰŬɗɛɞɨɠ ˊŬɟŬɔɤɔɐɠ ŮɜɏɟɔŮɘŬɠ 2
ɖɠ

, 3
ɖɠ

 əŬɘ 4
ɖɠ

 ɔŮɜɘɎɠ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ ɛɑŬ Ŭˊɧ Űɘɠ əɨɟɘŮɠ 

ŭɟŬůŰɖɟɘɧŰɖŰŮɠ Űɞɡ ŮɑɜŬɘ ɖ ŬɜɎˊŰɡɝɖ ŭɘŬŰɎɝŮɤɜ ˊɞɡ ɗŬ ˊŬɟɏɢɞɡɜ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɧɚɖůɖɠ Űɤɜ 

ŭɞɛɘəɩɜ ɡɚɘəɩɜ əŬɘ Űɤɜ əŬɡůɑɛɤɜ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɏɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɧˊɞɡ ŬɡŰɎ ˊɟɧəŮɘŰŬɘ 

ŰŮɚɘəɎ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ. 

 

ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ŭɘŬŰɟɘɓɐɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮɚɏŰɖ Űɖɠ ůɢŮŰɘəɐɠ ɡˊɎɟɢɞɡůŬɠ (ɐŭɖ ůŮ ɢɟɐůɖ, 

ɡˊɧ ŬɜɎˊŰɡɝɖ ɐ ˊɟɞŰŮɘɜɧɛŮɜɖɠ) ŰŮɢɜɞɚɞɔɑŬɠ, ɖ ɞˊɞɑŬ ŬˊɞŰɏɚŮůŮ ɡˊɧɓŬɗɟɞ ɔɘŬ Űɖɜ ˊɟɞůɏɔɔɘůɖ 

Ůˊɑɚɡůɖɠ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊŮɟɘŮəŰɘəɎ ůŰɖɜ Ŭɟɢɐ Űɖɠ ŭɘŬŰɟɘɓɐɠ. ȼ ɟɨɗɛɘůɖ 

Űɞɡ űɎůɛŬŰɞɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ Ůɜɑůɢɡůɖ Űɞɡ ɚɧɔɞɡ ŰŬɢɏɤɜ ˊɟɞɠ ɗŮɟɛɘəɎ ɜŮŰɟɧɜɘŬ, ŭɖɚŬŭɐ, 

ŮɑŰŮ ɛŮ Űɖɜ ŮɔəŬŰɎůŰŬůɖ ɡɚɘəɩɜ ˊɞɡ Ŭˊɞɟɟɞűɞɨɜ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ŰŬ ɗŮɟɛɘəɎ ɜŮŰɟɧɜɘŬ ɐ/əŬɘ ɛŮ 

Űɖɜ ˊɟɞůɗɐəɖ ůɢɎůɘɛɞɡ ɡɚɘəɞɨ, ŮɜɘůɢɨɞɜŰŬɠ ɏŰůɘ Űɖɜ ůɡɜɘůŰɩůŬ Űɤɜ ŰŬɢɏɤɜ ɜŮŰɟɞɜɑɤɜ. ȾŬɘ ɞɘ 

ŭɨɞ ɛɏɗɞŭɞɘ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɜŮŰɟɞɜɘəɐɠ ůɨɚɚɖɣɖɠ. ɀŮ ɎɝɞɜŬ Űɘɠ ɛŮɗɧŭɞɡɠ ˊɞɡ 

ɏɢɞɡɜ ɐŭɖ ŬɜŬˊŰɡɢɗŮɑ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŮəŰŮŰŬɛɏɜɖ ɛŮɚɏŰɖ Űɤɜ ɡɚɘəɩɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɘůɢɡɟɐ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ ɗŮɟɛɘəɩɜ ɜŮŰɟɞɜɑɤɜ əŬɗɩɠ əŬɘ Űɖɠ ŮˊɑŭɟŬůɐɠ Űɞɡɠ ůŰɞ űɎůɛŬ 

ŬɜŬűɞɟɎɠ (JHR-ŬɜŬəɚŬůŰɐɠ). ɆŰɖ ůɡɜɏɢŮɘŬ, ŬəɞɚɞɡɗɩɜŰŬɠ Űɘɠ ɛŮɗɧŭɞɡɠ ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖ 



 

VI  

ɓɘɓɚɘɞɔɟŬűɑŬ, ŭɘŮɟŮɡɜɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊɟɞůɗɐəɖɠ ůɢŬůɑɛɞɡ ɡɚɘəɞɨ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ 

JHR-ŬɜŬəɚŬůŰɐ. Ⱥˊɘˊɚɏɞɜ, ɗŮɤɟɐɗɖəŮ ɘəŬɜɐ ˊɞůɧŰɖŰŬ ɜŬŰɟɑɞɡ ɤɠ ˊŮɟɑɓɚɖɛŬ Űɞɡ ůɢɎůɘɛɞɡ 

ɡɚɘəɞɨ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗŮɑ ŮɎɜ ɖ ˊŬɟɞɡůɑŬ Űɞɡ  ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ ɛŮŰŬŰɧˊɘůɖ Űɞɡ 

űɎůɛŬŰɞɠ. Ƀɘ ŰŮɢɜɘəɏɠ ŬɡŰɏɠ, Ŭɜ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ Ůɜɧɠ 

ɗŮɟɛɘəɞɨ űɎůɛŬŰɞɠ ůŮ űɎůɛŬ ŰŬɢɏɤɜ ɜŮŰɟɞɜɑɤɜ, ŬˊɞŰɡɔɢɎɜɞɡɜ ɜŬ ˊɟɞůɞɛɞɘɩůɞɡɜ Űɞ SFR 

űɎůɛŬ. ȹŮŭɞɛɏɜɞɡ ŬɡŰɞɨ, ɖ ŮɟɔŬůɑŬ ɞŭɖɔɐɗɖəŮ ůŰɖɜ ˊɟɞůŬɟɛɞɔɐ Űɞɡ űɎůɛŬŰɞɠ əɎɜɞɜŰŬɠ 

ɢɟɐůɖ Űɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ůəɏŭŬůɖɠ. 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ɏŭŮɘɝŬɜ ɧŰɘ ɛɑŬ ŭɘɎŰŬɝɖ ɡɚɘəɩɜ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ 

ůɖɛŬɜŰɘəɏɠ ɛɘəɟɞůəɞˊɘəɏɠ ŭɘŬŰɞɛɏɠ ŬɜŮɚŬůŰɘəɐɠ ůəɏŭŬůɖɠ ˊŮɟɑ Űɞ 1 MeV, ɛˊɞɟŮɑ ɜŬ 

ŭɖɛɘɞɡɟɔɐůŮɘ ɏɜŬ ɜŮŰɟɞɜɘəɧ űɎůɛŬ ˊɞɡ ˊɟɞůŮɔɔɑɕŮɘ ůŮ ŬɟəŮŰɎ ɘəŬɜɞˊɞɘɖŰɘəɧ ɓŬɗɛɧ ŬɡŰɧ Űɞɡ 

SFR, ɢɤɟɑɠ əŬɜ ɜŬ ŬˊŬɘŰŮɑŰŬɘ ɖ Ůɜɑůɢɡůɖ Űɖɠ ůɡɜɘůŰɩůŬɠ ŰŬɢɏɤɜ ɜŮŰɟɞɜɑɤɜ ɛŮ ůɢɎůɘɛɞ ɡɚɘəɧ. 

Ƀɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ˊɟɞůŭɘɞɟɑɕɞɡɜ ŬˊɞŰŮɚŮůɛŬŰɘəɞɨɠ ŬɜŮɚŬůŰɘəɞɨɠ ůəŮŭŬůŰɏɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

Űɖɜ ˊɡəɜɧŰɖŰŬ əŬɘ Űɖɜ ɛɘəɟɞůəɞˊɘəɐ ŮɜŮɟɔɧ ŭɘŬŰɞɛɐ ŬɜŮɚŬůŰɘəɐɠ ůəɏŭŬůɖɠ əŬɗɩɠ əŬɘ Űɘɠ 

ŮɜŮɟɔŮɘŬəɏɠ ˊŮɟɘɞɢɏɠ ɧˊɞɡ ŬɡŰɐ ɚŬɛɓɎɜŮɘ ɢɩɟŬ. ũɘŬ Űɖɜ ˊɟɧŰŬůɖ ɛɘŬɠ ŭɘɎŰŬɝɖɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ 

ŮˊɘŰɨɢŮɘ Űɖɜ ŬˊŬɘŰɞɨɛŮɜɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ űɎůɛŬŰɞɠ ɧɚɞɘ ɞɘ ˊŬɟŬˊɎɜɤ ˊŬɟɎɔɞɜŰŮɠ ˊɟɏˊŮɘ ɜŬ 

ŮɝŮŰɎɕɞɜŰŬɘ ɝŮɢɤɟɘůŰɎ. ɄɟɞəŬŰŬɟəŰɘəɞɑ ɜŮŰɟɞɜɘəɞɑ ɡˊɞɚɞɔɘůɛɞɑ ɏŭŮɘɝŬɜ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ ɛɑŬɠ 

ŰɏŰɞɘŬɠ ŭɘɎŰŬɝɖɠ ůŰɞɜ ŬɜŬəɚŬůŰɐ Űɞɡ JHR ŭŮɜ ŮɔŮɑɟŮɘ ɕɖŰɐɛŬŰŬ ŬůűɎɚŮɘŬɠ. 
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Chapter 1.  

Introduction  
 
 

1.1 Background & Motivation  

 

The presence of fast neutron spectra in new reactor concepts [OECD13, Loc13, Deb04] (such as 

Gas Cooled Fast Reactor [Poe15], new generation Sodium Cooled Fast Reactor [Aot14, 

OECD09], Lead Fast Reactor [Ale16], Accelerator Driven System [IAEA15] and nuclear Fusion 

Reactors [Rae16] is expected to induce a strong impact on the contained materials, including 

structural materials (e.g. steels), nuclear fuels, neutron reflecting materials (e.g. beryllium) and 

tritium breeding materials (for fusion reactors)  [Laa12]. Therefore, introduction of these reactors 

into operation will require prior extensive testing  [IAEA12a] to well characterize and model 

behaviors of the components, which must be performed under neutronic conditions 

representative of those expected to prevail inside the reactor facilities when in operation  

[OECD11]. Depending on the material, the requirements of a test irradiation can vary  [Yvo14], 

the main importance placed to the achievement either of sufficiently high fast neutron fluence 

(e.g. for steels) and/or to the ratio of thermal neutron flux over fast neutron flux (e.g. for nuclear 

fuel and Tritium breeder materials and a priori for ste els) which  must be typical of fast reactor 

conditions  [Kel14]. It should be underlined that irradiation duration and flux level should be 

the result of a compromise in order to prevent the irradiated materials from being deteriorated.  

According to experience an optimum irradiation duration is ~30 times lower than the time that 

the material is about to remain in the facility. Due to limited availability of fast reactors  [Kel14], 

testing of future reactor materials will mostly take place in water cooled Material Test Reactors 

(MTRs), which provide a neutron spectrum with two peaks, one at 1 eV and another at 1 MeV 

(Figure 1-1)[Yan12,Oku14]. Seeing that the thermal neutron component in MTRs is one to two 

tens larger compared to fast reactors, appropriate  neutronic conditions can be achieved in MTRs 

by tailoring the neutron spectrum in order to tune properly the  reaction rates. For the spectrum 

tailor ing there are two options, i.e. either to remove the thermal component or to increase the 

ratio fast/thermal neutrons inside an MTR, using the appropriate neutron shields [Chr14]. The 

latter relies on the utilization of materials capable to absorb neutrons at specific energy or on the 

introduction of fissile material, enhancing thus the fast neutron component.   
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Figure 1-1: Neutron energy spectrum of a typical thermal reactor  [Oku14] 

 
 
 

1.2 Objective 

Possible methods are investigated in this thesis in order to create a neutron energy spectrum 

similar to that characterizing Sodium cooled Fast Reactor (SFR) in a thermal neutron reactor. 

The concept of SFR has been selected by the Generation IV International Forum (GIF) as a 

promising nuclear energy system able to fulfill the G IF IV criteria: safety assurance, economic 

competitiveness, reduction in environmental burden, efficient ut ilization of resources  as well as 

proliferation resistance and enhanced physical protection [Del13, Ich11]. Extensive research 

related to the behavior and characteristics of material and fuel under irradiation co nditions 

(nominal and transient ), the fuel fabrication as well as the pin cladding and wrapper material is 

required [Dek11, Del13]. Such study can be carried out in MTRs. The reflector area of Jules 

Horowitz material testing Reactor (JHR) [Par15,Big15] provides good neutro nic conditions for 

the realization of this kind of  study. Furthermore, JHR targets to investigate and study materials 

for future generations of power plants.  Accordingly,  the development of devices that will serve 

for  representative tests of structural materials and fuel is required. In this context, this thesis 

focuses on the investigation of methods by which the neutron population distributed in the 

reflector area (Figure 1-2) of JHR (thermal neutron spectrum) can be reversed from low to high 

energies with the final neutron distribution to be similar to that of a SFR.   
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1.3 Key Features 

1.3.1 Jules Horowitz Reactor  

JHR is a Material Testing Reactor (MTR) under construction at  Cadarache in southern  France 

[Big16, Col15]. This pool-type MTR would have a maximum power of 100 MWth. The design 

thermal flux is 5.2ɇ1014 n/cm2/s and the fast flux (here E> 0.9MeV) is 5ɇ1014 n/cm2/s. The reactor 

will offer modern irradiatio n experimental capabilities for studying material and fuel behavior 

under irradiation. JHR will be a flexible experimental infrastructure to meet industrial and 

public needs related to Generation II , III  and IV Nuclear Power Plants (NPP) and to different 

reactors technologies [Par15]. JHR is designed to provide high neutron flux (more than the 

maximum available today in European MTRs), to perform  highly instrumented exp eriments in 

order to support advanced modeling giving prediction beyond experimental points, and to 

operate experimental devices giving environment conditions (pressure, temperature, flux, 

coolant chemistry, etc.) relevant for water reactors, gas cooled thermal or fast reactors, SFRs, etc. 

[Con13]. For this work a simulation model of JHR provided through TRIPOLI -4.8 was utilized 

and a series of calculations related with  the introduction of materials in the reflector area of JHR 

was carried out. The irradiation location  and the model are illustrated in  Figure 1-2.  

 

 

Figure 1-2: Model of JHR, produced with TRIPOLI -4.8; white  arrow points  to the irradiation location of interest in 

JHR reflector.   

https://en.wikipedia.org/wiki/Cadarache
https://en.wikipedia.org/wiki/France
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1.3.2 Sodium cooled Fast Reactors (SFRs) 

SFRs are classified within the domain of Liquid Metal cooled Fast Reactors (LMFRs). These 

types of reactors use liquid metal coolants, such as sodium and lead [IAEA12b, Laf10]. The 

nuclear properties of these materials in addition to their physical properties (i.e. high density, 

high boiling point, high thermal conductivity, high heat capacity, etc.) justify their selection as 

coolants [IAEA12c, Laz14]. In Table 1-1 the physical properties of liquid metals  are reported: 

sodium (Na), lead (Pb), bismuth ( Bi) and Pb-Bi. The high boiling point of the liquid metals 

enables operation at high temperatures without requiring high circuit pressure, while the high 

heat of vaporization of these elements results to a low primary system pressure demand and 

therefore, for example, a reduced reactor vessel thickness [Laf10]. After the testing of different 

alternative coolants, Na has been chosen to be the primary coolant medium in the majority of 

fast reactors constructed to date [OECD14, Sun12]. 
 

 

Table 1-1: Physical Properties of Na, Pb, Bi and Pb-Bi (44.5/55.5%) [IAEA12c] 

Properties  Units  Na Pb Bi Pb-Bi 

Atomic number  ɭ 11 82 83 ɭ 

Atomic mass ɭ 22.99 207.2 208.98 ɭ 

Melting temperature  
Ș ̂ 98 327.4 271.4 125 

K 371 600.85 544 398 

Boiling temperature  
Ș ̂ 883 1745 1552 1670 

K 1156 2018 1825 1643 

Heat of melting   
kJ/kg 114.8 24.7 54.7 38.8 

kJ/mole 2.6 5.1 11.4 8.07 

Heat of vaporization  
kJ/kg 3871 856.8 852 852 

kJ/mole 89.04 178 178 178 

Density  
ÚÖÓȭɯƖƔȘˆ 

kg/m 3 
966 11340 9780 10474 

ÓÐØȭɯƘƙƔȘˆ 845 10520 9854 10150 

Heat capacity 
sol. ƖƔȘˆ 

kJ/kgK 
1.23 0.127 0.129 0.128 

liq.  ƘƙƔȘˆ 1.269 147.3 150 146 

Thermal 

conductivity  

ÚÖÓȭɯƖƔȘˆ 
W/mK  

130 35 8.4 12.6 

ÓÐØȭɯƘƙƔȘˆ 68.8 17.1 14.2 14.2 

*ÐÕÌÔÈÛÐÊɯÝÐÚÊÖÚÐÛàɯȹƘƙƔȘˆȺ m2/s 3x10-7 1.9x10-7 1.3x10-7 1.4x10-7 

/ÙÈÕËÛÓɯÕÜÔÉÌÙɯȹƘƙƔȘˆȺ ɭ 0.0048 0.0174 0.0135 0.0147 

2ÜÙÍÈÊÌɯÛÌÕÚÐÖÕɯȹƘƙƔȘˆȺ mN/m  163 480 370 392 

Volume change with melting  % 2.65 3.6 ɬ3.3 ~0.5 
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The use of Na for cooling a FR provides a neutron energy spectrum shifted to lower energies in 

relation  to other fast reactors spectra. The softening of the spectrum is caused by both inelastic 

and elastic scattering of sodium. As stated in Nim59, Sodium degrades the spectrum at high 

end as a result of inelastic scattering and builds up the low end of the spectrum by elastic 

scattering. In fact, this reduction of scattering interactions due t o the reduction of sodium 

density causes a spectrum hardening and constitutes the so-called sodium void effect [Yan12]. 

