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Foreword 

The Working Party on Nuclear Criticality Safety (WPNCS) was established under the 

auspices of the Nuclear Energy Agencyôs (NEA) Nuclear Science Committee (NSC) to 

deal with technical and scientific issues relevant to criticality safety. It is interested in, 

among other areas, the static and transient configurations encountered in the nuclear 

fuel cycle, such as fuel fabrication, transport, separation processing and storage. The 

objective of the WPNCS is to guide, promote and co-ordinate high-priority activities of 

common interest to the international criticality safety community, to publish reports and 

handbooks and develop databases and tools to support the work of the community.  

The goal of the WPNCS Subgroup on Experimental Needs for Criticality Safety 

Purposes (SG-5) was to highlight the needs of integral experiments and to identify the 

available experimental facilities where integral experiments could be performed.  
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Executive summary 

The goal of the Nuclear Energy Agency (NEA) Working Party on Nuclear Criticality 

Safety (WPNCS) Subgroup on Experimental Needs for Criticality Safety Purposes 

(SG-5) was to highlight the needs of integral experiments and to identify the available 

experimental facilities where integral experiments could be performed. Subcritical, 

critical and supercritical experiments were considered as they contribute to code and 

nuclear data validation and criticality accident study. Such experiments also play a role 

in the bias and uncertainty estimation for safety issues. 

Experimental needs were solicited from international nuclear criticality safety (NCS) 

practitioners by means of a survey form, which was distributed to criticality safety 

practitioners and WPNCS members. A total of 28 survey forms were received by the 

SG-5, 4 more after closure of the group, and an additional 2 emails describing 

experimental needs. The surveys came from eight organisations and five countries 

(Canada, the Czech Republic, France, Japan and the United States); additional surveys 

were emitted by four organisations in two countries (United Kingdom and Switzerland). 

Needs were ranked by the members of the subgroup, with due consideration for the 

evaluation of the need, the current knowledge level and the number of forms, which 

mentioned a given need. With input from the surveys, the participants finalised the 

rankings during three meetings of the subgroup, in September 2019, August 2020 and 

May 2021. Submission of multiple forms for the same need was seen as an important 

indicator that the need should be higher priority, as it affected multiple organisations. 

After the discussions within the group, the needs were assigned a priority from 1 to 5, 

with 1 being the lowest priority and 5 the highest. The results of the ranking are 

provided below.   

Table EX1. Experimental needs and priority ranking 

Need Priority ranking 

Intermediate: 
240

Pu and 
238

U 
5 

Chlorine 5 

Criticality safety training 5 

Structural materials: Fe 4 

Intermediate: 
239

Pu and 
235

U 
4 

Molybdenum 4 

TSL: UZrH 4 

TSL: Polyethylene at low temp 4 

Solution reactor 4 

Criticality studies and neutron source 4 

Structural materials: Ta 3 

Structural materials: Ni 3 

Structural materials: Cr 3 

Structural materials: Mn 3 

Structural materials: Ni 3 

Structural materials: F 3 

TSL: HF 3 

TSL: Lucite 3 

Low temperature 3 

High temperature 3 

Slab fuels 2 

Structural materials: Si 2 

Structural materials: W 2 

Structural materials: Nb 2 

Structural materials: Al 1 

Structural materials: Zr 1 
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The subgroup acknowledges that some of the needs might already be met through 

completed experimental programmes that have not yet been evaluated as criticality 

benchmarks. A section of the report was dedicated to describing existing proprietary 

experiments that might be used to meet some of the prioritised needs, including 

experiments from Valduc and Cadarache in France, the Vulcan Experimental NUclear 

Study (VENUS) in Belgium and the KRITZ facility in Sweden (see section 2.4). 

An additional report section highlighted some of the many criticality experiment 

facilities available to perform some of the prioritised experiments (see section 2.5). 

These facilities each provide unique fuels, reflectors, moderators and capabilities, and 

the subsections highlighted the unique characteristics of each facility. The listing did 

not cover all criticality experiment facilities worldwide as some of the facilities could 

not be contacted or were unable to share information before the report was published. 

The facilities included in the report are: VENUS (Belgium), IPEN (Brazil), Zero Energy 

Deuterium (ZED-2) (Canada), LR-0 (Czech Republic), RSV TAPIRO (Italy), the Static 

Critical Facility (Japan), the National Criticality Experiments Research Centre (United 

States), Sandia Critical Experiments Facility (United States) and CROCUS 

(Switzerland). There are known facilities in Belarus, China, Japan and Russia that were 

not included in this report. 
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 Introduction 

Experimental Needs for Criticality Safety Purposes is the fifth expert subgroup (SG-5) 

convened under the auspices of the Nuclear Energy Agency (NEA) Working Party for 

Nuclear Criticality Safety (WPNCS). The aim of the subgroup was to highlight the 

criticality safety-related needs for integral experiments and to identify the available 

experimental facilities where integral experiments could be performed. Consideration 

was given to subcritical, critical and supercritical experiments that could be used to 

contribute to code and nuclear data validation, bias and uncertainty estimation, and 

criticality accident study.  

The main tasks of SG-5 were to compile the needs for experiments in criticality safety, 

rank and document the needs based on priority, and document the existing international 

capabilities for experimental facilities that could address the needs. 
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 Experimental needs 

2.1. Presentation of the survey 

A survey form was distributed in July 2019 to international nuclear criticality safety 

(NCS) practitioners to understand their experimental needs. The form is presented in 

Figure 1. It requested general information used to identify the respondent (name, 

nationality, employer) and a detailed description of the experimental need. The 

requested information included application details about isotopes/elements, specific 

reaction types and the energy spectra of interest. The respondent was asked to provide 

their judgement on the importance of the need to criticality safety (high/medium/low) 

and to provide feedback on the current level of knowledge of the data need 

(known/partially known/unknown). Respondents were also asked to describe the 

methodology used to identify the needs, whether it was a survey of existing integral 

data or based on sensitivity and uncertainty methods.   

SG-5 received a total of 28 survey forms, with an additional two emails describing 

experimental needs. The surveys came from eight organisations and from five countries 

(Canada, Czech Republic, France, Japan and the United States). Four more surveys 

from two additional countries (Switzerland and United Kingdom) were distributed after 

closure of the group and are reported in the appendix. The needs highlighted in them 

are consistent with needs observed in other countries. 

Figure 1. Survey form 

 

Source: NEA data, 2022.  
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2.2. Methodology for the ranking 

The identified needs were ranked according to the consensus of the participants of the 

subgroup, with consideration for the evaluation of the need, the current knowledge level 

and the number of forms that mentioned a given need. With input from the surveys, the 

participants finalised the rankings during three meetings of the subgroup, in September 

2019, August 2020 and May 2021. The submission of multiple forms for the same need 

was seen as an indicator that the need should be of a higher priority, as it affected 

multiple organisations. After discussions with the group, the needs were assigned a 

priority from 1 to 5, with 1 being the lowest priority and 5 the highest. Other ranking 

approaches were considered, including more formal methods such as the Phenomena 

Identification and Ranking Tables (PIRT) methodology. However, a calculational-

based approach was not pursued due to the significant time and computational resources 

needed for such an effort and the fact that some of the experimental needs do not have 

quantifiable feedback to the calculations to allow for a meaningful comparison.   

2.3. Identified needs with priority  

2.3.1. Overall ranking 

Table 1 shows the results of the subgroup ranking of the submitted experimental needs. 

A ranking of 5 denotes the highest priority while a ranking of 1 denotes the lowest 

priority. Additional details are provided for each experimental need in sections below 

the table, sorted according to ranking group. 