For the thesis purposes, a reference SFR spectrum has been utilized, provided by the neutronic 

data of the prototype SFR reactor, Phenix [Gui05, IAEA07]. Phenix was a pool-type design, 

generating at 565 MWth power. Before its shutdown  [Che12], the plant had achieved all the 

objectives of demonstration of fast reactor technology, which  has been set at this time of 

construction. A description of the main reactor characteristics can be found in [Che12].  
 

1.3.3 Problem Outline  

The spectra of JHR reflector and SFR are illustrated in Figure 1-3. JHR reflector spectrum1 was 

produced by TRIPOLI -4.8, while SFR spectrum was provided by neutronic data of the 

prototype SFR reactor, Phenix. JHR reflector spectrum has a typical energy distribution  of a 

thermal reactor, exhibiting two peaks. That is, the first peak at low  energies (below 0.1eV) due 

to the water-induced neutron thermalization  and the second at high energies (~1MeV), 

corresponding to the neutron produced by fission ; in  the  intermediate  energy  range  (1  eV  to 

 0.1  MeV)  an approximately  1/E  dependence exists. On the contrary, the thermal range of the 

SFR spectrum includes an insignificant number of neutrons, the latter being concentrated in 

energies of an order of magnitude between 103 and 106 eV. Prompt neutrons are born at energy 

ranges from 0.1 to 10 MeV and the elastic and inelastic scattering interactions between sodium, 

as well as structural and other materials existing in a SFR, with fission neutrons , shifts the peak 

of fission spectrum to lower energies (~200keV). The contrast between the thermal and the SFR 

spectra is better illustrated at the Chart-Table of Figure 1-4 where the neutron distribution is 

partiti oned in energy groups.  

A reversion of the neutron population from one side (low energies ) to the other (high energies) 

is necessary to fulfill  the objective of tailoring the neutron spectrum obtained in the irradiation 

facility of JHR, into a spectrum similar to that of SFR. The subject of this thesis is the 

investigation of methods, by which the spectrum can be tailored as desired. These methods 

contain the utilization of thermal neutron absorbers, fissile nuclei and nuclei with high 

scattering capability.  The final task is a tentative design of a device that will provide a neutron 

energy spectrum similar to that characterizing SFR, when introd uced into the JHR reflector.  

                                                      
1  For all simulations carried out in this thesis the neutron flux tallies were requested for 175 energy groups between 

1E-11 -20 MeV. 
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Figure 1-3: Comparing the two reference spectra; green line: JHR reflector, black line: SFR. In each case 

the neutron fluxes per lethargy are normalized to unit. JHR reflector plot produced by  TRIPOLI-4.8. SFR 

plot provided by neutronic data of the prototype SFR reactor, Phenix.   

 

 
 

 
Figure 1-4: Grouped neutron energy distribution  (%) for JHR-reflector (green) and SFR (black)  
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1.4 Structure of the Thesis  

The overall structure of the thesis is divided into six chapters (Figure 1-5), including this 

introductory chapter . Chapter 2 provides a comprehensive review of the existing (used and 

under development or proposed) state of the art neutron screen technology. Its content 

corresponds to a paper already published [Chr14]. In Chapter 3 the computational tools, used 

for the simulations at this work, are described, along with the m ajor factors that ensure the 

accuracy and the precision of the final results, which are presented in Chapter 4. This chapter is 

divided into four main sections, each of which presents the results relating to one of the neutron 

interaction taking place for the spectrum tailoring ( Figure 1-6). As a final point, the main 

conclusions as well as the recommendation for future work are given in Chapter 5.  

 

 
Figure 1-5: Thesis flow chart 

 

 
 

Figure 1-6: Chapter 4 flow chart
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Chapter 2.  
State of the art 

 

The use of neutron screens technology is imperative within the framework of the materials 

qualification for the development of GEN -IV reactors [Kel14], since their performance can easily 

and inexpensively simulate the characteristics of a fast neutron flux facility and accomplish 

power transient experiments. The term neutron screen used in this thesis refers to the 

configuration ( device, model, system or technology) that can be implemented inside the reactor 

and provide the capability of tailoring locally the neutron spectrum. Neutron screens contribute  

to the creation of desirable special irradiation conditions that cannot be achieved during normal 

reactor operation for technological or economic reasons.  

 

Neutronic conditions similar to the ones prevailing in fast reactor cores can be achieved in 

MTRs by tailoring the neutron spectrum. For the spectrum tailoring  two  options are offered, i.e. 

either (a) to remove the thermal component using a neutron screen technique based e.g. on 

cadmium, boron or hafnium shields, and/or (b) to increase the fast/thermal neutrons ratio inside 

an MTR by using fissile material. Several complexities, mainly of technological nature, are 

involved in the use of thermal neutron absorption shields, since all candidate shielding 

materials have their specific problems induced by welding behaviour , swelling (e.g. boron 

compounds) or melting (e.g. cadmium). Therefore, research and exchange of information on 

neutron screens technology is of increasing interest.  

 

The purpose of this chapter is to review the literature  on the existing (and available in literature ) 

neutron screens technology; it is examining the neutron screens developed to address the lack 

of fast research reactors in sufficient number. A neutron screen achieves the required fast 

neutron environment by cutting off the thermal component of the neutr on spectrum, using 

thermal neutron absorbing material. The absorber is almost transparent to fast - and much less 

to epithermal - neutrons. In order to reproduce the irradiation conditions prevailing in a 

Sodium-cooled Fast Reactor (SFR) environment or in a Sodium-cooled Fast Breeder Reactor 
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(SFBR), coolant loops and booster fuels are combined in the irradiation facility. This work 

further investigates the power transition facilities that are also based on neutron screens 

utilization, where also thermal neu ÛÙÖÕɯ ÈÉÚÖÙÉÌÙÚɯ ÈÙÌɯ ÜÚÌËȭɯ !àɯ ÝÈÙàÐÕÎɯ ÛÏÌɯ ÈÉÚÖÙÉÌÙɀÚɯ

concentration, power transient on the irradiation sample is achieved. The utilization of variable 

screens is necessary in order to test the fuel behavior when exposed to sudden power transients. 

 

The chapter is divided into two sections, depending on the form of the absorbing material used 

i.e., solid and fluid neutron screens. Section ɕ2.1  is dedicated to neutron screens which use solid 

absorbing material and serve for simulation of fast neutron spectrum conditions. In ɕ2.2 , 

neutron screens utilized for power transients are presented. Solid neutron screens can provide 

larger power transients than fluid screens, since they have higher density, but their utilization is 

complex. Fluid absorbing materials are often preferred for this purpose since their screening 

capability can easily change by varying their pressure and/or concentration. Several successful 

examples of neutron screens performance are reviewed while problems appearing in specific 

cases are pointed out. Figure 2-1 depicts MTRs presented in this chapter.  
 

 
 

 

 
 
 

 
Figure 2-1: MTRs presented in this chapter (present work)    
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2.1 Solid Neutron Screens  

In this section, neutron screens which use a solid material are presented; four solid, thermal 

neutrons absorbing materials are reported, i.e., cadmium, hafnium, boron and europium. All of 

them have adequate thermal neutron absorption cross sections (Figure 2-2) and are widely used 

in nuclear reactors in several applications. In each case, the selection of the appropriate material 

depends on the requirements of the experiment, the available room for screen loading, the 

safety issues related to screen loading and the materials compatibility (Table 2-1). Additionally,  

for the material selection the accumulated experience gained using the specific material for 

other reactor operations is also exploited. The factors that should be taken into account in a 

neutron screen design are the geometrical configuration of the screen, its depletion rate, the 

reactivity effect caused by its insertion   in the core, the screen cooling medium, the acting field 

and the required conditions. The impact that a neutron screen has on reactor operation 

(reactivity insertion) and on neighboring  experiments, if any, should be thoroughly analyzed. In 

this chapter the last issue has not been raised.  

The solid screens are classified by material and are divided into subclasses depending on 

whether they have already been used or they are under development or study. In cases for 

which neutron screens are under development or study, the parameters that should be 

considered for the safety and effective neutron screen design are still under investigation . 
 

 

 

Figure 2-2: Thermal neutron capture values of thermal reported in literature  to be used for spectrum 

tailoring  
 
 

 

Table 2-1: Physical properties, cost, toxicity and reaction type of thermal reported in literature  to be used 

for spectrum tailori ng [Hyn15,CPP16] 
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2.1.1 Cadmium neutron screens  

Cadmium  (Cd), is a material widely used for thermal neutron filtering, due to its excellent 

thermal neutron capture capability. Its utilization in neutron screen technology is very common, 

since the reactors Community is familiar with its mechanical properties and othe r technological 

issues. However, Cd screen construction is complex from the engineering point of view, due to 

its low melting point an d its large thermal expansion. Because of its extremely high thermal 

neutron cross section, a slightly thin neutron screen is sufficient to tailor the neutron flux 

distribution in most cases.  The more thermal neutron -absorbing Cd isotope is 113Cd, which 

constitutes only the 12% of the natural Cd [Wie13b]. In high neutron fluxes, 113Cd is quickly 

depletes, demanding thus frequent replacement of the screen (or additional material) in order to 

avoid unexpected increase of neutron flux deposited  on the irradiated samples. 

Cd screens are being used for many years now. In BR2 for instance, most of the irradiations 

from the 1960s until late 1980s were carried out in the framework of the fast reactor 

development program and most of the irradiation rigs cont ained a Cd thermal neutron -

absorbing screen [Rae00]. 
 

2.1.1.1 Cadmium neutron screens already being used  
 

Belgian Reactor 2, Center for Nuclear Energy Research ȹ!1ƖȮɯ2"*ɇ"$-Ⱥ 

In BR22 ÊÖÙÌɯÈÛɯ2"*ɇ"$-ɯÈɯ"ËɯÚÊÙÌÌÕɯof 0.25 cm thickness has been installed around a large 

Sodium (Na) loop (hosting a single fast reactor fuel pin) which was already surrounded by a 

gaseous 3He screen at variable pressure Figure 2-3. The experiment named VIC (Variable 

Irradiation Conditions) was installed in a standard 84.2 mm channel of BR2  (Figure 2-4)and its 

utilization aimed at Liquid -Metal Fast Breeder Reactor (LMFBR) fuel pins testing under 

transient operating conditions 3. The 3He gas screen serves for fuel power transient (pressure 

variation) , while the Cd screen provides a fast spectrum environment, by cutting off the thermal 

neutrons. Figure 2-5 illustrates  the neutron spectra in a BR2 experiment with (red line) and 

without (dashed line) Cd screen located axially in a fuel element channel. The installation of the 

screen cuts off the thermal component of the neutron spectrum, whereas it has practically no 

imp act on the high fast flux , leading thus the radial fission density distributions across fuel pin 

bundles, and inside the fuel pins themselves, to become much flatter and therefore simulating 

better the conditions of fast reactor. The optimization of the  current  neutronic design of the loop 

was done by calculating an optimal thickness of the water annuli between the 3He and Cd 

screens, in order to allow for a certain re-thermalization (so that the 3He screen would be able to 

induce a transient), keeping at the same time the thermal component of the neutron flux low 

enough, so as to be representative of a FR. The utilization of 3He screen in VIC is also examined 

in ɕ2.2.1 . 

                                                      
2 The main characteristics of BR2 can be found in Dyc13. 
3 Power increase or decrease in a few seconds, on the volume of a fuel pin. 
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Figure 2-3: Horizontal cross section of VIC loop [Eyn09a] 

 

 

 
Figure 2-4: Horizontal cross-section of BR2 with a typical loading [Rae00] 
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Figure 2-5: Effect of a 0.25 cm Cd neutron screen on the neutron spectrum within the fuel element. The neutron 

spectrum of the reflector channel is included for comparison. [Rae00] 

High Flux Reactor (HFR), Petten  

TRIO  modified for irradiation of MOX fuels (TRIOX) capsule  

TRIO is an irradiation device consisted of three sampler holders of circular  cross section 

×ÖÚÐÛÐÖÕÌËɯÙÈËÐÈÓÓàɯ×ÌÙɯƕƖƔȘ (Figure 2-6). In HFR4 (Figure 2-7) a TRIO concept, i.e. TRIOX, was 

utilized for MOX fuels irradiation  [Arl13 ,Sha16,Ren02], with a Cd screen adapted into the 

sample holder carrier for spectrum hardening a t the location of testing fuel  [Eyn09b]. Starting 

from the center and moving towards periphery (i.e. from inside  to outside), a TRIOX channel is 

configured in terms of its radially arranged materials as follows  (Figure 2-6): sample (i.e. fuel 

pin), Na, molybdenu m (Mo) shroud, Na , Stainless Steel (SS) (1st containment), gas gap, SS (2nd 

containment, reactor coolant water, aluminum  (Al) , Cd (3 mm, embedded into Al over part of 

the device height), Al  (the capsule material). The gas gap between primary and secondary 

containments, consisting of Helium -Neon (He-Ne) or Neon-Nitrogen (Ne-N) mixtures , helps to 

the control of the fuel pin clad temperature.  The Mo shroud was immersed in the He 

                                                      
4 A short description of HFR can be found in Zem12, JRC05. 
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pressurized stagnant Na which fills the primary containment in order to prevent convection 

currents from appearing in Na when the gap between fuel pin and primary containment is too 

wide. Mo lybdenum  presents high  thermal conductivity and dimensional stability  [Tan81], thus 

its concentric arrangement around the fuel pin serves to create a barrier against convection 

currents, flows of Na  vapor and undesirable heating of the support structure.  

 

The Cd incorporated into TRIOX capsule acts as a neutron screen for the reduction of the 

thermal flux influence. It is a 0.5 x 1.9mm2 wire which is embedded into Al structure in a spiral 

groove made in the Al  tube, giving a partial Cd cover in the TRIOX holder. Effective Cd cover 

can be changed depending on the design requirements. In order to avoid design complications, 

Cd screen is not directly incorporated to the sample holder. On the other hand, the Cd 

placement in the coolant water channel allows for sufficient cooling required for Cd , but has the 

drawback that some fast neutrons turn thermal once they have passed the neutron screen, 

which constitutes a compromise in the design. Moreover, all th ree TRIOX channels can contain 

Cd but this causes a significant reactivity effect. From the HFR operation safety point of view, 

the TRIOX capsule should be placed in the lower flux positions, since in this way it limits the 

impact of Cd wire on the neutronics of the reactor [Eyn09a].  

 

 
 

 

  

Figure 2-6: Left: Horizontal cross section of the three legs incorporated in the TRIO irradiation rig. Right: Horizontal 

cross section of a TRIOX containing a fuel sample holder. Only one leg is shown. [Eyn09b]   
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Figure 2-7: Schematic horizontal cross section of HFR [JRC05]  

 

High neutron fluence Irradiation of pebble staCks for fUsion (HICU) Project 

The HICU irradiation project has been implemented in HFR ( Figure 2-7) for Li -ceramics5 

irradiation under conditions similar to those of a Pebble Bed Reactor (PBR) [Li15, Man12,Ros14]. 

HICU combines two thermal neutron absorbers: hafnium  (Hf)  rings have been placed along 

with Cd rings creating a neutron screen layer within the sample holder tube. Figure 2-8 presents 

the power density versus time generated ÉàɯȹÕȮϔȺɯÙÌÈÊÛÐÖÕÚɯÖÕɯ+Ð4SiO4 (Li ceramics material) in 

the dominant spectrum inside the HICU at core position C7  (Figure 2-7), for five cases: 

unshielded (A); 1 mm Cd  at C7 (B) and 2 mm Cd at C7 (C); 2 mm Cd, 400 days at C7 and then at 

H8 (D); 2 mm Cd and 0.5 mm Hf at C7 (E). The abrupt upturn in power generation ( curves B, C, 

D, E) is due to Cd depletion. The combination of Hf, which has low  -in relation to Cd - 

microscopic cross section (Figure 2-2), with Cd (curve E) introduces a significant  delay to the 

power upturn and allows longer irra diation duration -over 500 days- in the fast spectrum. As 

expected, the behavior of the unshielded (not accounting for burnup) facility (curve A) is 

constant. The power generated by both thermal and fast neutrons was calculated using the 

MCNP code [Bri00]. 

                                                      
5 Li -ceramics are candidate materials for the breeder blanket of fusion reactor.  
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(ÕɯÖÙËÌÙɯÛÖɯÚÛÜËàɯÛÏÌɯÚÊÙÌÌÕɀÚɯÉÌÏÈÝÐÖÙȮɯÛÏÌɯÕÌÜÛÙÖÕɯÍÓÜßɯÐÕÚÐËÌɯÛÏÌɯ'("4ɯÞÈÚɯÊÖÔ×ÜÛÌËɯÞÐÛÏɯ

the MCNP code. The screen consisted of a 2 mm Cd shield and a Hf wire (0.6x0.6 mm2). The 

computations were performed considering the HICU loaded at the third highest flux position 

(C3 or C7) of HFR core (Figure 2-7). Additionally  two types of fusion breeder materials, 

containing lithium metatitanate , i.e. Li 2TiO3 with natural lithium (7.5% 6Li) and lithium -enriched 

material (30% 6Li), were assumed [Eyn09b]. The implementation of the neutron screen resulted 

to the cutoff of thermal neutrons  (Figure 2-9). As referred in Eyn09a, the installation of HICU in 

C7 irradiation position ( Figure 2-7) caused a negative reactivity effect of about 1200 pcm (per 

cent mille) , due to the reduction of the thermal component available for further fission 

reactions. However the effect was considered acceptable by the HFR limiting conditions for 

operation [Eyn09a]. 

 
 

 
Figure 2-8: PÖÞÌÙɯËÌÕÚÐÛàɯÝÌÙÚÜÚɯÛÐÔÌɯÎÌÕÌÙÈÛÌËɯÉàɯȹÕȮϔȺɯÙÌÈÊÛÐÖÕÚɯcalculated for Li 4SiO4 20% enriched in 6Li. 