Table 1. Experimental needs and priority ranking 

Need Priority ranking 

Intermediate: 
240

Pu and 
238

U 
5 

Chlorine 5 

Criticality safety training 5 

Structural materials: Fe 4 

Intermediate: 
239

Pu and 
235

U 
4 

Molybdenum 4 

TSL: UZrH 4 

TSL: Polyethylene at low temp 4 

Solution reactor 4 

Criticality studies and neutron source 4 

Structural materials: Ta 3 

Structural materials: Ni 3 

Structural materials: Cr 3 

Structural materials: Mn 3 

Structural materials: Ni 3 

Structural materials: F 3 

TSL: HF 3 

TSL: Lucite 3 

Low temperature 3 

High temperature 3 

Slab fuels 2 

Structural materials: Si 2 

Structural materials: W 2 

Structural materials: Nb 2 

Structural materials: Al 1 

Structural materials: Zr 1 

 

Source: NEA data, 2022. 
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For the majority of the needs, the level of knowledge was assessed through 

representation of relevant experimental benchmarks in the International Criticality 

Safety Benchmark Evaluation Project (ICSBEP) Handbook (NEA, 2020), an extensive 

and well-documented collection of over 5 000 critical and subcritical configurations 

used in the field of nuclear criticality safety (NCS) as the main source of trusted 

computational models for radiation transport code validation. Distributed with the 

ICSBEP Handbook are Sensitivity Data Files (SDF) for 4 180 of the benchmark 

configurations, calculated using a combination of data libraries, MCNP and SCALE 

codes (Hill, 2014). keff sensitivities were calculated for each isotope and reaction type 

relative to a change in nuclear data reaction cross sections using a calculated adjoint 

flux. These sensitivities were used to make ñheat mapsò of the ICSBEP coverage of 

experiments sensitive to reaction cross sections per isotope over all neutron energy 

ranges (Thompson, Bahran and Hutchinson, 2018). Heat maps are presented for the 

relevant experimental needs in the following sections. Figure 2 shows an example heat 

map, for plutonium isotope reactions. The heat map is colour coded to indicate the total 

number of benchmarks that have at least 10-3 k-effective sensitivity to a 1% cross-

section change at a given energy. Black and red areas of the graph, such as those for 
239Pu capture, fission, and total cross-section in the thermal region, indicate reactions 

and energy regions that have high benchmark coverage. White and blue areas of the 

graph indicate sparse coverage. 

Figure 2. ICSBEP sensitivity heat map for plutonium isotopes 

 

Source: NEA data, 2022.  
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2.3.2. Priority 5 needs, highest priority 

Experiments in intermediate energy spectra 240Pu and 238U 

The International Criticality Safety Evaluation Project (ICSBEP) Handbook in general 

lacks benchmarks in the intermediate energy region, which spans from 0.625 eV to  

100 keV, as the majority of cases in the handbook are for configurations where the 

neutron fission energy is mostly fast or mostly thermal. While additional intermediate 

experiments are needed for many isotopes, 240Pu and 238U experiments in this region are 

of particular interest to criticality safety. Regimes needed to be covered include UO2 

and UO2-PuO2 powders (U enrichment lower than 5 wt%, 240Pu content of 20 wt%) 

with low moderation ratio and mixed oxide (MOX) fuel assemblies in dry storage or in 

transport casks. 

240Pu validation is important to criticality safety under reprocessing scenarios, as 

encountered, for example, in the French commercial nuclear programme during fuel 

fabrication, storage and transportation (240Pu content in Pu higher than 15%). Nuclear 

fuel burnt in a reactor will breed 240Pu, with longer burn-up time resulting in a higher 

fraction of the plutonium content becoming 240Pu. While the 2020 edition of the 

handbook contains 793 plutonium configurations, experiments with intermediate 

fission spectra are sparse. The vast majority, 650, are thermal plutonium solution 

systems, with 530 of these cases being very thermal with a thermal fission fraction 

greater than 80%. There are also 121 fast metal cases, of which 82 have fast fission 

fractions greater than 80%. Since the majority (546) of the benchmarks contain 

plutonium with 6 wt% or less of the 240Pu isotope, data validation and testing of 240Pu 

cross sections is limited by the lack of sensitivity in most of the benchmarks. Figure 3 

shows a heat map of the plutonium isotopic sensitivity, with the 240Pu capture cross-

section (the reaction with the most contribution to the total cross-section in intermediate 

energies) highlighted inside a red box. The graph shows the lack of sensitive 

benchmarks in ICSBEP to this reaction channel. 

Figure 3. ICSBEP sensitivity heat map for plutonium isotopes, highlighting 240Pu capture 

 
Source: NEA data, 2022.  
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238U validation is important to criticality safety under fuel fabrication and reprocessing 

scenarios, as also encountered, for example, in the French commercial nuclear 

programme during fuel fabrication, storage and transportation, both for uranium and 

mixed oxide fuels. Much of the need stems from uranium or mixed oxide powder in an 

under-moderated (such as from damp powders) or dry state, which can lead to 

epithermal or intermediate energy systems that must be evaluated for criticality safety, 

which have high sensitivity to the 238U capture cross-section. While the 2020 edition of 

the ICSBEP Handbook contains many low-enriched uranium experimental 

configurations sensitive to 238U, the vast majority of the systems are thermal fission 

configurations, with only a few in the intermediate energy region. Additionally, there 

are needs for intermediate energy systems with a thick reflector composed of 238U. 

A journal article (Perfetti and Rearden, 2019) determined that 238U capture data was a 

large contributor to the bias for a criticality safety application using TSURFER. The 

findings from another WPNCS Subgroup (SG-2), Blind Benchmark on MOX Damp 

Powders, also found that some of the configurations studied show a significant 

sensitivity to 238U resonance capture cross sections. 

Figure 4. ICSBEP sensitivity heat map for uranium isotopes,  

highlighting 238U total cross-section 

 

Source: NEA data, 2022. 
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Chlorine 

Three experimental need forms were received for chlorine, covering fissile chloride 

solutions for aqueous reprocessing, salt used in pyroprocessing and the use of seawater 

as a poisoning solution in response to a nuclear reactor accident located near a coast. 

For criticality safety, there is a need for thermal and intermediate chlorine experiments 

to allow for credit to be taken for the neutron absorbing poisoning effect. There is also 

an overlap of needs with the advanced reactor community, as molten salt reactors are 

gaining favour due to their superior heat transfer properties and enhanced safety 

considerations, but quantifying the poisoning effect (specifically the 35Cl (n,p) cross-

section at neutron energies >100 keV) is important to designing a functional reactor 

(Batchelder, 2019; Bostelmann, Ilas, and Wieselquist, 2020). Experiments of interest 

are chlorine-reflected assemblies at all energy spectra and thermal and intermediate 

absorption experiments with dispersed chlorine. Figure 5 shows the chlorine heat map 

for ICSBEP. 

Figure 5. ICSBEP sensitivity heat map for chlorine isotopes 

 

Source: NEA data, 2022. 

Criticality safety training 

While not an explicit integral data need, there was a strong consensus in the subgroup 

that experimental facilities have another high-priority purpose for criticality safety: 

providing hands-on training in the parameters that affect criticality safety (mass, 

moderation, reflections, spacing, poisons, etc.). American Nuclear Society (ANS) 

Standard 8.26, the Criticality Safety Engineer Training and Qualification Program, 

requires hands-on experimental training for criticality safety engineer qualification; 

many other countries have similar training requirements. Unfortunately, with the 

closure of many experimental facilities, the availability of such courses to satisfy 

qualification requirements is significantly reduced. For example, no training course is 

currently offered in France that would satisfy this requirement.  
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2.3.3. Priority 4 needs 

Structural materials: Fe 

Iron is a commonly used structural material and is thus often analysed as part of a 

criticality safety evaluation. There are many critical benchmarks that contain iron, as 

shown in the plot in Figure 6. However, there are some applications of iron where 

adequate validation does not exist, mainly in the thermal and intermediate energy 

regions. The nuclear criticality safety evaluations supporting many US liquid waste 

processing operations currently credit the presence of neutron absorbers in large, 

geometrically unfavourable liquid waste storage tanks to preclude criticality (Kersting 

and Losey, 2018). These are not the traditional strong neutron absorbers used for reactor 

reactivity control (such as boron, gadolinium, etc.), but are instead weaker absorbers 

like iron that were disposed to the tanks along with the fissile material. As shown in in 

Figure 6, there are few benchmarks sensitive to the intermediate energy region. Iron 

cross sections were recently re-evaluated under the 2017 Collaborative International 

Evaluated Library Organisation (CIELO) pilot project, whose work used a set of 24 

ICSBEP benchmarks based on adequate sensitivity, including 16 fast benchmarks, 6 

thermal benchmarks, and two intermediate benchmarks (Herman et al., 2018).  