Notation for curves is as following: unshielded (A); 1 mm Cd at C7 (B) and 2 mm Cd at C7 (C); 2 mm Cd, 400 days at 

C7 and then at H8 (D); 2 mm Cd and 0.5 mm Hf at C7 (E) [Eyn09a]  
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Figure 2-9: Effect of HICU (2 mm Cd and 0.6x0.6 mm2 Hf wire ) neutron screen on the neutron spectrum with natural 

Li (7.5% 6Li) or with  lithium -enriched material (30% 6Li)  [Eyn09b] 

 

2.1.1.2 Cadmium neutron screens under investigation or development  

Massachusetts Institute of Technology (MIT)  

In the MIT reactor  [Sun15], a design to achieve significantly high neutron  flux has been 

proposed . The proposed facility would be hosted in the central fast flux trap of the MIT reactor 

core [Ell08]. The design includes a fast flux trap loop surrounded by fissionable material ( 233U, 

235U, 239Pu and 242mAm), reflected and cooled by liquid eutectic Pb -Bi coolant [Ell09]. The fissile 

material could be enriched in either 235U or 233U. The area containing the fissile pins, called 

amplifier ring, consists of 164 fuel oxide pins arranged in four rings of 32, 38, 44 and 50 pins 

respectively in a hexagonal arrangement [New04, Sun15]. The Pb-Bi cooÓÈÕÛɯÈÊÛÚɯÈÚɯÈɯɁËÙÐÝÌÙɂɯ

by reflecting fast neutrons and sending them back to the central irradiation facility. Between the 

amplifier ring and the experimental irradiation facilit y area, a Cd filter was placed [Ell09]. The 

optimum thickness of Cd was investigated and the impact of various Cd thicknesses on the 

neutron flux is summarized in Table 2-2. An extremely thin layer of Cd (0.1mm) was found able 

to reduce the thermal flux well over 50% while the fast f lux decrease was limited to 2% (Figure 

2-10) [Ell09].  
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Figure 2-10 Effect of a 0.1 mm Cd neutron screen on the neutron spectrum hosted in the central fast flux trap of the 

MIT reactor core [Ell09] 

 

Table 2-2: Effect of different Cd neutron screen thicknesses on the neutron flux  of the central fast flux trap 

in MIT core  [Ell09] 

Cd filter  

thickness(cm)  

Neutron flux modification (%) for four neutron energy groups  

0-0.4 eV 0.4 eV - 2 keV 3keV - 1 MeV 1-10 MeV 

0.00 0 0 0 0 

0.01 -55 0 -2 -2 

0.02 -65 -1 -2 -3 

0.05 -69 -2 -2 -4 

0.07 -71 -2 -1 -4 

0.08 -72 -5 -1 -4 

0.13 -73 -5 -2 -5 

0.21 -73 -6 -2 -8 

 
 

 

Advanced Test Reactor (ATR) , Idaho National Laboratory (INL)  

In the east flux trap (EFT) of the ATR (Figure 2-11) at INL, irradiation tests of high -actinides-

content fuels, AFC, have been performed, with the aim to examine the transmutation of long -

lived isotopes in spent nuclear fuel into shorter lived  fission products in an irradiation 

environment similar to that of a FR [Mar05].   
 



 

State of the art 
 

20 

 
Figure 2-11: Horizontal cross section of ATR Core  (77 irradiation positions: 4 flux traps, 5 in -pile tubes, 68 

in reflector) [Mar05] 

 

 

 

The fuels were loaded in an experiment Al -sheathed basket with a 0.114 cm thick Cd absorber 

filter. The device was cooled by light water, which is the primary coolant of the reactor. From a 

study performed with the combination of MCNP and ORIGEN -2 codes [ORIGEN2] it was 

found that at the beginning of irradiation the peak of the linear heat rate generated  by the metal 

fuel, with and without absorber filter, was 237 and 2174 W /cm respectively [Cha05]. The 

maximum basket lifetime (Cd depletion) was estimated to be about 48 effective full power days 

(EFPDs). Figure 2-12 compares the neutron flux (per lethargy normalized to 1)   spectrum in two 

cases, i.e. the neutron spectrum produced with and without Cd filter  and the neutron flux 

spectrum type of a LMFBR [Cha11]. The results indicate that omission of a Cd filter (Al -basket) 

results in a softest neutron spectrum and that Cd-filter can provide a  hardened neutron 

spectrum in  EFT position.  



 

Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors 

 

21 

 

 

Figure 2-12: Effect of an Al-basket with and without a Cd (0.114 cm ) filter on the neutron spectrum. The neutron flux 

spectrum of a LMFBR is included for comparison. Plot produced by MCNP [Cha11] 

 

2.1.2 Hafnium neutron screens  

Hafnium  (Hf)  is also a widely used material in nuclear reactors [IAEA08]. It has excellent 

mechanical properties, it is extremely corrosion-resistant and therefore can be used without 

enrichment. Another advantage is its high melting point. Hf  thermal neutron cross section is not 

as high as that of the other absorbers (Figure 2-2) presented in this section. However, the 

formation of Hf isotopes under irradiation, which are good thermal neutron absorbers too, 

makes Hf  a good candidate material for neutron screen technology. Since it decays to good 

thermal absorbers, its depletion occurs slowly, thus usually delaying its replacement in a 

neutron screen. Moreover, Hf  is a well processed material, characterized by necessary 

mechanical strength, good stability and ability  to maintain high mechanical properties under 

radiation  and can be used without cladding  (due its corrosion resistance in water) [IAEA08]. Hf  

is usually combined with Al, which is a good heat conductor and transparent to fast neutrons.   
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2.1.2.1 Hafnium neut ron screens already in operation  

HFR, Petten 

A TRIO-facility sample -holder (Figure 2-6) called CONFIRM  (Collaboration On Nitride Fuel 

IRradiation and Modeling ) was prepared in 2006 [Fue09] for fast reactor fuel irradiation in HFR 

(Figure 2-7). In CONFIRM  (Figure 2-13) the fuel pin (typical diameter 6.55 mm) is surrounded 

by a Na layer (1.325 mm thick) enclosed in a Mo-shroud (2.4 mm thick) for heat conductivity 

purposes (reference TRIOX). The material is placed in a Stainless Steel (SS) containment (1.4 mm 

thick) while a Na  zone (2.5 mm thick) is interposed between the containment and the Mo-

shroud. A second SS containment (1 mm thick) with a 0.5mm Hf shield endues the first 

containment; a 0.1mm gap exists between the two containments. The whole structure is placed 

axially in the TRIO wet channel of 31.5 mm diameter confined by a 1 mm thick stainless steel 

tube. The irradiation holder was fabricated with Hf and was loaded at the lower flux positions 

of the core. The outer surface of Hf was cooled by flowing water  ( Figure 2-13). The height of the 

shield was larger than that of the fuel, thus providing an effective  shielding.  In order to study 

the impact of Hf on the power density, computations using MCNP were performed for various 

Hf thicknesses (1mm , 2mm and two fuel  pins of plutonium with 87% Pu -239. The variation in 

the shield thickness (Figure 2-14) has a large impact on the power density (up to ~80% in the 

cases of Hf of 3 and  4 mm thickness). The neutron spectrum in Mo shroud - surrounded the 

fuel sample- was computed with the MCNP  code. Figure 2-15 illustrates the impact of a 4mm 

Hf shield  on the spectrum, while Figure 2-16 the impact of five  different  Hf thicknesses on the 

thermal energy region. As follows, the addition  of even only 1mm of Hf is capable to reduce the 

thermal neutron component to t he half.  Figure 2-17 shows the variation of the normalized 

power as well as of the normalized flux per unit lethargy, as  a function of the Hf thickness. The 

variations are very similar, since the power is mainly produced by thermal neutrons and Hf is 

transparent to fast neutrons (Figure 2-15).  
 

 

Figure 2-13: Horizontal cross section of the Confirm experiment [ Eyn09a]  
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Figure 2-14: Power density in the two fuel pins  (87% 

enriched 239Pu) as a function of Hf thickness [Eyn09a] 

 

Figure 2-15: Effect of a 0.4 cm Hf neutron screen on the 

neutron spectrum within the Mo shroud [Eyn09a] 

 

Figure 2-16: Effect of Hf neutron screens with different 

thicknesses on the neutron spectrum within the Mo 

shroud The horizontal lines mark the height of the 

thermal peak [Eyn09a] 

 

Figure 2-17: Normalized power density and normalized 

flux per unit le thargy at the thermal peak , plotted as a 

function of the Hf thickness [Eyn09a] 

High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (ORNL)  

In HFIR 6, ORNL (Figure 2-18), an irradiation facility that allows testing of advanced nuclear 

fuels under prototype LWR (Light Water Reactors) operating conditio ns in approximately half 

the time it takes in other research reactors, has been developed. The cylindrical irradiation 

                                                      
6
 The main characteristics of HFIR can be found in [Geh08]. 
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device holds three sample holders  of circular cross section, with their centers located radially 

×ÌÙɯƕƖƔȘȮɯÍÖÙÔÐÕÎɯÈÕɯÐÕÚÊÙÐÉÌËɯÊÖÕÊÌÕÛÙic circle (Figure 2-19). The intermediate space around 

irradiation holes is filled with Al  and each capsule is surrounded by a coolant channel. Three 

flux monitor tubes , also surrounded by coolant, are placed radially, each one between two 

successive irradiation holes. The goal of this design is to maintain a relatively constant linear 

heat rate. A Hf screen surrounds the facility basket which is locate d in the reflector region of 

HFIR. Two LWR experiments have taken place using the above irradiation facility; the first 

contained uranium nitride ( UN ) [Joh16, Wat02], and the second uranium diox ide (UO2), fuel 

pellets inside silicon carbide (SiC) cladding  [Dec15]. The facilities contain nine fuel pins - each 

comprising 10 fuel pellets - arranged as three fuel rods (Figure 2-19) [Ell11]. Design calculations 

indicated that a Hf shield of 1.61mm thickness degrades at a rate similar to the burnup of 3.8%-

enriched UO2 fuel, so that the linear heat generation rate of the fuel remains relatively constant, 

at least over the first few cycles. With this configuration  and shield thickness, linear power 

ratings average at 22 kW/m for the upper and lower capsules and at 32 kW/m in the medium 

capsule. Design calculations suggested that a thickness of 0.232 cm would lead to linear power 

generation rates in the hottest pin in the middle axial position that will satisfy UO 2 safety 

requirements with a  rate of 28.41 kW/m.  

 
 

 
Figure 2-18: Schematic horizontal cross section of HFIR and its irradiation sites [Ell11]  
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Figure 2-19: Left: Horizontal cross section of the thermal neutron irradiation facility. Right: Vertical view 

of the thermal neutron irradiation f acility with a close -up of one of the nine capsule assemblies  [Ell11] 
 

2.1.2.2 Hafnium neutron screens under development or investigation  

ATR, INL  

Regarding the development of irradiation capabilities under fast neutron spectrum conditions 

at ATR (Figure 2-11), a Boosted Fast Flux Loop (BFFL) concept (Figure 2-20) has been proposed 

[Lon07].  The desired fast to thermal neutron flux ratio  was set to exceed 15. The BFFL was 

designed to be hosted in a Gas Test Loop (GTL) in one of ATR corner lobes i.e., NW or NE 

(Figure 2-11), where large space is available. In the framework of the GTL Project Conceptual 

Design, several configurations of an experiment facility that could replicate a fast flux test 

environment hav e been studied.  The BFFL combines boosters, as silicide uranium ( U3Si2), for 

neutron flux enhancing, as well as Hf filter  for thermal neutron absorbing and for reinforcing 

the increase of fast to thermal flux ratio. The composition of the absorbing material is a Hf-Al . 

This material retains the high thermal conductivity of Al combined with the thermal neutron 

absorption properties of Hf. With this approach, the produced heat can be removed by 

conduction and can be transferred from the experiment to pressur ized water  cooling channels 

(INL, 2009) [Gui10]. The fuel meat in the booster fuel is Si meat enriched to 93% (U3Si2) in 235U. U-

Si plates of the required fuel loading, meat thickness and curvature are prototypes INL, 2009. 

The design depicted in Figure 2-20 ×ÙÖÝÐËÌËɯÈɯÍÈÚÛɯÍÓÜßɯÖÍɯÈ××ÙÖßÐÔÈÛÌÓàɯƕȭƔƙǺƕƔ15 n/cm2s and a 
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fast (>0.1MeV) to thermal (here<0.625eV) neutron flux ratio of about 23, averaged over 16 cm in 

the three tubes (test spaces) [Par05]. The coolants of the configuration include ATR primary 

light water coolant, He and Na. Helium being inert, s ingle phase, without reactivity effects, it 

was chosen as the gas coolant medium. In order to study the impact of Hf concentration on the 

fast/thermal neutron flux ratio, MCNP calculations were performed ( Figure 2-21, Figure 2-22). 

The greater the presence of Hf in Al, the greater would be the remove d fraction of thermal 

neutrons (Figure 2-21) [Lon07]. The heating rates in the Hf -Al as a function of the Hf 

concentration in the absorber are plotted in Figure 2-22. The heating rate appears to saturate at 

about 6% to 7 % Hf concentration, which suggests that this percentage may correspond to an 

optimum Hf loading [Lon07]. It was indicated that with a 6.5% or greater concentration in Hf, a 

fast to thermal neutron flux ratio greater than 40 can be produced [McD09]. 

 

 
Figure 2-20: Schematic horizontal cross section of the Gas Test Loop conceptual design [Par05] 

 

 
Figure 2-21: Sensitivity  of fast-to-thermal ratio (blue line) and fast flux intensity (magenta line), to the Hf content i n 

the Al central filler piece . The cycles on the graph correspond to the fast flux measurements [Lon07].  
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Figure 2-22: The heating rate (magenta line) and heat density (blue line) of the Hf-Al averaged over the central 40 cm 

of the core height [Lon07] 

 

2.1.3 Boron neutron screens 

Boron and its compounds find extensive application in nuclear reactors [IAEA08]. In contrast 

with other absorbers, i.e. Cd, B has a significant neutron absorption in the epithermal energy 

range. Natural boron (B) consists of around 20% 10B and 80% 11B [Wie13b,Wie13b]. The 

extremely high thermal cross section of 10B (Figure 2-2) together with its low abundance cause 

quick depletion of the B screen. However, t he depletion can be delayed by 10B enrichment. 

Boron is usually combined as carbide, oxide and nitride .  A factor that should be taken into 

account in a B neutron screen design is the swelling that can be caused [Zha15], due to helium  

(He) generation after boron irradiation with fast neutrons (eq 2.1 -2.2). 
 

 ὲ ὄᴼ 
 ὒὭᶻ ὌὩ ωσȢχϷ 

ὒὭ  ὌὩ φȢσϷ  

 eq. 2.1 

High -energy neutrons can produce tritium ( Ὄ) from  lithium  ( ὒὭ) with a threshold energy 

E=2.466 MeV:  

 ὲ ὒὭO ὌὩ Ὄ     eq. 2.2 

High -energy neutrons irradiating 10B will also occasionally produce tritium:  

 

 ὲ ὄᴼςὌὩ Ὄ     

 
eq. 2.3 

 

All of these reactions include the production of He [Mon12]. 

An Al -!ɯÈÓÓÖàɯÏÈÚɯÉÌÌÕɯÚÜÊÊÌÚÚÍÜÓÓàɯÜÚÌËɯÈÚɯÕÌÜÛÙÖÕɯÚÊÙÌÌÕɯȹɕ2.1.3.1) and another is under 

develÖ×ÔÌÕÛɯȹɕ2.1.3.2 ).  
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2.1.3.1 Boron neutron screens already in operation  

 

ATR, INL  

In order to achieve high fast (>0.1MeV) to thermal (here <0.1eV) neutron flux ratio [Ing98], a 

0.25cm thick neutron screen of Al-B alloy filter has been inserted in the Irradiation Test Vehicle 

(ITV, Figure 2-23) in ATR (Figure 2-11). The ITV is loaded in the central flux trap where th e 

highest neutron flux occurs. The inert inner region of the ITV is filled with Al ( Figure 2-23), in 

order to avoid water that would increase neutrons thermalization. He or N 2 gases have been 

selected for the specimens cooling. The screen should be replaced after a certain irradiation 

time. In  Table 2-3 the neutron flux values for a case with Al -B alloy filter (4.3% wt of 10B in Al) 

and a case without are presented. The presence of the Al-B screen increases the fast over 

thermal flux ratio about twice.  
 

 

Table 2-3: Neutron fluxes for ATR -ITV mid -plane specimens [Ing98] 

 

Neutron flux at 26 MW Center lobe power (n/cm 2/s) 
 

Filtered  Unfiltered  

Thermal  

(here < 0.1 MeV) 
1.13 1014 1.761014 

Fast  ( > 0. 1MeV) 4.55 1014 4.541014 

F/T 4.03 2.58 

 

 
Figure 2-23: Horizontal cross section of ITV without specimens  [Ing98] 
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2.1.3.2 Boron neutron screens under development or study  

ATR, INL  

An Al -B screen has been proposed to be loaded in a test facility in the ATR (Figure 2-11), in 

order to harden the spectrum, providing an acceptable environment for V alloy testing. 7 The 

ITV is installed in the central flux trap, where the highest value of the neutron flux occurs.  The 

fast (>0.1MeV) to thermal (here <0.415eV) [Lon07] neutron flux ratios for a 0.254 cm Al-B screen 

(with 95% 10B enrichment) have been calculated with MCNP and ORIGEN-2 codes [Zhe14]. The 

computer codes MCNP and ORIGEN-2 were coupled by MCWO  [Cha00]. The results are 

presented in Table 2-4. From the data it is apparent that the fast over thermal flux ratio (F/T) 

decreases almost linearly  (Figure 2-24) over operation time, due to the 10B depletion in the Al -B 

alloy. 