Figure 6. ICSBEP sensitivity heat map for iron isotopes 

 

Source: NEA data, 2022. 

Experiments in intermediate energy spectra: 239Pu and 235U 

In general, the ICSBEP Handbook lacks benchmarks in the intermediate energy region, 

which spans from 0.625 eV to 100 keV, as the majority of cases in the handbook are 

for configurations where the neutron fission energy is mostly fast or mostly thermal. 

While additional intermediate experiments are needed for many isotopes, 239Pu and 235U 
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are the most commonly encountered fissile species and experiments in this region are 

needed to ensure appropriate validation of cross sections for criticality safety. 

Structural materials: Molybdenum 

Molybdenum is a commonly used alloying agent for fuel that lacks adequate validation 

in the thermal and intermediate energy regions. Applications with experimental needs 

include fuel fabrication (UMo fuel for research reactors, space reactors and advanced 

fuel concepts, and accelerator targets), reprocessing (UPuMoZr fuel residues in 

reprocessing plant dissolvers), burn-up credit applications, medical isotope production 

and storage, mainly for capture in the thermal or intermediate (epithermal) energy 

ranges for 95 Mo. The US Nuclear Criticality Safety Program (NCSP) has also 

identified improving Mo nuclear data as a priority and has funded differential 

measurements and new resonance region evaluations of Mo. Mo is also a stable fission 

product (FP) and the ultimate goal of the NCSP is to take credit for Mo in transportation, 

fuel storage and reprocessing activities. A 2019 study analysing integral needs for 20% 

enriched U-Mo alloy reactor fuel determined that additional benchmarks were needed 

to provide validation for reactor simulations (Bess et al., 2019). 

Few benchmarks are sensitive to Mo, as shown in the heat map in Figure 7 and Table 2, 

extracted from (Bess et al., 2019). A few fast energy experiments incorporating 

molybdenum reflection are available in ICSBEP, and the MIRTE 2 experiments 

(Leclaire et al., 2020) involving molybdenum are the best existing experiments in the 

thermal range. Experiments that involve molybdenum in sleeves or in foils and that use 

fuel rods that are well-characterised would be of interest. 

Figure 7. ICSBEP sensitivity heat map for molybdenum isotopes 

 

Source: NEA data, 2022. 
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Table 2. ICSBEP and IRPhEP benchmarks and calculated molybdenum sensitivites to keff  

 

Source: Table from Bess et al., 2019. 

Thermal Scattering Law (TSL): UZrH 

Uranium zirconium hydride (UZrH) is the fissile medium that is used in TRIGA® 

reactors. The TRIGA® reactor is the most widely used non-power nuclear reactor in the 

world. Sixty-six TRIGA® reactors have been constructed to date in twenty-four 

countries. These reactors are used in many diverse applications, including production 

of radioisotopes for medicine and industry, treatment of tumours, non-destructive 

testing, basic research on the properties of matter and education and training. The 

CERCA factory, currently performing an upgrade of the TRIGA® manufacturing 

facilities, is the only manufacturing site for this type of fuel. 

The fuel elements consist of cylindrical elements of two types (standard or small 

diameters). The fissile material is UZrHx with an atomic ratio of H/Zr of approximately 

1.6. The U concentration ranges between 8 wt% and 47 wt% with an enrichment of  

20 wt%.  

UZrH must have adequate validation for criticality safety in other operations, such as 

during transportation of fuel assemblies or in storage. 

Only four experiments with UZrH fuel are available in the ICSBEP Handbook (NEA, 

2020); two from IEU-COMP-THERM-003 and two from IEU-COMP-THERM-013. 

However, experiments from IEU-COMP-THERM-013 also involve erbium in the 

fissile and thus cannot be easily used for feedback on TSL of UZrH. The ICSBEP 

Handbook contains six additional experiments with zirconium hydride moderator 

(HEU-COMP-MIXED-003) that do not contain UZrH fuel; however, they can also be 

used to test the TSL of H-ZrH and Zr-ZrH but exhibit potentially high experimental 

uncertainties.  

To satisfy the integral needs for criticality safety, the objective of new experiments 

would be to test the TSL of Zr-ZrH and H-ZrH but also the zirconium cross sections in 
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the thermal energy range. There are some existing experiments that have yet to be 

evaluated that could partially satisfy the need. Experiments from the crystal facility 

were recently completed at the Joint Institute for Power and Nuclear Research ï Sosny 

of the National Academy of Sciences of Belarus and were presented at the International 

Conference on Nuclear Criticality (ICNC) in 2019. (Watson, 2019). The critical 

assemblies represented the cores collected from three types of fuel assemblies with 

different structures, surrounded by assemblies and units of a side reflector of either 

zirconium hydride or stainless steel. The moderator was zirconium hydride ZrH1.9. The 

fuel was composed of a UO2-Ni-Cr matrix with a 45% 235U enrichment. If such 

experiments could be submitted to the ICSBEP and approved of by the technical review 

group (TRG) subgroup and then included in the handbook, the priority level could be 

reduced to 3.   

TSL: Polyethylene at low temperature 

The lack of low temperature benchmarks for criticality calculation validation and 

nuclear data testing is internationally recognised. At the recent ICNC, in September 

2019, papers from the United Kingdom (Watson, 2019) and France (Milin, 2019) 

highlighted the lack of validation data for low temperature calculations, with a specific 

application to nuclear material transport. The International Atomic Energy Agencyôs 

(IAEAôs) Regulations for Safe Transport of Radioactive Materials, SSR-6, echoes the 

US 10 CFR 71 requirements asking packages be analysed to -40°C. Benchmarks at 

temperatures below room temperature are needed to fill this gap down to -40°C for 

many materials, including plutonium, uranium, common moderator materials 

(water/ice, polyethylene) and common structural materials. The ENDF/B-VIII.0 release 

was the first library to include a polyethylene TSL at temperatures lower than room 

temperature, down to -40°C, and integral experiments are needed to validate the new 

data (Gan and Wilson, 2019). Polyethylene TSL validation at low temperature was 

given higher priority than other integral data at low temperature due to unexpectedly 

large reactivity changes calculated using the ENDF/B-VIII.0 low temperature 

polyethylene TSLs, up to 2.5% effect in keff when going from room temperature to -

40°C (Norris and Percher, 2021). 

Experimental solution reactors for solutions, slurries and powders 

handling needs 

A number of needs were identified relating to the need for a solution reactor capability. 

Advanced fuel cycle reprocessing will require additional data for process solutions with 

uranium and plutonium together, higher plutonium isotopes, and other actinides and 

might require engineering mock-ups of the requisite process equipment designs to 

ensure safe, subcritical design and operation. Data is also needed on the evolution of 

supercritical excursions in solutions, including research on the physics of solution 

excursions and their consequences. There are a number of unknowns in this area, 

including the dynamics of solution criticality accidents, the evolution of radiolytic gases 

from solution criticalities, radioactive material release fractions, and radiochemical 

effects on the solution. These kinds of experiments can provide multi-physics 

benchmark information to allow for validation of solution accident modelling and 

codes. While considerable data is available from CRAC (Barbry, 1973), SILENE 

(Barbry, 1994), SHEBA (Cappiello et al., 1997), and TRACY (JAEA, 2003), these 

programmes have been limited to pure uranyl nitrate solution systems. In addition to 

needs for precise basic critical data for other solution systems (e.g. chlorides, fluorides, 

sulphates, phosphates), other actinides, slurries and powders, additional excursion yield 

data are needed, especially for slurries and damp powders, for which there are none. 
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Criticality studies: Source of neutrons for research and testing for CAAS 

and dosimetry 

Another key use of critical facilities is as a neutron source for chain reaction research 

and qualification of dosimetry and criticality accident alarm systems (CAAS). There is 

a need for neutron spectra that encompass the whole energy range, from fast to thermal. 