 

Table 2-4:Fast (>0.1MeV) to thermal (here<0.415eV) neutron flux ratios versus irradiation EFPDs at ITV 

[Cha02] 
 

Irradiation days  
Neutron flux 

F/T ratio  

BoL 
 

142.51 

EFPDs 20 
 

130.48 

EFPDs 40 
 

127.21 

EFPDs 60 
 

120.25 

EFPDS 80 
 

113.84 

EFPDS 100 
 

108.54 

EFPDS 120 
 

99.24 

EFPDS 140 
 

91.78 

EFPDS 160 
 

87.99 

 

 

 
Figure 2-24: Fast (>0.1MeV) to thermal (here<0.415eV) neutron flux ratios versus irradiation EFPDs at ITV [Cha02]   

                                                      
7 The test assembly design goals are a) vanadium (V-Li bond) specimen displacement per atom (dpa) greater than 10 

dpa per year and b) 51V transmutation  at 30 dpa less than 0.5 atom%. 
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Figure 2-25 presents the impact of an Al -B filter installation on the neutron. As the enrichment 

increases the hardening of the neutron spectrum is more intense. Three different cases are 

depicted; a) wi thout filter, b) with Al -B (10B 60% enrichment) filter and c) with Al -B (10B 95% 

enrichment) filter. The F/T ratios for the unfiltered case have been estimated 14.6, whereas with 

the highly enriched Al -B filter ( 10B 95%) the F/T ratio in BOL (Beginning of Life) reaches 142.5  

In order to hold the averaged ratio over 80, the filter needs to be replaced after 160 EFPDs (4 

typical operation cycles). The Al -B (10B 95%) screen can meet the desirable requirements 

[Cha02]. 
 

 
Figure 2-25: Effect of a 0.254 cm Al-B neutron screen with 10B 60% enrichment and 95% enrichment on the 

neutron spectrum [Cha05] 

 

Budapest Research Reactor (BRR) 

In the frame of the MTR+I3 project8 a parametric neutron screen study was made for the largest 

irradiation channel of the BRR (Figure 2-26). The boron carbide (B4C) filter was inserted 

between the walls of an Al irradiation tube. The area outside the irradiation tube was 

surrounded by Al displacers. The dimensio ns of the irradiation tube are given  in Table 2-5. Two 

changing parameters were investigated, i.e. the thickness of the filter and the enrichment of 10B. 

In total, eight cases were studied and compared with the reference case, in which the B4C filter 

was replaced by Al.  The energy spectrum was divided in five groups with their upper 

boundaries given in  Table 2-6. The influence of the thickness and enrichment variations on the 

energy spectrum is presented in Figure 2-27.  

                                                      
8
 Integrated Infrastructure Initiative for Material Testing Reactors Innovations  



 

Upgrade of the Research and Operational Capabilities of Nuclear Research Reactors 

 

31 

Table 2-5: Dimensions of the BRR neutron screen [Hor09] 

 

Component  mm 

Irradiation tube inner radius  28 

Irradiation tube inner wall thickness  2 

Neutron filter thickness, maximum  7 

Irradiation tube outer wall thickness  3 

Irradiation tube outer radius  40 
 

 

Table 2-6: BRR energy spectrum boundaries [Hor09] 

 

Group number  Upper boundary (MeV)  

1 0.0 

2 0.1 

3 0.5 

4 1.0 

5 20.0 
 

 

 
Figure 2-26: Schematic horizontal cross section of BRR. Red arrow indicates the irradiation facility considered for a 

parametric neutron screen study [Pon99]  
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Figure 2-27: Comparing the effect of different neutron screen configurations on the BRR neutron spectrum [Eyn09b, 

Hor09] 

 

 

The following results were derived by this study:  

 

i. The greatest spectrum tailoring is obtained with the denser 10B configuration (highest 

amount of 10B content in the screen that can be provided with different filtering 

configurations).  

ii.  All filtering configurations in the thermal energy group have as a result an effective 

reduction of the thermal part of the spectrum.  

iii.  For groups 3 (0.1-0.5MeV) and 4 (0.5-1MeV) the effect is very similar.  

iv.  The presence of the filters resulted to a negative reactivity effect of 1100ɬ1400 pcm. In 

the cases where B4C screens were considered the reactivity effect of ranged from 1500 to 

1800 pcm 

 

Although the findings  of the study highlighted  the great thermal neutron absorption capability 

of B4C, its utilization was not considered in practice, because of its reactivity effect and its low 

heat conductivity [ Hor09].   
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2.1.4 Europium neutron screens  

Europium  (Eu) is a material with extremely high thermal neutron cross section  (Figure 2-2). 

Moreover, Eu absorbs neutrons and transmutes to gadolinium (Gd) that has a higher neutron 

cross section. The use of Eu is limited since it is rare and hence expensive (Table 2-1). In nuclear 

reactors, Eu is used in control rods  [IAEA08]. In this section, only one neutron screen with Eu is 

presented, in fact being under development in HFIR  ȹɕ2.1.4.2 ). The F/T flux ratio that is 

predicted to be achieved with Eu screen is remarkable (>400). 
 

 

2.1.4.1 Europium neutron screens already in operation  

Eu neutron screens "to the authors knowledge" already used in reactor facilities have not been 

found in the open literature , possibly due to the reasons described in the previous paragraph.   

 

2.1.4.2 Europium neutron  screens under development or investigation  

HFIR , ORNL  

An analysis of a fast spectrum irradiation facility design has been performed in HFIR (Figure 

2-18) at ORNL. The screen has been planned to be installed at the reactor flux trap (FT) 

ȹÚÖÜÛÏÌÈÚÛÌÙÕɯÊÖÙÌɯ×ÈÙÛȺɯÞÏÌÙÌɯÛÏÌɯÍÈÚÛɯÕÌÜÛÙÖÕɯÍÓÜßɯÌßÊÌÌËÚɯƕɇƕƔ15 n/cm2ɇs and the thermal 

neutron flux ma àɯÌßÊÌÌËɯƖȭƙɇƕƔ15 n/cm2ɇs [McD08]. A tri -pin assembly design (Figure 2-28), 

occupying seven existing sites in flux trap region  of HFIR (Figure 2-18), was selected for the 

application.  Calculations of performance characteristics such as linear heat generation rate, 

neutron flux magnitude, fast -to-thermal flux ratio, displacements per atom  (dpa), etc., were 

performed in HFIR using the MCNP code [ Xou04]. From the obtained results (Table 2-7) it 

È××ÌÈÙÚɯÛÏÈÛɯÛÏÌɯ×ÙÖ×ÖÚÌËɯÙÌØÜÐÙÌÔÌÕÛÚɯÖÍɯÍÈÚÛɯÕÌÜÛÙÖÕɯÍÓÜßɯÎÙÌÈÛÌÙɯÛÏÈÕɯƕǺƕƔ15 n/cm2 s and fast-

to-thermal flux ratio greater than 300 are achieved. It was concluded that this design could 

provide a fast (>0.1MeV) to thermal (here <0.625eV) neutron flux ratio over 400. Figure 2-29 

presents a comparison between the existing neutron spectrum in the FT and the spectrum inside 

a 3mm thick Eu shield. The insertion of the screen has an acceptable impact on the power 

distribution (less than 9%, as required by the HFIR safety analysis [Geh08].  
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Figure 2-28:Horizontal cross section of tri -pin fast flux shielded irradiation design at HFIR (ORNL) [ Geh08] 

 

Table 2-7: HFIR irradiation parameters for the proposed tri -pin concept [McD08] 

Parameters Value  

%ÈÚÛɯȹǿƔȭƕɷ,Ì5ȺɯÕÌÜÛÙÖÕɯÍÓÜßɯÐÕɯÐÙÙÈËÐÈÛÐÖÕɯÝÖÓÜÔÌ ƕȭƖɯɇɯƕƔ15 n/cm2ɇÚÌÊ 

(a) Annual 9 ÍÈÚÛɯȹǿƔȭƕɷ,Ì5ȺɯÕÌÜÛÙÖÕɯÍÓÜÌÕÊÌɯÈÛɯ×ÌÈÒɯÐÙÙÈËÐÈÛÐÖÕɯ×ÖÚÐÛÐÖÕ ƕȭƚɯɇɯƕƔ22ɷn/cm2 

(b) Burnup/year  5.9% 

(c) dpa 19.5 

Fuel10 burnup -to-clad dpa ratio at peak irradiation position  0.3 atoms % per dpa 

%ÈÚÛɯȹǿƔȭƕɷ,Ì5ȺɯÛÖɯÛÏÌÙÔÈÓɯȹÏÌÙÌɯǾƔȭƚƖƙɷÌ5ȺɯÍÓÜßɯÙÈÛÐÖ 400 

He-to-dpa ratio in iron at peak irradiation position  ƔȭƖɷÈ××Ôɯ'Ìɯ×ÌÙɯË×È 

Linear heat rate (variable, depending upon design of Eu 2O3 shield) ƗƔƔɷ6ɤÊÔ 

                                                      
9 Annual estimates are conservatively based on seven cycles per year 
10 The composition of the HFIR fuel can be found in Geh08.  
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Figure 2-29: Effect of a 2.84 cm Eu2O3 neutron screen on the neutron spectrum in the FT region of HFIR 

[McD08] 

 

2.1.5 Concluding Remarks  on Solid Neutron Screens  

Neutron screen performances can easily and inexpensively meet demands for a fast neutron 

flux facility, which arise due to the absence of adequate number of fast experimental reactors. In 

ɕ2.1 , neutron screens which use a solid shielding material were presented. The screens that 

were reported are, either already successfully implemented and used, or are still under 

development or study. The purpose of their use is the creation of an environment with a 

neutron energy spectrum as much as possible free from thermal and epithermal neutrons in 

order to reach fast reactor spectrum, which becomes negligible below ~10eV. Four solid 

materials were presented i.e., boron (B), cadmium  (Cd), hafnium  (Hf)  and europium  (Eu). In 

principle  the material selection depends on the considerations of the reactor which will host the  

screen and on the required conditions that should be achieved. Europium has not met great 
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industrial development, due to its excessively high cost compared to B, Cd and Hf , which are 

widespread in nuclear reactors. From the safety point of view, europium  oxide reacts readily 

with water and B gets highly corrosive at high temperatures. On the contrary, Hf  and Cd are 

both corrosion-resistant metals. Regarding their physical properties, Cd has the disadvantages 

of low melting and low boiling point. Irradiati ng boron with fast neutrons induces generation of 

helium, causing swelling. Hafnium exhibits the best mechanical properties. The thickness of the 

screen depends on the materials depletion and on the safety requirements of the experiment. 

The fact that Eu and Hf  activation products have high cross sections, delays their depletion with 

time, extending thus the neutron screen operational time. However, the gamma emission that 

may arise by both (Eu and Hf)  initial screens and products may result into an undesirable 

power increase in the sample. On the contrary, B and Cd have only one isotope with high cross 

section - and in low abundance - so that both deplete fast with  time. Therefore B and Cd 

neutron screens demand frequent replacement in order to prevent a sudden upturn on the 

reactor's power deposited on the irradiated sample. n͊ order to compensate the fast depletion, 

increment of the absorber's content in the screen is sought. This is achieved either by increasing 

the volume of the material or throug h enrichment of the absorber (i.e., 10B enrichment), the cost 

of the screen being increased accordingly.  On the other hand, Hf has the lowest cross section 

than all four materials. Therefore, in order to fulfill the same requirements, larger volume of H f 

must be used, compared to the necessary volumes of other screening materials. In general, few 

mm of absorber thickness are sufficient. From all four materials, B has the highest cross section 

in the epithermal energy range, while in addition its cross section presents smooth behavior. 

Europium and its isotopes have also very important cross section in that region (order of 10 4 

barns), but in contrast with Boron, they present many resonances. Hafnium and its  isotopes 

present also high neutron capture in the epithermal region with many resonances (order of 103-

105 barns).  

Finally, Cd has the lowest epithermal cross sections (order of 103-104 barns). The epithermal 

neutron capture capability of the absorbers serves to a more representative simulation of a fast 

neutron spectrum.  A combination of absorbers can be utilized in order to create a more efficient 

neutron screen. 
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2.2 Fluid Neutron Screens  

In this section, neutron screens which use a gaseous or a liquid thermal neutrons absorbing 

material, are presented. The purpose of fluid screens is to generate power transients i.e., power 

increase or decrease in a few seconds, on the volume of a fuel sample. Fuels fission power 

variation  is achieved through the fluctuation of the absorbent content in the screen (thickness of 

ÛÏÌɯÚÊÙÌÌÕɯÖÙɯÈÉÚÖÙÉÌÙɀÚɯÌÕÙÐÊÏÔÌÕÛȺȭɯ3ÏÌɯÍÓÜÊÛÜÈÛÐÖÕɯÐÚɯÈÊÊÖÔ×ÓÐÚÏÌËɯÉàɯ×ÙÌÚÚÜÙÌɯÝÈÙÐÈÛÐÖÕɯȹÐȭÌȭȮɯ

3He case) or variation of the concentration of the absorber (i.e., 10B in boron compounds) in the 

screen surrounding the fuel. The understanding and accurate prediction of fuel thermal 

response is of prime importance for the evaluation of fuel rod performance under normal and 

transient conditions  [Hor99]. Three different types of variable neutron screens are reported in 

this section i.e., gaseous 3He, liquid boric acid (H 3BO3) and gaseous boron trifluoride  (BF3). 

Gaseous BF3 and 3He screens performance has been abandoned in most of the reactors, since 

ÉÖÛÏɯÎÈÚÌÚɯ×ÙÌÚÌÕÛɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊÚɯÛÏÈÛɯÊÈÕɯÑÌÖ×ÈÙËÐáÌɯÙÌÈÊÛÖÙɀÚɯÚÈÍÌÛàȭɯ3He screens have been 

replaced by liquid H 3BO3 ones.  

Parameters that can enhance the power  transient amplitude  (ratio between the lowest and the 

highest achievable power) comprise the core location where the screen is adapted, the distance 

between the screen and the sample, the absorber type that is used in the screen, the absorber 

content in the screen and the operational phase of the reactor. In addition, large amplitude 

transients can be achieved by combining the screen modification and the reactor power 

changes, e.g. scram. The fluid screens are classified by material and are divided into subclasses 

depending on whether they have already been used or they are under development or study.  

 

2.2.1 Helium -3 neutron screens 

3He is a gaseous synthetic isotope of natural Helium  and is often used in nuclear reactors. 3He 

thermal neutron cross section is extremely high  [Mug73, ENDF], making this material an 

excellent absorber. Most of power transients with a 3He neutron screen have nowadays been 

abandoned, as raising safety issues due to Tritium production via the 3He activation. The first 

experiment with a variable 3He neutron screen was made in 1977. 

2.2.1.1 Helium -3 neutron screens already operational  

!1ƖȮɯɯ2"*ɇ"$- 

Pressurized Water Capsule / Cycling and Calibration Device (PWC/CCD) 

(Õɯ!1ƖɯÈÛɯ2"*ɇ"$-ɯÈɯ/ÙÌÚÚÜÙÐáÌËɯ6ÈÛÌÙɯ"È×ÚÜÓÌɤɯ"àÊÓÐÕÎɯÈÕËɯ"ÈÓÐÉÙÈÛÐÖÕ Device (PWC/CCD) 

(Figure 2-30) device has been used for fast power transients on fuel pins, under conditions 

similar to those of a Boiling Water Reactor (BWR) or a PWR. This is accomplished through 3He 
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pressurization/depressurization (1 ɬ 38 bars). With a 2 mm wide gas gap, a transient factor (i.e. 

the ratio between maximum and minimum power level)  of 1.75 has been achieved. The 

PWC/CCD device has been applied in several fuel ramping tests during the last 30 years 

[Mou07 , Eyn09a].  

 
Figure 2-30: Global view of PWC/CCD assembly [Mou07,Eyn09a] 

 

VIC experiment 

A variable pressure 3He screen has been utilized in BR2 (Figure 2-4) for fuel power  transient in 

VIC experiment (Figure 2-31). The screen surrounded a Na loop, in which the sample was 

inserted. The use of 3He screen provided a transient amplitude of 80%.  As it has been stated in 

ɕ2.1 , the VIC experiment consisted also of a Cd screen, which presence reduces the transient 

amplitude to 25% [Eyn09a]. 
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Figure 2-31: Horizontal cross section of VIC loop [Eyn09a] 

 

 

 

Halden, Norway  

Although the helium  screen performance has been abandoned in most reactors, ramp test 

facilities with 3He screen are still in operation in Halden reactor  [Vol15,Vit01]. More precisely, 

in-pile loops with gaseous 3He are utilized for s tudying the fuel rods performance under power 

transient conditions. The experiment is surrounded by zircaloy 11 in order to be isolated from the 

reactor environment . The pressure variance of the gaseous 3He can provide a ramping factor up 

to 4 and a ramp rate between 100 and 200 W/(ÊÔɇÔÐÕ). Several power test series have been 

ÌßÌÊÜÛÌËɯ ÍÖÙɯ ÛÏÌɯ ÐÕÝÌÚÛÐÎÈÛÐÖÕɯ ÖÍɯ ÍÜÌÓÚɀɯ ÉÌÏÈÝÐÖÙɯ ËÜÙÐÕÎɯ ÕÖÙÔÈÓɤÖÍÍ normal operational 

transients [IAEA13b]. Four typical power ramp tests are depicted in  Figure 2-32. 

                                                      
11 A typical composition of nuclear -grade zirconium alloys is more than 95 weight percent zirconium and less than 

2% of tin, niobium, iron, chromium, nickel and o ther metals, which are added to improve mechanical properties and 

corrosion resistance.[IAEA98] 
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Figure 2-32: Four typical power ramp tests at Halden  [IAEA13b] 

 

 

CABRI , Cadarache 

 

CABRI (Figure 2-33) is a pool-type reactor with a core made of 1487 stainless steel clad fuel rods 

with 6% 235U enrichment, operated by CEA at the Cadarache research center [Imh16]. Since 

1978, one of the reactors aims has been the fuel behavior under Reactivity Initiated Accident 

(RIA) condition s. With the utilization of an 3He transient rods system power transient 

experiments can be performed. 