Key needs include: 

1. to train and validate the management of post-accident situations, such as 

management of re-entry and stabilisation for ongoing criticality accidents and 

the validation of post-accident devices (robots, etc.); 

2. to design, validate and calibrate nuclear instruments (including radioprotection 

devices), reactor monitoring, CAAS response, accident detection for various 

kinetics (in free air or behind shielding) and exercises for accident dosimetry 

intercomparison; 

3. to study radiobiology, physical, and biological dosimetry of mixed g/n 

irradiations; 

4. to study the link between the number of fissions and doses (+ attenuation effect); 

5. to study the release of the FP; 

6. to improve the knowledge in prompt and delayed gammas; 

7. as an experimental tool in neutron physics, such as studies of generation time, 

features of delayed neutrons, fission yields, branching ratios, temperature 

effects, critical and subcritical experiments (new fuels [Pu, MOX], minor 

actinides, structural material, matrix, neutron poison, BUC, etc.), reactivity 

measurements (perturbation), random neutron physics (neutron noise 

technique) and neutron and gamma intrinsic sources (neutron initiation 

experiments). 

2.3.4. Priority 3 needs 

Structural materials: Ni 

Nickel is a commonly used structural material, often found as the main alloying agent 

in stainless steels. Two survey forms outlining experimental needs for nickel as a 

thermal neutron absorber were submitted. While there are many critical experiments 

that contain Ni (mainly as a component of steel), as shown in Figure 8, the existing 

ICSBEP benchmarks are inadequate to assess the weak absorption provided by Ni at 

thermal energies due to their low sensitivity. The nuclear criticality safety evaluations 

supporting many US liquid waste processing operations currently credit the presence of 

neutron absorbers, including Ni, in large, geometrically unfavourable liquid waste 

storage tanks to preclude criticality (Kersting and Losey, 2018) Ni is not a traditional 

strong neutron absorber (such as boron, gadolinium), but is instead a weaker absorber 

that was disposed in the tanks along with the fissile material.  
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Figure 8. ICSBEP sensitivity heat map for nickel isotopes 

 

Source: NEA data, 2022. 

Structural materials: Cr 

Chromium is a commonly used structural material, often found as the main alloying 

agent in steel. Two survey forms outlining experimental needs for chromium were 

submitted. While there are many critical experiments that contain chromium (mainly as 

a component of steel), there are few experiments that are sensitive to chromium cross 

sections, particularly in the intermediate energy regime, as shown in Figure 9. The 

existing ICSBEP benchmarks are inadequate to assess the weak absorption provided by 

Cr at thermal energies due to their low sensitivity. Cr is not a traditional strong neutron 

absorber (such as boron, gadolinium), but is instead a weaker absorber that was 

disposed in the tanks along with the fissile material. The nuclear criticality safety 

evaluations supporting many US liquid waste processing operations currently credit the 

presence of neutron absorbers including Cr in large, geometrically unfavourable liquid 

waste storage tanks to preclude criticality (Kersting and Losey, 2018). An additional 

need for Cr in the intermediate energy region would be used to assess resonance capture 

by Cr, especially in Fe/Cr alloys. 
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Figure 9. ICSBEP sensitivity heat map for chromium isotopes 

 

Source: NEA data, 2022. 