 

CABRI reactor is able to reach a 23.7 MW steady state power level. A key feature of CABRI 

reactor is its reactivity injection system. Apart from the 6 co ntrol and safety rods, the reactor is 

equipped with 4 transient rods filled with pressurized 3He (Figure 2-34) device allows the very 

fast depressurization into a discharge tank of the 3He  previously introduced inside 96 tubes, 

transient rods, located among the CABRI fuel rods (Figure 2-34). The rods used to increase the 

reactor power before dropping back just as quickly due to the Doppler effect; the natural 

regulation of neutron absorption results in reduce d neutron power (Figure 2-35). The procedure  

(power variation from ~100kW to ~20GW) takes place in few milliseconds (Figure 2-35). The 

total energy deposit in the tested rod is adjusted by dropping the control and safety  rods after 

the power transient [Hud16, Hud14, Duc14]. 
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Figure 2-33: Overall view of the CABRI facility [Hud14] 

 

 

 
Figure 2-34: Global view of the CABRI tr ansient 

rods system [Hud16] 

 

 

 

 

 

 

 
 

Figure 2-35: Typical CABRI  3He Pressure and core power shapes during a RIA transient [Hud16] 
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2.2.2 Boron neutron screens 

Boron (B) isotope 10B has an extremely high thermal cross section. For power transient 

experiments B compounds are used. 10B enrichment can be utilized in order to increase the 

power transient. As stated in ɕ2.1.3 , the use of B should seriously be considered, due to its high 

reactivity effect. Two types of B fluid screens are described, gaseous BF3 and liquid H 3BO3. BF3 

utilization has been abandoned due to its corrosive and poisonous nature and its relatively low 

absorption cross section, which requires screen utilization at high pressure. 

 

2.2.2.1 Boron neutron screens already operational  

HFR, Petten 

MOKA-POTRA-BISAR experiments 

A BF3 gas screen has been used in the MOKA, POTRA, and BISAR boiling water fuel capsules in 

HFR (Figure 2-7) for power control in fuel irradiation experime nts. The capsule carrier is placed 

in an Al  filled space and its horizontal cross section is described by nine concentric rings 

ÚÜÙÙÖÜÕËÐÕÎɯÛÏÌɯƕƔȭƘɯÔÔɯÙÈËÐÜÚɯÍÜÌÓɯÙÖËȭɯ3ÏÌɯÙÐÕÎÚɀɯÊÖÔ×ÖÚÐÛÐÖÕÚɯÈÕËɯÞÐËÛÏÚɯÐÕɯÔÔȮɯÍÙÖÔɯ

center to periphery, are respectively: zirconium  (Zr) , 1.34; water coolant, 14.6; Al , 9; water 

coolant, 2; Al , 11; SS, 6; BF3, 13.5; SS, 6; water coolant, 1.5. The high thermal neutron absorption 

of 10B can cause a power reduction, although the BF3 gas was not sufficient for large power 

ramps in the in -pile experiments performed. Stainless steel was used as a construction material 

and BF3 gas was inserted into a special annular space surrounding the fuel. The typical pressure 

of the gas screen was of 50 bar, causing 20% power reduction. The possibility of using enriched 

BF3 ɬ instead of natural - was considered. With the same amount of enriched BF3 less space 

would be necessary and more neutron absorption could be achieved, without pressure changes. 

Moreover, safety would also be increased. BF3 is no longer in use at the HFR, due to its 

corrosiveness, poisonous nature; BF3  can potentially form F 2 which is a poisonous and corrosive 

gas. In addition the  relatively low absorption cross section  of BF3 leads to the requirement of the 

screen utilization at high pressure.  

TOP experiment  

BF3 gas screen has been used in a TOP-scenario experiment, in order to study the influence of 

ÍÈÚÛɯÙÌÈÊÛÖÙɯÍÜÌÓɀÚɯÚÛÙÜÊÛÜÙÌɯÜÕËÌÙɯÖÝÌÙ×ÖÞÌÙɯÊÖÕËÐÛÐÖÕÚȭɯ3ÏÌɯÍÈÊÐÓÐÛàɯÞÈÚɯ×ÓÈced outside the 

core in the Pool Side Facility (PSF). The region around the Na containment was filled with BF 3 

gas, acting as neutron shield. The variation of BF3 concentration, the displacement of the facility 

(to and from the core) or the combination of both, allowed a power transient factor of 2 to 4.  

The maximum pressure of BF3 into the irradiation device was 45bar. BF3 pressure increase, 

varied slightly the p ower reduction and neutron absorption.  
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2.2.2.2 Boron neutron screens under development or study  

!1ƖȮɯ2"*ɇ&$- 

A water screen with a variable concentration of H 3BO3 ÞÈÚɯËÌÝÌÓÖ×ÌËɯÈÛɯ2"*Ɉ"$-ɯÍÖÙɯÍÜÌÓɯ

power transient experiments ( Figure 2-36Ⱥȭɯ3ÏÌɯÚÊÙÌÌÕȮɯÊÈÓÓÌËɯ5 -$22 ȮɯÚÜÙÙÖÜÕËÚɯÈɯɁÊÓÈÚÚÐÊɂɯ

pressurized water capsule (PWC) in BR2 (Figure 2-5) and was developed in order to replace the 

existing screen, based on 3He pressurization / depressurization. The modification of B 

concentration allows the tuning of the basic linear power. The H3BO3 concentration can vary 

between zero (i.e. pure water) and slightly below the saturation value of about 60g /l  H 3BO3 per 

liter at room temperature . The concentration evolution can be achieved during 20s and the 

result is a non linear power transient, however it can be adapted to provide a linear power 

evolution [Ver09]. VANESSA screen was loaded in a BR2 high flux channel for transient testing 

on very high burn -up fuel. VANESSA not only provides the variable thermal neutron 

absorption but -via the thermal balance method - serves also for fuel rod power determinat ion. 

Through the volume of H 3BO3 solution generated during the operation, limited number of 

transients during a cycle takes place.  

 

Various enrichments of 10B have been studied. The results indicated  that with natural B,  a fuel 

power transient factor of about 2.0 could be achieved, while with 100% enriched 10B the power 

transient factor was increased to 4.5.  The ramp factor has been calculated for two different 

screen thicknesses, i.e. (a) 2 mm: ramp factor 2 (almost linear dependence on B concentration) 

and (b) 6.5 mm: ramp factor 4 (strongly non-linear). A study of the thermal behavior of the 

VANESSA part showed that H 3BO3 should be continuously refreshed (at least every 3s) in order 

to avoid its stagnancy, that could lead to unacceptably high temperatur es. The cooling of the 

screen is performed by the primary BR2 cooling system water. VANESSA can also be used in 

combination with RODEO (ROtatable Device for the Execution of Operational transients) device 

(Figure 2-37).  

 

The RODEO concept is a rotating plug, inserted in the peripheral 200 mm diameter channel of 

BR2.  ɯƕƜƔȘɯÙÖÛÈÛÐÖÕɯÈÓÓÖÞÚɯÈɯÔÈßÐÔÜÔɯËÐÚ×ÓÈÊÌÔÌÕÛɯÖÍɯƕƔƚɯÔÔɯÛÖÞÈÙËÚɯ!1ƖɯÊÌÕÛÙÌɯȹFigure 

2-38, leading to up to more than threefold increase of the linear power of a fuel rod in PWC. 

Three solutions for the plug material were studied; RODEO fill ed with water gives the highest 

transient ratio. The results are presented in Table 2-8.  
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Table 2-8: The three solutions for the plug material under evaluation : beryllium  (Be), light water  (H 2O), and Al  

[Ver09] 

  Min linear 

power 

(kW/cm)  

Max linear 

power 

(kW/cm)  

RODEO 

transient 

ratio  

Be Without H 3BO3 1.23 2.45 2 

ƚƗɷÎɤ+ɯ'3ntBO3 0.61 1.21 2 

ƚƗɷÎɤ+ɯ'310BO3 0.2 0.44 2.2 

 

H 2O Without H 3BO3 0.39 1.87 4.8 

 ƚƗɷÎɤ+ɯ'3BO3 0.165 0.67 4.1 

ƚƗɷÎɤ+ɯ'310BO3 0.055 0.24 4.4 

 

Al  

 

Without H 3BO3 1.2 1.52 1.3 

ƚƗɷÎɤ+ɯ'3natBO3 0.69 0.92 1.3 

ƚƗɷÎɤ+ɯ'310BO3 0.31 0.42 1.3 

 

 

The power increase in the H3 and H4 channels (Figure 2-5) was calculated. With zero H 3BO3 

concentration in VANESSA, the power in these channels increases by 0 to 4 % by RODEO 

rotation (from the remote position to the near position). With saturated natural B in H 3BO3, the 

rotation has a result of 1 to 5 % decrease. For intermediate B concentrations, the influence of the 

RODEO rotation on the neighboring fuel elements will therefore be extremely small. RODEO 

rotation can be achieved on a time scale of the order of a few seconds. This leads to the 

conclusion that very fast power transients with ROD EO are possible. Figure 2-38 exhibits the 

combined utilization of VANESSA and RODEO.  

 
 

 
Figure 2-36: Horizontal cross section of VANESSA [Mou07]  
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Figure 2-37: Vertical view of RODEO rotating plug at BR2 [Ver09] 

 

 

 
Figure 2-38: 'ÖÙÐáÖÕÛÈÓɯÊÙÖÚÚɯÚÌÊÛÐÖÕɯÖÍɯ1.#$.ɯÈÕËɯ5 -$22 ȭɯ3ÏÌɯÈÙÙÖÞɯÐÕËÐÊÈÛÌÚɯÛÏÌɯÈÝÈÐÓÈÉÐÓÐÛàɯÖÍɯƕƜƔȘɯÙÖÛÈÛÐÖÕɯ

towards BR2 centre [Mou07]  
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2.2.3 Concluding  Results on Fluid Neu tron Screens 

In ɕ2.2 , neutron screens which use a gaseous or a liquid thermal absorbing material were 

presented. The purpose of fluid screens is to generate power transients in order to examine 

ÍÜÌÓɀÚɯÉÌÏÈÝÐÖÙɯÐÕɯÊÈÚÌɯÖÍɯÌß×ÖÚÜÙÌɯÛÖɯÚÜËËÌÕɯ×ÖÞÌÙɯtransient conditions.  

Two different elements are typically utilized, helium  and boron, i.e. gaseous 3He, gaseous BF3 

and liquid H 3BO3. BF3 and H 3BO3 screens were developed with the purpose to replace the 

widely used 3He screen for safety reasons, since 3He generates (through neutron capture) 

tritium . BF3 performance also causes safety concerns, as BF3 can potentially form F 2 which is a 

poisonous and corrosive gas. Compared to the previous materials, H 3BO3 can be considered a 

safe candidate for performing power transients, since it is not corrosive and does not produce 

active by-products. 

3He has an extremely high neutron absorption cross section. For this reason its replacement with 

boron compounds having much lower cross sections, cannot provide the same power 

transients. This can be compensated either by pressure increment or by B enrichment. 

Moreover, the screen can be combined with a displacement system (RODEO).  

Fluid neutron screens can provide successful power transients. In cases requiring higher power 

ËÌÝÐÈÛÐÖÕÚȮɯÛÏÌɯÚÊÙÌÌÕÚɯÊÈÕɯÉÌɯÊÖÔÉÐÕÌËɯÞÐÛÏɯÙÌÈÊÛÖÙɀÚɯ×ÖÞÌÙɯÈÓÛÌÙÈÛÐÖÕÚɯÖÙɯÞÐÛÏɯËisplacement 

systems. 
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2.3 Concluding Remarks  

Neutron screen technology has been developed in order to fulfill several application 

requirements. The key idea of the neutron screens is the utilization of some elements capability 

to absorb neutrons at specific energy range. In this chapter only screens which utilize thermal 

(and epithermal) absorbers were presented.  

First, the capability to simulate fast nuclear reactor conditions in a specific area by adapting a 

neutron screen, is reviewed through the presentation of relevant studies and applications. As 

arises from the available literature , several neutron spectra have been simulated in different 

reactors. Four solid materials were presented i.e., boron, cadmium, hafnium and europium. 

Their performance characteristics differ in terms of their mechanical properties, compatibility, 

depletion, etc. However, in most cases presented in this chapter, the utilized material could be 

replaced by one of the rest. The material selection is determined by factors such as the reactor 

safety, the reactor type in which the screen will be inserted (and its operational conditions), the 

reactor coolant, the available space for the screen, etc. 

Second, the capability of the existing reactors to irradiate fuel under power transie nts by 

exploiting the performance of neutron screens is examined, based on reported experience. More 

specifically, the utilization of neutron screens with fluid materials is reviewed. The method is 

based on the gas pressure or the liquid concentration variation so that power transients can be 

initiated. Two different  fluid  fluids  have been reported, i.e. helium and boron, namely gaseous 

3He, gaseous BF3 and H 3BO3. The last two neutron screens have been developed in order to 

replace the unsafe utilization of  3He, because of the tritium generation problem. BF 3 utilization 

has been limited and eventually abandoned due to its corrosive and poisonous nature. 

Moreover, its performance could not reach power transient ranges equivalent to those obtained 

using 3He. Likewise, by using H 3BO3 the achieved power transients appear much lower, so that 

the screen is combined with a displacement system (RODEO), providing thus very fast power 

transients.  

The main conclusion is that neutron screens are worth studying and developing since they can 

successfully contribute to the creation of desirable special irradiation conditions, which cannot 

be achieved during normal reactor operation due to technological or economic reasons.  
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Chapter 3.  
Simulation Procedure 

 

3.1 Neutron Transport  

The aim of neutron transport theory is to describe the movement of neutrons in space and their 

interaction with the other nuclei. Two methods exist for reactor physics to simulate and model 

the neutron transport: deterministic and stochastic approaches. With the former the average 

particle behavior is retrieved by solving analytically approximated formulations of the 

transport equation, while in the latter by simulating individual particles and calculating some 

aspects of their average behavior [Gra09, Wag97]. The benefit of using Monte Carlo (MC)   in 

simulations is related to equivalent deterministic calculations that complex problems can be 

modeled with relatively simple calculations,  where the deterministic ones cannot provide 

explicit solution [ Fis95, Kla10]. However, the computation time required by MC codes is 

extremely longer than the small amount of time required by the deterministic calculatio ns 

[Rus12]. For the present thesis the MC method has been employed; the complexity of the 

geometry of a nuclear reactor such as JHR is extremely hard to be modeled with the 

deterministic method. In the following paragraphs the MC method is briefly outlined.  
 

 

3.2 Monte Carlo method  

In the MC calculations for a nuclear reactor, the life of a neutron is governed by random 

processes. After its birth, the trajectory and lifetime of the neutron depend on many factors (i.e. 

location, incident energy, type of isotope and reaction at the collision site, etc.). The MC method 

is trying to simulate, as closely as possible, every neutron travelling story, which follows a 

probabil ity density function. In this stochastic  method, each neutron is considered to be a 

Markov process, meaning that at present state its future and past are independent . The various 

events (i.e. collision, absorption, fission, escape, etc.) ÛÏÈÛɯÖÊÊÜÙɯËÜÙÐÕÎɯÐÛÚɯɁÞÈÓÒɂɯÈÙÌɯÙÌÊÖÙËÌËɯ

constituting it s history. The necessary information is supplied by the actual transport data. The 

average behavior of the particles in the system is estimated based on the average behavior of the 

simulated particles  [Gra09,Tut14, Kla10]. 

https://en.wikipedia.org/wiki/Independence_(probability_theory)
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The interaction of a neutron with the different nuclei is based on physical laws and mechanisms 

of each interaction . For instance, if a neutron interacts via elastic scattering then the neutron will 

continue its trajectory with a new direction; its deviation angle will change according to its 

distribution probability. After that, the outgoing energy is calculated with the help of the kinetic 

energy and momentum conservation rules. (ÕɯÊÈÚÌÚɯÞÏÌÙÌɯÛÏÌɯÕÌÜÛÙÖÕɀÚɯÐÕÛÌÙÍÈÊÌɯÐÚɯÈɯÝÈÊÜÜÔɯ

linked area (reactor boundaries) or in cases where neutron capture reaction takes place, the end 

of lifetime of the neutron is occurred, with the relative simulated particle being killed. On the 

contrary, in fission interaction types, neutrons are created [Kra87]. 

 

3.2.1 Basics of statistical sampling  

The Monte Carlo method is based on two fundamental laws; the Law of Large Numbers and the 

Central Limit Theorem [ Gra11]. According to the Law of Large Numbers,  the average of the 

results obtained from a large number of trials should converge  to a specific value (expected/true  

value) as the number of  trials is increased. Thus, the average of ╝ events, ●╝ , should converge 

to a unique expected value u, while ╝ tends towards infinity.  The different ╝ events are 

sampled according to a probability density function f(x), which describes the relative likelihood  

of a random variable x to obtain a given value. 

 %Ø Õ Ø ÆØ ÄØ 
eq. 3.1 
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According to the Central Limit Theorem for large N, ὼ  follows a Gaussian distribution, 

Ὃ όȟ
Ѝ

, where the 
Ѝ

 value stands for the standard deviation of the distribution. The unique 

value u corresponds to the deterministic solution with standard deviation equal to zero, 
Ѝ

π. 

In practice Ϧ is not known and for large N is approximated by the estimated sample var iance: 
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eq. 3.4 

The estimated standard deviation of the mean ●╝ is given by: 
 

 Ὓ●╝
Ὓ

Ѝ́
 

eq. 3.5 

https://en.wikipedia.org/wiki/Average
https://en.wikipedia.org/wiki/Expected_value
https://en.wikipedia.org/wiki/Expected_value
https://en.wikipedia.org/wiki/Average
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Eq. 3.5 highlights a very important characteristic of the Monte Carlo method; the uncertainty  in 

the mean of a result is inversely proportional to the number of the sampled events.  That 

indicates that the reduction of the uncertainty by a factor of two demands th e fourfold increase 

of the original number of events N. Assuming that the computational time, Ὕ , of a given 

Monte Carlo simulation is directly proportional to the number of events N, then the reduction 

of uncertainty to the half demands a fourfold i ncrease of computer time. 
 

After the sampling of ὔ different independent events, ●╝ is obtained with the uncertainty 

described above. If this sampling is repeated ὓ times, a new set of results is provided, ὼ , 

Í ρȟςȟȣ ὓ. The new results follow a Gaussian distribution function noted as Ὃ όȟ
Ѝ

. The 

repetition causes the Gaussian variance to be reduced by the total number of the sampled 

independent events ´Ͻὓ. The expected value u is estimated by performing algebraic average 

over all M scores.  

 Õ 
ρ

ὓ
ὼ  

eq. 3.6 

The standard variation, Ὓ , is estimated as shown in eq. 3.7: 

 Ὓ
ρ

ὓὓ ρ
ὼ ό  

eq. 3.7 

A large number of repetitions (batch number M) of the sampling of N independent neutrons are 

used in Monte Carlo simulations for the obtaining of good estimates of the averaged results. 

The number of batches and particles at every problem is crucial, since a minimum of this 

combination is demanded to provide reliable results. All results provi ded in each batch are 

accompanied with an error of the order O ρȾЍὔ  while the statistical errors of the final results 

after M iterations are of the order O ρȾЍὓὔ. For criticality problems the fission source is 

estimated iteratively during calculation and a large number of iterations are required for a 

reliable estimate of its distribution.  

It should be highlighted that the above statistics are related to the precision of the results and 

not to their accuracy. Precision is the uncertainty in the mean estimated value due to statistical 

fluctuations of the ὼ values. A totally precise result may not be accurate. Accuracy is a measure 

of how close the expected value, E(x), is to the true physical quantity being estimated and can 

be affected by uncertainties in the data, inaccuracies by mathematical and physical models, 

coding errors, etc. In addition a very important factor that influences the accuracy of the result 

is inappropriate modeling of the respective problem.  

The goal in each simulation is a precise and accurate result as close as possible to the so called 

true value.  
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3.3 Monte Carlo Application in Reactor Physics  

3.3.1 Source Convergence 

As stated in ɕ3.2.1 , the fission source is estimated iteratively during calculation. This is related 

to the power iteration algorithm on which the Monte Carlo criticality problems are based. M 

iterations are required for the determination of the fission source distribution of the system as 

well as for the observation of the value of the effective multiplication factor, Ὧ  12 [Bro09]. In 

each simulation the history of each neutron is recorded during its lifetime, which terminates 

when it leads to fission neutrons production (or any other extinction process; absorption, 

boundary escape, etc.). The new neutrons are stored and altogether constitute the fission source 

of the next iteration. Thus each batch corresponds to a single fission source generation. At each 

iteration, fission source and Ὧ  updates take place. After an adequate number of neutron 

batches the fission source distribution is converged from the initial distribution to its stationary 

state. Yet, the number of iterations is not the only factor of a reliable result; a sampling of a 

small number of neutrons will introduce systematic errors in the fission source, which  will be 

propagated through the iterations. It is important to highlight that the convergence of the Ὧ  

does not guarantee the convergence of the source. It has been proven that the convergence of 

the fission source occurs slower than that of Ὧ  for problems with a dominance ratio 13 close to 

1 [Bro09,Urb95]. The fission source convergence is essential to obtain reliable and representative 

results of the simulated problem. A common way to measure the convergence of the source is to 

use the Shannon entropy of fission, Ὄ  [Duf06, Bro09]. Ὄ  is computed by overlaying a 3-

dimensional mesh with ὔ grid regions over the fissionable regions of a geometry model, 

tallying the fraction of fission sites in each mesh (ὖ ) for a given cycle, and then evaluating 

[Bro09, Bri00] : 
 

 
Ὄ  ὖ ÌÎ  ὖ  

 

eq. 3.8 

The convergence of Shannon entropy and Ὧ  can be checked via plots of individual cycle Ὧ  

or cumulative Ὧ  vs. cycle (with estimated errors) comparisons [Tut14,Mer11, Bro09].  

It is worth underlining that the neutron flux is closely  related to the distribution of fission 

neutrons in the system [Tut14] and thus the convergence of the fission source is essential for 

reliable neutron flux estimates. 

                                                      
12 Ὧ  is defined as the ratio of the neutrons produced by fission in one generation to the number of neutrons lost 

through absorption and leakage in the preceding generation.  
13 the ratio of the n eigenvalue to the previous n-1 
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3.3.2 TRIPOL I-4 Neutronics Code 

The simulations performed within the scope of this thesis were for criticality assessment, but in 

specific cases several shielding calculations  have also been conducted. Both types of simulations 

were carried out with TRIPOLI -4 code (Version 8). TRIPOLI-4 is dedicated to nuclear reactor 

physics and nuclear processes simulation. The code is composed of six software libraries: a 

geometry library, a cross-section reading library derived from NJOY I/O Fortran routines, a 

memory management library , a simulation library and two special libraries enabling parallel 

calculations [Bru15]. The code is used essentially for four major classes of applications: 

shielding studies, criticality studies, core physics studies and instrumentation studies. The 

neutron energy domain of TRIPOLI for neutrons ranges from 10-5 eV to 20MeV, while for 

photons, electrons and positrons from 1 keV to 20 MeV. The basic physical quantities computed 

here comprise neutron flux, reaction rate, photon reaction, energy deposition and Ὧ  

estimates. 

 

3.3.2.1 Cross Sections Libraries  

The cross-sections of the code can be either continuous (pointwise ) in ENDF-format or  

multigroup  (by energy groups) calculated with the APOLLO 2 [San10] code. Any pointwise 

cross-section data in ENDF-6 format may be used: JEF2, ENDF/B-VI, JEFF3, ENDF/B-VII, 

JENDL4.3 etc [TRIPOLI4]. For the present thesis, the pointwise cross sections from the JEFF-

3.1.1 [Jac08,Kla10] have been used.  

 

3.3.2.3 Parallel Implementation on TRIPOLI -4 

TRIPOLI-4 running time is comparable to the other state of the art MC codes and is case 

dependent TRIPOLI4, but, the simulative nature  of a MC code implies large computational time 

[Bre14]. A  real system may have, to the order of magnitude, 1015 or 1018 neutrons per unit 

volume in unit time . In order to obtain good estimates for the averaged values, a large number 

of neutrons should be simulated per iteration [ Tut14], resulting in large computation time 

demands. In addition the different physical phenomena and the geometry of each problem may 

also cause further delay. The time spent on the calculation is proportional to the product of the 

iterated cycles and the number of neutrons  simulated per cycle. 

TRIPOLI code supports execution in parallel mode and it was excessively used for the 

calculations of this thesis. The optimum values of the sample size, the batch number and the 

number of processors that would provide results equivalent to those obtained from a serial 
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mode were extensively studied [Chr15]. For the calculations Thales cluster -a cluster available in 

NCSR "Demokritos"- was utilized. Thales is a 22-node Beowulf cluster with dual -core 

configuration. A Ethernet network connects the nodes at a rate of 1Gb/s. Cluster specifications14 

are listed in Table 3-1.  

 

Table 3-1: Specifications for computing nodes 

 

CPU Dual -Core AMD Opteron(tm) Processor 2216 

Data width  64 bit 

Number of Threads  2 

Main memory  1GB 

Level one cache 2 x 64 KB 2-way associative instruction cache 

Level two cache 2 x 1 MB exclusive 16-way associative cache 

OS Redhat 5 

Compiler  gcc 4.1.2 

 

3.3.2.4 Convergence and Uncertainties  

As stated in ɕ3.3.1 , important variation of entropy can reveal source convergence problems 

[Mer11]. For the study conducted in the framework of this thesis JHR reactor was simulated 

with TRIPOLI -4.8. Several calculations have been performed aiming to conclude to the most 

efficient (from the aspect of computation time and reliability) statistic combination of the 

number of neutrons, N, and the iteration number, M.  The calculations of the fission source 

distribution have been requested inside a fuel bin cell of the core for high energies (0.1MeV < E 

< 20MeV).  

Figure 3-1: and Figure 3-2 show the convergence behavior of Shannon entropy, Ὄ  , and Ὧ  

over the number of iteration cycles for two different simulations of N=ρπ and N=ρπ. From the 

plots it is evident that roughly ρπ cycles are required to converge both Ὄ  and Ὧ  . However 

using larger N makes it easier to diagnose if both values have been converged.  

For the neutron flux calculations, a statistic of N=ρπ and M=ρπ is accompanied with intense 

fluctuations in the unresolved resonance region, derived from intense variations in cross section 

data [ENDF]. However, in the high energy range (E>0.1keV) these fluctuations are limited and 

this statistic (N=ρπ and M=ρπ provides results with uncertainties less than 5%.  

On the contrary, the calculations that focus on the absorbing capability of materials in thermal 

energy range were performed with a statistic of N=ρπ and M=ρπ, providing results with an 

estimated relative error mainly less than 10% (cases with relative error of 20% have also been 

reported)  in the unresolved resonance region.  

                                                      
14 All nodes have the same specifications. 
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Figure 3-1: Plot of Ὄ  over the iteration cycles for runs with 1 04 and 105 number of neutrons  

 

 

 

Figure 3-2: Plot of Ὧ  versus cycle iteration, as provided by KSTEP estimator of TRIPOLI-4.8 for runs with 104 and 

105  number of neutrons   
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3.4 Concluding Remarks  

In this chapter the computational tool s, used for the simulations at this work , are described, 

along with the main factors that ensure the accuracy and the precision of the final result. All 

calculations presented in the thesis refer to the JHR and have been carried out with the MC code 

TRIPOLI 4.8. The JHR model is of a complex geometry and in addition with the simulative 

nature of TRIPOLI code implied large computational time. For this reason most of the 

calculations had to be executed in parallel mode. The triptych of getting accurate and reliable 

results is consisted by the following factors:  

¶ The fission source must be properly converged , thus a sufficient number of iteration 

should be chosen.  

¶ A sufficient number of neutrons must be chosen in every cycle for a reduced bias in Ὧ . 

¶ Bias in the statistics on Ὧ  and reaction rate tallies must be recognized and dealt with. 

 

In order to be ensured that the fission source is not undersampled, the quantity of  Shannon 

entropy of the fission source distribution, Ὄ  , was used. A iming to conclude to the most 

efficient (from the aspect of computation time and reliability) statistic combination of the 

number of neutrons, N, and the iteration number, M , several calculations have been carried out. 

After processing the results it was concluded that a simulation  of N=ρπ and M=ρπ is sufficient 

to provide results after convergence of the power iteration. Although a sufficient number of 

batches and neutron size has been considered, in many cases intense fluctuations was observed 

at the final results, derived from in tense variations in cross section data (i.e. unresolved 

resonance region [ENDF]). A  larger statistic (N=ρπ and M=ρπ), provides results with an 

estimated relative error mainly less than 10% (cases with relative error of 20% have also been 

reported)  in the unresolved resonance region. For this reason the latter statistic was selected for  

simulations focused on the absorbing capability of materials in the thermal energy ranges.  
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Chapter 4.  
Application & Results 

 

 

The work of this  thesis concerns the feasibility study of a preliminary device configuration 

(noted as neutron screen) that will provide a neutron energy spectrum similar -or to the highest 

possible degree- to that characterizing SFR, when introduced in a thermal neutron reactor. The 

reflector area of JHR provides good neutronic conditions for the realization of this study. 

Among the major objectives of JHR is the investigation and study of behaviors of materials or 

fuel (irradiated or under irradiation)  for  current and future generations power plants. 

Therefore, the development of devices that will serve for representative tests of structural 

materials and fuel is required. In this context, the work of this thesis was focused on the 

investigation of methods by which the neutron  population distributed in the  JHR reflector 

(Figure 1-2) can be reversed from low to high energies with the final neutron distribution to be 

equivalent to that of a SFR.   

 

The following sections present the results obtained considering the introduction of various 

neutron screens inside the JHR reflector aiming to alter its existing neutron spectrum. The 

reactor's neutron energy boundaries range between 1E-11 and 20 MeV, with the part from 1E-9 

to 10 MeV to be of greatest importance. The important neutron interactions within this energy 

range are: neutron capture  (radiative capture and fission) and scattering , elastic and inelastic 

(ɕA.3 ).The methods of spectrum tailoring rely on the utilization of neutron interactions. As  

reported in the state of the art neutron screen technology (ɕ2.1 ), two methods of hardening th e 

neutron spectrum are reported:  

¶ employment of thermal absorbers that limit or eliminate the thermal neutron component  

and 

¶ introduction of fission sources  inside the device, enhancing thus the fast component of the 

neutron spectrum.  
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Both methods are related to neutron capture interactions. Taking these facts into account, the 

introduction of thermal absorbers in the irradiation facility of JHR was firstly investigated in 

ɕ4.1  . The procedure included an extensive research throughout several candidate materials 

aiming  to determine the absorber serving more effectively for the spectrum hardening. In ɕ4.2 , 

the effect of booster fuels on the neutron spectrum was examined. Following the above steps, 

the study was focused on scattering interactions (ɕ4.3 ) and the utilization of elements 

characterized by intense elastic (ɕ4.3.1 ) and inelastic (ɕ4.3.2 ) cross sections at the desired 

energy range (0.1-10MeV) were researched. At this point it is worth underlining that a similar 

work (utilization of scattering interactions for spectrum tailoring) has not been found  in the 

open literature . The chart flow of Chapter 4 is illustrated in Figure 4-1.  

 

 

 

Figure 4-1: Chapter 4 flow chart  
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4.1 Absorbers Utilization  

According to the literature  (ɕ2.1 ), the most common method, by which a thermal spectrum can 

be tailored to a fast one, is the utilization of materials  that present high neutron capture at 

thermal energies, usually referred to as thermal absorbers. By installing absorbers, the thermal 

component of the spectrum is limited and as a result the remaining neutron distribution  is 

mainly constituted by  fast and epithermal neutrons. Absorbers characterized by huge neutron 

capture capacity can be used for total elimination of the thermal component.  

 
 

An extended study on thermal neutron absorbers and their impact on the reference thermal 

spectrum (JHR reflector) has been carried out and is presented in this section. In Table 4-1 the 

2115 stronger absorbing elements, as found in the literature  [Mug73] are listed. The neutron 

capture cross section („) and the atomic number of each isotope are also reported. The last 

column contains a brief comment about possible disadvantages of the material that may 

indicate if  it is unsuitable for use: a) Actinides such as Fm, Cf, Pu, Bk, Ac, Pa, Np and Es are all 

fissionable nuclides and thus should not be considered as candidate absorbing materials. b) Pr 

and Rh are rare elements and thus not taken into account . c) The physical properties of Hg do 

not allow its usage inside the reactor.  

 

The remaining 8 absorbing elements, Sm, Gd, Eu, Cd, Dy, B, Ir, Er and Hf, are suitable for use 

ÐÕÚÐËÌɯÈɯÙÌÈÊÛÖÙɀÚɯÌÕÝÐÙÖÕÔÌÕÛɯÈÕËɯÛÏÌà tb 

were further investigated. In most cases there is a specific isotope included in the natural 

element that provides the element with an important absorbing capability. Within the scope of 

determining the most  appropriate and effective thermal absorbers, instead of natural elements, 

their absorbing isotopes can be utilized. For this reason the isotopes of the remaining  elements 

(Sm, Gd, Eu, Cd, Dy, B, Ir, Er and Hf) along with their isotopic abundance are reported in Table 

4-2. A characterization of the microscopic absorbing cross section of each isotope is given; 

extreme („ ρπ), high (ρπ „ ρπ), medium (ρπ „ ρπ) and low (ρπ „ ρπ). 

The microscopic cross section data were taken from JEFF-3.1.1 cross section library [ENDF].  
 

 

At this point it should be pointed out  that before proposing a final neutron screen configuration 

that utilizes a thermal absorber, the inevitable nuclear heating arisen from neutron absorption 

and gamma emission should be taken into account. The neutron capture of all isotopes in Table 

4-2 is radiative capture (n,ϖ), except of the case of 10B which i s alpha emission (n,ϔ).  

                                                      
15 A table containing all elements is given in Table B-3 



 

4.1 Absorbers Utilization  
 

60 

Table 4-1: Elements with the highest absorption capability  [Mug73] 

A/A  
Ϧϔ 

(barns) 
Name Sym 

Atomic 

number  
Reasons to reject 

1 49000 Gadolinium  Gd 64 - 

2 5922 Samarium Sm 62 -  

3 5800 Fermium  Fm 100 Large Z 

4 4600 Europium  Eu 63 - 

5 2900 Californium  Cf 98 Large Z 

6 2450 Cadmium  Cd 48 - 

7 1017.3 Plutonium  Pu 94 Large Z 

8 920 Dysprosium  Dy 66 - 

9 767 Boron B 5 - 

10 710 Berkelium Bk 97 Large Z 

11 515 Actinium  Ac 89 Large Z 

12 425 Iridium  Ir  77 - 

13 374 Mercury  Hg 80 Bad properties16 

14 200.6 Protactinium  Pa 91 Large Z 

15 194 Indium  In 49 - 

16 180 Neptunium  Np  93 Large Z 

17 168.4 Promethium  Pm 61 Rare 

18 160 Einsteinium  Es 99 Large Z 

19 160 Erbium  Er 68 - 

20 144.8 Rhodium  Rh 45 Rare 

21 104 Hafnium  Hf  72 - 

 

 

The isotopic analysis of the remaining absorbing elements produced the following results: 155Gd 

and 157Gd present extreme absorbing capabilities while 149Sm, 151Sm, 151Eu, 113Cd, 164Dy and 10B 

follow with high absorbing capabilities. The rest isotopes provide a less intense absorbing 

behaviour. An illustration of the absorption macroscopic neutron cross section,  , of the most 

absorbing isotopes of Table 4-2 is given in Figure 4-2. With the employment  of   both 

parameters of „ and nuclid e density of each isotope are taken into account. 174Hf  and 152Gd 

present medium absorbing capability and due to their extremely low abundance (0.16% and 

0.2% respectively) were excluded. The neutron distribution in the thermal region of a thermal 

reactor spectrum (see Introduction ) dictates the necessity of intense absorbing capability from 

~0.01eV to ~0.4eV. Most of the elements (10B, 191Ir, 161Dy, 177Hf and 167Er) present a linear 

reduction with energy at the energy range of interest (till ~0.2eV). The   (or „) of 113Cd 

presents a peak around 0.2eV. Finally, 155Gd and 157Gd, although both present the highest   

values, a drop before 0.01eV is obtained.   

                                                      
16 High toxicity, high vapor pressure even at room temperature, low boiling point, producing noxious fumes when 

heated, relatively low thermal conductivity  
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Table 4-2: Elements with high absorbing capability .  [ENDF, Hyn15, Wie13a, Wie13b] 

Ϧa  

(b) 
Name 

C
h

e
m

ic
a

l 

S
ym

b
o

l 

A
to

m
ic

 
N

o
. 

D
e

n
si

ty
 

g
/c

m
3  

 

Temperature  

Is
o

to
p

e
s

 

Content  

in 

mixture  

% 

Isotope 

absorbing 

capability * 

Tmelt  

Ș" 

Tboil  

Ș" 
E H M  L 

49000 Gadolinium  Gd 64 7.9 1313 3250 

152G

d 

0.2   x   

154G

d 

2.18    X 

155G

d 

14.8 x     

156G

d 

20.47     

157G

d 

15.65 x     

158G

d 

24.84     

160G

d 

21.86     

4600 Europium  Eu 63 5.24 822 1527 
151E

u 

47.8  x    

153E

u 

52.92   x   

2450 Cadmium Cd 48 8. 65 321 767 

106C

d 

1.25     

108C

d 

0.89     

110C

d 

12.49     

111C

d 

12.8     

112C

d 

24.13     

113C

d 

12.22  x    

114C

d 

28.73     

116C

d 

7.49     

920 Dysprosium Dy 66 8.55 1412 2567 

156D

y 

0.06    X 

158D

y 

0.1    X 

160D

y 

2.34    X 

161D

y 

18.91   x   

162D

y 

25.51   x   

163D

y 

24.9    X 

164D

y 

28.18  x    

767 Boron B 5 2.46 2075 4000 
10B 19.9  x    

11B 80.1     

425 Iridiu m Ir  77 22.56 2466 4428 
191Ir  37.3   x   

193Ir  62.7    X 

194 Indium  In 49 7.31 157 2072 
113In 4.29     

115In 95.71   x   

160 Erbium  Er 68 9.066 1497 2868 

162Er 0.14     

164Er 1.61     

166Er 33.61     

167Er 22.93   x   

168Er 26.78     

170Er 14.93     

104 Hafniu m Hf  72 13.31 2233 4603 

174H

f 

0.16   x   

176H

f 

5.26     

177H

f 

18.6   x   

178H

f 

27.28    X 

179H

f 

13.62    X 

180H

f 

35.08     

Isotope absorbing capability*  : Ǹ͆ǸÌßÛÙÌÔÌȮɯ'ǸǸÏÐÎÏȮɯ,ǸǸÔÌËÐÜÔȮɯ+ǸǸÓÖÞ 
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Figure 4-2: Absorption macroscopic cross sections, ϔ͓, of the absorbing isotopes. Plot produced using JEFF-3.1.1 

Library and JANIS software. 

 

4.1.1 Calculations   

The investigation described in the previous paragraph aimed to conclude on the number of 

potential elements that present strong absorbing capabilities, in order to be used for spectrum 

tailoring in JHR reflector. After excluding inappropriate materials and classifying the absorbing 

capability with respect to the a bsorption macroscopic cross section, the study concluded to a set 

of effective absorbing isotopes. Although the majority of examined  materials are quite known 

and widely used as absorbing mediums in nuclear reactor technology  [IAEA08], the 

classification of the materials in terms of their absorption capacity is not  well reported in the 

literature . This output is of vital importance for designing the final device ; the dimensions of the 

absorber should be kept quite small. Besides the space availability in the facility, the heat 

generation in the absorber, due to neutron and gamma radiation, also poses limitations to the 

absorber thickness.  

Several sets of calculations with the aforementioned materials were carried out.  The model of 

JHR (Figure 1-2) was simulated with TRIPOLI -4.8. The neutron flux was calculated within the 

central irradiation space (Figure 4-3) of JHR reflector. The absorbing screens were considered of 

cylindrical shape  and defined thickness with  two different cases; 1cm and 1mm. 
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Figure 4-3: Schematic representation of the irradiation facility   

 

4.1.1.1 Absorbers of 1cm thickness  

The following isotopes and materials were tested: 149Sm, 151Sm, 155Gd and 157Gd, Gd, 151Eu, Eu, 

113Cd, 164Dy, Dy, 191Ir, 115In, 167Er, 177Hf, and Hf. As shown in Table 4-2, almost all of the isotopes 

of Gd, Eu, Ir and Dy  present absorbing capabilities. For this reason these elements were also 

examined at their natural composition.  Additionally,  Hf , a widely used absorber [IAEA08], 

which decays to good thermal absorbers under irradiation and thus its  replacement can be 

delayed, was also tested. In Figure 4-4 the thermal (<1eV) neutron population as resulted after 

the introduction of each absorbing element is presented. The thermal area is divided in three 

energy ranges; 1-0.1eV, 0.1-0.01eV and <0.01eV. It is apparent that  all elements absorb almost 

completely neutrons with energy below 0.01eV (blue column). At the energy range between 0.01 

eV and 0.1eV (red column) all elements except Hf hold almost  the same percentage of neutrons. 

At the energy range of  0.1 to 1eV (green column), Hf do es not present such good absorption, as 

the other elements do. In a very simplistic approach it can be concluded that all the above 

elements, when used in that thickness (1cm), provide good thermal absorption capability. It is 

obvious that H f presents the worst absorbing capability, however the non-absorbed neutrons 

number indicates that it could also be utilized as an absorber. The effectiveness of the above 

presented absorbers on the neutron spectrum can be highlighted even more when compared 

with the reference spectrum (Figure 1-2). In the energy range of 0.1eV to 1eV neutrons 
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population fraction is at 7%  in the absence of absorbers, and plunges to below 1%, when 

absorbing elements are introduced. Most importantly, a t the energies between 0.1 and 0.01eV, 

where all materials present a neutron population percentage of 2%, in the reference case this 

corresponding value is at 63%. Finally, below 0.01eV the reference component of 10% is totally 

eliminated after the insertion  of absorber in the facility  (Figure 4-5). 
 
 

 
Figure 4-4: Neutron population distribution at three th ermal energy groups for all tested materials  of 1cm thickness; 

1-0.1eV, 0.1-0.01eV and <0.01eV 

 

 
Figure 4-5: Neutron population distribution at three thermal energy groups for all tested materials compared to 

reference spectrum (JHR-reflector); 1-0.1eV, 0.1-0.01eV and <0.01eV  
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The results obtained by the set of absorbers investigated are presented in Figure 4-6 for  thermal 

and low epithermal energy groups (till 1keV) . All thermal neutrons are merged in a single 

energy group (<1eV). It can be suggested that the element with the higher absorbing capacity  at 

the low epithermal energy range is 10B. 151Eu and Eu follow with low neutron percentages at the 

low epithermal energies. 10B does not present resonances (Figure 4-7) and thus the dependence 

of the cross section (θ ρȾὉ) on energy is maintained, expanding thus intensively the absorbing 

effect of 10B at epithermal energies. In contrast, 151Eu and Eu present resonant behaviour at 

epithermal region  (Figure 4-7), which influences the capture capability of both nuclides.  

 

Figure 4-6: Neutron population distribution at thermal and low epithermal energies for all tested 

materials of 1cm thickness; <1eV, 1-10eV, 10-100eV and 100eV-1keV. 
 

 
Figure 4-7: Total microscopic cross sections of 10B, 151Eu and 153Eu. Plot produced using JEFF-3.1.1 and JANIS software 
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The effects of 1cm 10B, 151Eu and Eu screens on the spectrum are compared in Figure 4-8. SFR 

and the JHR reflector spectra are included for comparison . All spectra have been normalized to 

unit and are illustrated in terms of flux per lethargy. All three absorbers provide  a spectrum 

with eliminated thermal and reduced epithermal neutron component. The data result to a 

formation of a fast spectrum accompanied with a significantly limited thermal and  epithermal 

component. The results confirm the state of the art technology, according to which the capture 

interaction can be utilized to produce a fast neutron spectrum (accompanied with an epithermal 

component).  

 

 
Figure 4-8: Comparing the effects of 1cm 10B, 151Eu and Eu neutron screens on the neutron spectrum. SFR is included 

for comparison.   

 

4.1.1.2 Absorbers of 1mm thickness  

Following the previous study on the absorbing effectiveness of 1cm thick thermal absorbers, 

additional detailed calculations for 1mm thickness were carried out (Figure 4-3). Figure 4-9 

presents the neutron population  distribution at the thermal energy region after their  

implementation within the JHR reflector . Hf, 177Hf and 161Dy seem to have inferior  performance, 

since they present a neutron percentage of 36, 14 and 12 respectively at the energy area of  0.01 

to 0.1 eV (red column). 167Er follows  with  9% in this energy range. This was expected as these 

elements present the lowest macroscopic cross section (Figure 4-2). The rest elements present 

good absorbing capacity even at that small thickness. However, even in the less effective cases 

an important reduction at the thermal component is observed. For instance, 1mm Hf (worst 

performance) can reduce the component at the energy range between 0.01 and 0.1eV to half. 
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Figure 4-9: Neutron population distribution at three thermal energy groups for all tested materials  of 1 mm 

compared to reference spectrum (JHR-reflector); 1-0.1eV, 0.1-0.01eV and <0.01eV  

 

4.1.1.3 Comparison between 1cm and 1mm thicknesses  

In Figure 4-10 the results of both thicknesses for energies below 1eV (1cm and 1mm) are 

illustrated.  10B, 113Cd, 151Eu, 191Ir, 157Gd, 164Dy,  155Gd, Eu and Gd are capable of absorbing the 

thermal component at a very large extend, even when they are used at a very small thickness. 

Once again, 10B has the greatest impact at thermal energies. 113Cd, 151Eu and 191Ir follow  after 10B.  

 

 

 

Figure 4-10: Neutron population distribution of thermal neutrons for neutron screens of 1cm and 1mm in the thermal 

energy range  
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As stated before, the hardened spectrum of SFR creates the necessity of negligible neutron 

component in thermal as well as in epithermal energies. The absorbing capability at thermal 

and low epithermal energy range up to 1keV for the 9 first elements (10B, 113Cd, 151Eu, 191Ir, 157Gd, 

164Dy, 155Gd, Eu and Gd) presented in Figure 4-10 is illustrated in Figure 4-11. The thermal 

component is emerged in one group (<1eV). The corresponding values of the SFR spectrum are 

included for comparison . Again, 10B is the element of higher absorbing capacity (among the 

studied ones) in the energy range below 10eV. 191Ir  and 151Eu follow with almost equivalent 

performances. 

 
 

 
Figure 4-11: Neutron population distribution at thermal and low epithermal energies for all tested materials of 1 mm 

thickness; <1eV, 1-10eV, 10-100eV and 100eV-1keV.  
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Figure 4-12:  Microscopic neutron Cross Sections of 10B. Plot produced using JEFF-3.1.1 Library and JANIS software 

 

 

 

Figure 4-13: Comparing the effects of 1 cm  and 1 mm 10B neutron screens on the neutron spectrum.  

 

At this point, an important issue regarding  the absorbing capability of the different elements 

must be highlighted; there is a specific thickness threshold above which the efficient absorbing 

capability of each element is saturated. This statement is based on a parametric study carried 

out within the framework of investigating the optimum thickness for the different absorbers. 

The study suggested that the saturation poinÛɯÖÍɯÛÏÌɯÈÉÚÖÙÉÌÙɀÚɯÌÍÍÐÊÐÌÕÊàɯÊÈÕɯÉÌɯËÌÍÐÕÌËɯÞÏÌÕɯ

two thicknesses with significant difference are selected. This justifies the choice of two 

thicknesses at 1cm and 1mm in this work, without denoting that the 1cm thickness cannot be 

exceeded if it has to.  Further details of the parametric study can be found in [Chr14b].   
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4.1.2 Concluding Remarks  

According to the existing neutron screen technology elements with high absorbing capability at 

thermal neutrons can be used for spectrum tailoring. By installing absorbers, the thermal 

component of the spectrum is limited; as a result the remaining spectrum is mainly constituted 

of fast and epithermal neutrons. Within this framework  an extensive study on thermal neutron 

absorbers and their impact on the reference thermal spectrum (JHR reflector) has been carried 

out. The procedure included a comprehensive investigation throughout potential candidate 

materials in order to deter mine the most appropriate and effective thermal absorbers. After 

excluding inappropriate materials and classifying their absorbing capability with respect to the 

absorption macroscopic cross section, the study concluded to the following set of effective 

absorbing isotopes: 155Gd and 157Gd, Gd, 151Eu, Eu, 113Cd, 164Dy, Dy, 191Ir, 115In, 167Er, 177Hf, and Hf.  

Several sets of calculations were performed with these materials. The absorbers were 

considered of cylindrical shape while two different thicknesses were assumed, i.e. 1cm and 

1mm. All examined materials, even when considered of 1mm thickness, are capable to provide 

a strong reduction of the reference thermal neutron component. In most cases, the neutron 

spectrum was accompanied by a strong low epithermal neutron component. However, 10B and 

151Eu provided a neutron distribution almost free from thermal and  low epithermal neutrons.  
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4.2 Booster Fuel 

With respect to the methodologies reported in the State of the art Technology about neutron 

screens (Introduction), the hardening of the neutron spectrum can be achieved by the 

implementation of a booster fuel in the desired region in the reactor. The term ɁÉÖÖÚÛÌÙɂɯÐÚɯÜÚÌËɯ

to describe the enhanced fast neutron flux that arises by the addition of fissile material. In this 

section the impact of a booster fuel on the JHR-reflector spectrum is investigated.  

 

4.2.1 Fissile material considerations  

Nuclides capable to undergo fission after capturing neutrons are noted as fissionable. 

Fissionable materials are the superset of fissile materials, such as  Ὗ,  Ὗ,  ὖό and  ὖό. 

The atomic structure (odd number of neutrons) of these isotopes favors absorption of any 

energy and results to fission reaction. On the contrary, elements with even number of neutrons 

or protons are more stable and interact with neutrons of high kinetic energy (fissionable but not 

fissile). Elements that can be converted to fissile, after neutron absorption and subsequent 

nuclear decay, are noted as fertile and the conversion process is referred to as breeding. Most 

common fertile materials are 232Pu  and 238U.  

The ratio of the number of produced by fission neutrons to the neutrons absorbed is expressed 

by eta, –ῴȟ factor as follows: 

 

 –ῴ
’В Ὁ

В Ὁ

ὪὭίίὭέὲ ὲὩόὸὶέὲί ὴὶέὨόὧὩὨ

ὲὩόὸὶέὲί ὥὦίέὶὦὩὨ
 (5.1) 

where Ϡ is the number of neutrons produced per fission [Lew08]. 

 

 

The breeding condition demands – ς, since one neutron will be reserved for a further fission 

and the excess of neutrons will be used to convert fertile nucleus to  fissile. Fast reactors were 

originally designed to breed nuclear fissile material by converting abundant fertile materials to 

fissile. The two known breeding processes, shown below, include the conversion of 238Uto 239Pu 

and Th232 into 233U.  

 

 ὝὬ ὲȟ‎ ὝὬ  ὖὥ Ὗ    (5.2) 

 Ὗ ὲȟ‎  Ὗ   ὔὴ ὖό    (5.3) 
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Both breeding processes are continued in reactor applications by subsequent neutron capture 

reactions: 2334ȹÕȮɯϖȺɯ234U, 2344ȹÕȮɯϖȺɯ235U, 2354ȹÕȮɯϖȺɯ236U, etc. and 239/ÜȹÕȮɯϖȺɯ240Pu, 240/ÜȹÕȮɯϖȺ 241Pu, 

241/ÜȹÕȮɯϖȺɯ242Pu, etc." [Yan12]. From the comparison of the eta factor, –, for 239Pu, 233U and 235U, 

follows that 239Pu surpasses both 235U and 233U, producing more neutrons per absorption (h(E))  

in the energy range above ~100 keV. In addition, for higher energies (>100keV), 239Pu superiority 

increases rapidly with increasing energy (Figure 4-15). Thus, fission neutrons will breed 239Pu 

more than the other two, 235U and 233U, resulting to higher population of fis sion neutrons. For 

this reason in fast reactor technologies the use of 239Pu is preferred and fissile blankets of 238U are 

implemented.  
 

 
Figure 4-14: Nuclei of fissile, fissionable and fertile elements  

 

Since, the neutron environment inside JHR reflector is thermal, the utilization of fissile material 

is required to enhance the fast component. 235U and 239Pu are considered as the two potential 

options; both nuclides (Figure 4-16) can provide fissions at the entire energy range. The 

distribution of prompt neutrons (fission spectrum) is independent of the fissioning nucleus 

[Kra87],indicating that the choice between those two, 235U and 239Pu, should be based on other 

criteria. After comparing the total behavior of 239Pu and 235U (Figure 4-18, Figure 4-16, Figure 

4-15) it can be concluded that their main difference relies to their eta factor, thus the better 

breeder behavior of 239Pu. On the other hand, the ultimate fissile material of JHR is expected to 

be a metallic uranium -molybdenum ( UMo ) 19.75% enriched alloy and for this reason a 

utilization of a single fissile material enrichment and type for all JHR usages is preferred.  
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Under these circumstances the composition of the fissile material introduced in the facility was 

based on the JHR fissile material choices, i.e. Uranium  20% enriched in 235U. With this 

composition the main attributes of the SFR fissile material are taken into account; the breeding 

capability of 239Pu is compensated by enriched 235U (Figure 4-17), while the major presence of 

238U in SFR is respected. The latter is quite important since the inelastic cross section of 238U 

(Figure 4-18) is higher than that of 239Pu (and 235U) and this parameter should be taken into 

account in the final result.  

 

 
Figure 4-15ȯɯ-ÜÔÉÌÙɯÖÍɯÕÌÜÛÙÖÕÚɯ×ÙÖËÜÊÌËɯÉàɯÍÐÚÚÐÖÕɯ×ÌÙɯÕÌÜÛÙÖÕɯÈÉÚÖÙ×ÛÐÖÕȮɯϚȹ$Ⱥȭɯ/ÓÖÛɯ×ÙÖËÜÊÌËɯÜÚÐÕÎɯ)$%%-3.1.1 

Library and JANIS software  

 

 
Figure 4-16: Fission microscopic cross sections of 235U, 238U and 239Pu. Plot produced using JEFF-3.1.1 

Library and JANIS software  
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Figure 4-17: Eta factor of 235U, 239Pu and 20% enriched 235U. Plot produced using JEFF-3.1.1 Library and 

JANIS software 

 

 

 

 
Figure 4-18: $ÓÈÚÛÐÊɯȹÕȮÕȺɯÈÕËɯ(ÕÌÓÈÚÛÐÊɯȹÕȮÕɀȺɯmicroscopic cross section of 235U, 238Uand 239Pu. Plot produced 

using JEFF-3.1.1 Library and JANIS software 
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4.2.2 Calculations   

In this section the impact  of booster fuel on the JHR-reflector spectrum is investigated. The  

booster fuel (uranium 20% enriched in 235U) was considered of cylindrical shape (Figure 4-3) 

and of defined thicknessȭɯ ÚɯÐÕɯɕ4.1 , the model of JHR was simulated with TRIPOLI -4.8 and the 

neutron flux w as calculated in the central irradiation space (Figure 4-3) of the JHR-reflector 

area. Runs with successive increase of the quantity of the fuel (thickness) were performed . The 

start value was set at 0.1cm and the final at 1cm. The results are presented in Figure 4-19 and 

interpreted in  Table 4-3. The reference case (JHR reflector) is also illustrated for comparison 

(blue column).   

 

 

 

Figure 4-19: Neutron population distribution at the entire neutron spectrum for all booster thicknesses; 0.1cm ,  0.2cm, 

0.4cm, 0.8cm and 1 cm  
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Table 4-3: Analysis of the Figure 4-19 chart 

Energy Group  Comments  

<0.01eV Only the reference case presents neutron component at this energy area.  

The introduction of the fissile material eliminates the neutron population fraction at 

these energies. Even in cases of 0.2 and 0.4 cm this fraction is negligible. In the case of 

0.1cm a small amount of neutrons around 0.7% is observed.  

 

0.1eV-0.01eV At the reference spectrum the component of thermal neutrons is extremely large , i.e. 

63%. Adding only 0.1 cm fissile material in the facility, this component is immediately  

decreased by 72%, reaching 18%. 

The addition of 0.2 cm of fissile material further reduces the neutron population 

fraction at these energies, i.e. by 86% relatively to the reference case and 50% 

relatively to the case of 0.1 cm. 

For added fissile material  thickness 0.4 cm the 0.1eV - 0.01eV neutron population 

fraction is reduced to 3% (i.e. 95% with respect to the reference case). For thickness of 

added fissile material higher than 0.4 cm the neutron population of energies 0.1eV - 

0.01eV becomes less than 1% of the total. 

 

1eV-0.1eV In this energy range the neutrons population is low and is gradually decreased with 

increasing thickness of added fissile material. 

 

10keV-1eV The values of this group are related to the values of the thermal range.   

In all cases the fraction is increased in relation to the reference case. This is due to the 

fact that after the elimination of the thermal component, its reference percentage is 

spread at higher than thermal energies. 

 

100keV-10keV At this energy group an important increase is observed from the reference case to that 

of 0.1 cm (almost 4 times higher). For fissile material thickness higher than 0.1 cm a 

gradual and smooth increase is observed with increasing thickness. However, 

saturation is observed in this increasing rate for fissile material thickness higher than 

0.8cm. 

 

1MeV -100keV This energy group is the one of greatest interest. In this energy region  the main 

impact of the fission neutrons on the spectrum can be obtained. 

The lower fraction of neut rons population occurs in the case of added fissile material 

0.1 cm thick, which is already more than five times higher than in the reference case. 

 

>1MeV The shifting of the spectrum can be observed in this energy range for fissile material 

thickness greater or equal to 0.4 cm. Up to 0.4cm the relative values are increased 

with thickness. However, slight fluctuations are observed during both increase and 

decrease of the relative values. 

In relation with the reference case, even with the introduction of  the smallest 

thickness of extra fissile material (0.1cm) the amount of neutrons has become almost 8 

times higher. 
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The introduction of fissile amount in the facility enhances the fast component with the fast 

neutron flux distribution following the fission spectrum (Figure 4-20,  Figure 4-21). Depending 

on the thickness of the booster fuel the thermal neutrons fraction is diminished accordingly  

(Figure 4-20). Moreover the peak of the fast neutrons flux is successively shifted to the left 

following the successive increase in the thickness of the added fissile material ( Figure 4-21). 

 

 
Figure 4-20: Effect of boosters with different thicknesses (0.1cm , 0.2cm, 0.4cm, 0.8cm and 1cm) on the neutron 

spectrum. Log-Log graph 

 

  

 Figure 4-21: Effect of boosters with different thicknesses (0.1cm , 0.2cm, 0.4cm, 0.8cm and 1cm) on the neutron 

spectrum with detail at high energies . Log x-Lin y graph   
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In Table 4-4 the ratios of the neutrons with energies above 0.1MeV to the neutrons with energies 

above 1MeV are reported. In Figure 4-22 the correlation between ratio (Flux>0.1MeV to 

Flux>1MeV) and thickness is illustrated. It is clear that the ratio increases with increasing 

thickness. In Table 4-5 the ratio of the maximum flux value, as provided after the insertion of 

fissile material, to the maximum flux value obtained by the reference spectrum are reported 

along with the respective percentage growth. As expected, the introduction of fissile material 

provides a spectrum with higher flux values. Even when 1mm of fissile material  is added, the 

maximum flux value is increased by ~5.5 times, while in case of 1cm the flux maximum is 

almost multiplied by 9. The relation between the   Ⱦ   and the fissile material thickness is 

illustrated in Figure 4-23. For the    values it has been taken into account that the maximum 

flux value (in all cases after the introduction of fissile material) is obtained at 0.7145MeV. 
 

 

Table 4-4: Ratios of neutrons of E>0.1MeV over neutrons of E>1MeV for the different thicknesses of fissile material 

Booster Fuel 

Thickness (cm)  
# of neutrons 

with E> 0.1MeV  

# of neutrons 

with E>  1MeV  

ἢἷἼἩἴ ἐἴἽὀ Ἇ Ȣ ἙἭἤ 

ἢἷἼἩἴ ἐἴἽὀ Ἇ  ἙἭἤ
 

0.1 42.4 18.6 2.3 

0.2 50.0 21.6 2.3 

0.4 57.0 23.9 2.4 

0.8 62.8 25.7 2.5 

1 65.6 25.4 2.6 

 

 
Figure 4-22: Linear correlation (correlation coefficient of 0.998) between flux ratio (Flux >0.1MeV to Flux>1MeV) and 

fissile material thickness. 

 

Table 4-5: Increase of maximum flux in relation to reference flux value  
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Figure 4-23: Increase of maximum flux after fissile material insertion  

 
 

 

4.2.3 Simulating SFR by introducing 23Na 

The introduction of fissile material  in the facility provided a neutron spectrum with an 

enhanced fast and an eliminated thermal component. However, even in the case of 1cm booster 

fuel  the resulted distribution d id not approach  the desired distribution of SFR. Even neglecting 

the thermal and epithermal component -that is intensely present in contrast to the distribution 

of SFR- the neutron population is gathered at higher than preferred energies. Inside the void 

facility, surrounded by beryllium (Be), only the introduction of booster fuel has been 

considered. Therefore the fission neutrons interactions are limited to those between 9Be and 

emitted particles, arriving in the facility from the adjacent regions. The elastic and inelastic cross 

sections of 9Be are weak at high energies (Figure 4-24), thus the interactions of fission neutrons 

with its nuclei are insignificant.   

 
 

 
Figure 4-24: Microscopic neutron cross sections of 9Be. Plot produced using JEFF-3.1.1 Library and JANIS software  
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Simulating the composition of the SFR, the introduction of sodium ( 23Na) has been considered.  

23Na will act as cooling medium (as in the SFR) to the screen. The required space left for the 

specimen introduction (2cm diameter) in addition with the thickness of the booster fuel free a 

total space of 3.4cm thickness for 23Na, if the case of 1cm of fissile material is considered. 

Altering the inner space of the facility from void to 23Na did not provide a shifted neutron 

distribution. The only effect of 23Na on the neutron spectrum is a flux depression obtained 

around 3keV (Figure 4-25), where the corresponding elastic scattering resonance of 23Na takes 

place (Figure 4-26). The presence of 23Na in SFR is a major contributing factor to the maximum 

flux shifting to lower energies (200keV) in relation other FRs spectra. Apparently, the amount of 

23Na -despite significant (3.4cm) in comparison to the 1cm thickness of the fissile material- is not 

adequate to provide spectrum tailoring through the elastic and inelastic collisions of its nuclides 

and fast neutrons. 

 

 
 

Figure 4-25: Effect of a 3.4 cm 23Na neutron screen on the neutron spectrum. The screen provided only a flux 

depression around 3keV corresponding to 23Na elastic scattering resonance 

 

 
Figure 4-26: Total, elastic and inelastic microscopic cross sections of 23Na. Plot produced using JEFF-3.1.1 Library and 

JANIS software  
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4.2.3 Concluding Remarks  

In order to harden the neutron spectrum, the introduction of booster fuel (Uranium  20% 

enriched in 235U) within the  JHR reflector had been studied. The neutron distribution obtained 

in the irradiation facility after the implementation of fissile nuclides of increasing thickness 

(0.1cm to 1cm) was investigated. As expected the presence of fissile material enhanced the fast 

spectrum component, which has the form of a fission spectrum with most probable neutron 

energy around 0.7 MeV. Depending on the quantity (thickness)  of the fissile material the 

thermal neutrons fraction is diminished accordingly . At the same time the peak of the fast 

neutrons flux is successively shifted to lower energies. However, even in the case of 1cm 

thickness of fissile screen (extreme case) the resulted distribution fails to reproduce the SFR 

spectrum. Even neglecting the thermal and epithermal components - which here are intensely 

present (unlike the case of SFR) - the neutron population at high energies is accumulated at the 

higher energy-levels.  

The presence of 23Na in SFR is a major contributing factor to  the shifting of the maximum flux to 

lower energies (~200keV) in relation  to other FRs spectra. A ltering the inner space of the facility 

from void to 23Na resulted to a flux depression obtained around 3keV, where the corresponding 

elastic scattering resonance of 23Na is located. Apparently the  amount of 23Na, despite significant 

(3.4cm vs. 1cm of the fissile material) is not adequate to simulate a SFR environment through its 

elastic and inelastic collisions with  fast neutrons. 
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4.3 Scattering Interactions  

4.3.1 Elastic Scattering 

Elastic scattering occurs strongly all over the neutron energy range of a thermal reactor (1E-11 

to 20 MeV) and is present at every neutron interaction ( ɕA.3.2.2 ). In the present subsection the 

capability of spectrum tailoring via the elastic scattering is investigated. The concept behind this 

is that after elastic collisions with interfered materials a neutron energy loss in specific energy 

ranges can be occurred. The resulted neutron distribution will present a reduced neutron 

component at the energies where the elastic scattering interactions occur. In this context a study 

was carried out, oriented to find elements that present a characteristic elastic cross section at the 

energies around 1MeV.   

4.3.1.1 Helium  

The possibility of tailoring, as desired, the neutron spectrum with the help of elastic interaction 

had first to be examined. For this reason a computational study of a simple scattering 

experiment was performed; a helium ( 4He) sample/target was irradiated by an isotropic point 

source of neutrons with linear energy distribution  between 1E-11 and 20 MeV. This energy 

range corresponds to the energy boundaries obtained in a thermal reactor. The thickness of 4He 

was set at 4cm. The configuration was simulated with TRIPOLI -4.8. A void volume was 

considered at the right of the target, where the averaged neutron flux distribution was 

calculated. 4He is one of the very few elements that present only elastic interaction ( Figure 4-27) 

with neutrons, due to the fact that the alpha particle is very tightly bond ed and has no excited 

states below 20MeV [Mor69]. Moreover , its elastic cross section exhibits a peak at around 1MeV 

(Figure 4-27). Given these facts, the effect of the interference of 4He on the initial neutron 

distribution is investigated. Unfortunately, the density of 4He is extremely low (0.1786 g/l). For 

this reason the density of liquid 4He (3 orders of magnitude denser) was considered instead of 

the gaseous 4He.  In Figure 4-28 the neutron flux profile after th e irradiation of liquid 4He over 

the entire energy range is illustrated. The results from gaseous 4He are also included. The 

neutron spectrum is normalized for a more comprehensive  illustration. In the energy area 

corresponding to the peak of the elastic cross section (Figure 4-27) a flux depression is 

occurring. Moreover,  at very low energies (< 1E-7 MeV), ÞÏÌÙÌɯÛÏÌɯϦe of 4He is high, a 

corresponding decrease is observed. The fluctuations on the spectrum are due to 

statistical uncertainties. The output of this study suggests that the use of elements with elastic 

ÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÖÍɯɁ×ÈÙÛÐÊÜÓÈÙɂɯÚÏÈ×ÌɯÐÕɯÛÏÌɯÌÕÌÙÎàɯÈÙÌÈɯÖÍɯÐÕÛÌÙÌÚÛ (intense peak around 1MeV), 

such as 4He, could be utilized in order to provide a neutron spectrum tailoring.  
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Figure 4-27: Total and elastic microscopic cross sections of 4He; total cross section is identical to the elastic. Plot 

produced using JEFF-3.1.1 Library and JANIS software 

 

 
 

Figure 4-28: Effect of the elastic scattering interaction of 4He on the initial irradiation spectrum  
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The impact of 4He on the JHR-reflector spectrum was further examined. A calculation with  a 

neutron screen of liquid (for more apparent effect) 4He introduced  in the irradiation facility has 

been carried out.  

Figure 4-29 depicts the neutron flux per lethargy after the introduction of liquid 4He inside the 

irradiation facility of JHR. The reference spectrum ( JHR reflector) is illustrated for comparison. 

The provided  spectrum is almost identical to the reference one, except at the energy area 
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exhibits a peak, a flux depression occurs; the neutron population with energies  around 1MeV 

has slightly lost its energy. In addition,  a slight peak occurs at the left of the flux  depression due 

to neutron moderations. A representation of the  effect at the energy range of interest is given in 

Figure 4-29. Although the introduction of liquid 4He resulted in a weak tailoring in the desired 

energy range, the neutron distribution in the whole energy spectrum remained u nchanged.  

 
 
 

 
Figure 4-29: Effect of 3 cm liquid 4He on the reference spectrum (JHR reflector). Log-Log graph 

 

 
 

 
Figure 4-30: The effect of liquid 4He on the reference spectrum (JHR reflector) around 1MeV.  
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4.3.1.2 Other Elastic Scatterers 

An extensive research among the elements of the periodic table was carried out, aimed to 

specify other elements (like 4He) with elastic cross section curves around 1MeV. Unfortunately, 

few elements found exhibiting the  intense peak of 4He at the desired energy range. Figure 4-31 

illustrates the elastic cross sections of 138Ba and 139La along with that of 4He. Both cross section 

curves (Ϧe of 138Ba and 139La) are wider with a smoother fluctuation of that of 4He. Other 

materials found with their Ϧe characterized by the desired variation, were: 36S, 37Cl, 40Ar, 39K, 40K, 

48Ca and 197Au.  In Figure 4-32 their Ϧe  is illustrated. 40Ar is presented alone in Figure 4-33, due to 

the fact that the intense fluctuations of its Ϧe would complicate the representation of the rest 

isotopes.  In all cases the peak of the Ϧe of these isotopes is observed above 2MeV and mainly 

around 3M eV. At this point it should be emphasized that -unlike 4He - the examined elements 

present also inelastic cross section [ENDF]. In addition, all except 197Au  have low densities 

(Table 4-6).  

 

Table 4-6: Density and Phase of the studied isotopes [Wie13a] 

Element 
Density  

(g/cm3) 
Phase 

36S 1.96 Solid 
37Cl 0.003 Gas 
40Ar  0.002 Gas 
39K 0.86 Solid 
40K 0.86 Solid 

 48Ca  1.55 Solid 
138Ba  3.51 Solid 
139La 6.15 Solid 
197Au  19.3 Solid 

 

 

 

 
Figure 4-31: Elastic microscopic cross section of 138Ba and 139La. Plot produced using JEFF-3.1.1 Library and JANIS 

software  
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Figure 4-32: Elastic microscopic cross section of 36S, 37Cl, 39K, 40K, 48Ca and 197Au . Plot produced using JEFF-3.1.1 

Library and JANIS software  

 

 

Figure 4-33: Elastic microscopic cross section of 40Ar . Plot produced using JEFF-3.1.1 Library and JANIS software 

 

 

Introducing elastic scatterers inside JHR  reflector  

The introduction of the above elements at 100% isotopic abundance in the irradiation facility of 

JHR has been considered. 39Cl and 40Ar were excluded since both are gases and their extremely 

low density would render them transparent to neutrons. In all cases a thickness of 3 cm was 

considered17.  The macroscopic elastic cross sections of the tested elements are presented in 

Figure 4-36. The number densities of most isotopes are quite small, thus only 197Au , 139La, 36S and 

138Ba seem to be of importance. However, 36S and 138Ba provided negligible shifting (Figure C-1), 

indicating that the levels of their Ϧe were inadequate to affect the spectrum at high energies.  

                                                      
17 1.4 cm was intentionally left available for absorber or fissile material loading.  


























































































































































































