Structural materials: Mn 

Manganese is a commonly used structural material and is thus often analysed as part of 

a criticality safety evaluation. There are some critical benchmarks that have sensitivity 

to Mn, as shown in the plot in Figure 10. However, the existing ICSBEP benchmarks 

are inadequate to assess the weak absorption provided by Mn at thermal energies due 

to their low sensitivity. Mn is not a traditional strong neutron absorber (such as boron 

or gadolinium), but is instead a weaker absorber that was disposed in the tanks along 

with the fissile material. The nuclear criticality safety evaluations supporting many US 

liquid waste processing operations currently credit the presence of neutron absorbers in 

large, geometrically unfavourable liquid waste storage tanks to preclude criticality 

(Kersting and Losey, 2018). 
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Figure 10. ICSBEP sensitivity heat map for manganese isotopes 

 

Source: NEA data, 2022. 

Structural materials: Ta 

Tantalum is a metal that has specialised uses in high-temperature nuclear operations, 

including as the material of construction of crucibles used for plutonium reprocessing. 

There are very few benchmarks that are sensitive to Ta, as shown in Figure 11. The 

main interest from a criticality safety perspective is as a reflector in a fast neutron 

energy spectrum. 

Figure 11. ICSBEP sensitivity heat map for tantalum isotopes 

 

Source: NEA data, 2022.  
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Structural materials: F 

Fluorine is a key element for molten salt reactors, where fluorine is present in the fuel 

as well as in the moderator. Generally, keff is not sensitive to the fluorine in the fuel but 

can be very sensitive to the fluorine in the moderator, for example hydrogen fluoride 

(HF).  

Fluorine is also encountered during fuel fabrication in the enrichment and conversion 

to UO2 steps. During the enrichment step, uranium is chemically in the form of UF6-

HF and UO2F2 (in case of water introduction). During the conversion step, it is in the 

form of UO2F2. Motivated by these operations, the Institute for Radiological Protection 

and Nuclear Safety (IRSN) initiated a new evaluation of fluorine cross sections. 

However, few experiments (only two series) with UO2F2 are available in the ICSBEP 

Handbook as shown in Figure 12 (NEA, 2020); their sensitivities to the cross sections 

of fluorine are low and one of them exhibits a potential experimental bias since it shows 

a large overestimation of keff
 for all codes and nuclear data libraries. Only one 

experiment with UF6-HF sensitive to the cross sections of fluorine is known in the 

ICSBEP Handbook and the same conclusion can be drawn as for UO2F2 experiments: 

a very large discrepancy between calculated keff and the benchmark keff is seen and an 

experimental bias cannot be excluded.  

Other application fields where fluorine can impact criticality safety are storage, 

reprocessing and criticality accident studies. 

As a consequence, there is a need for experiments with UF6-HF that cover the thermal, 

epithermal and fast energy ranges in terms of keff sensitivity to nuclear data. Capture 

and scattering cross sections of fluorine as well as TSL of H-HF and F-HF should be 

tested with such experiments. Additionally, leakage spectra from suitable fluoride with 

well-defined pointwise source (252Cf) may also help in looking for bugs in evaluation. 

A recent experiment was completed in the United States that can partially meet the 

experiment need, mainly in the unresolved resonance region and faster energies. The 

Critical Unresolved Region Integral Experiment (CURIE) was a measurement 

campaign performed at National Criticality Experiments Research Centre (NCERC) in 

2020. It used alternating plates of polytetrafluoroethylene (PTFE), also known as 

Teflon, and the highly enriched uranium (HEU) Jemima plates reflected by copper, 

assembled on the Comet critical assembly machine. The main purpose of the 

experiment was to interrogate the unresolved resonance region of 235U. The CURIE 

experiments are also sensitive to fluorine in the intermediate and fast energy spectrum. 

Work on the ICSBEP benchmark for CURIE is still underway, so the final benchmark 

results are still not available. Testing of the draft benchmark input file using different 

nuclear data libraries (ENDF/B-VIII.0, ENDF/B-VII.1, JEFF-3.3, JENDL-4.0u) has 

yielded large differences in keff, particularly for the Japanese Evaluated Nuclear Data 

Library (JENDL-4.0u) when changing only fluorine nuclear data libraries. Since 

CURIE does not cover the thermal energy region, additional experiments may be 

needed for the thermal and low epithermal region. 
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Figure 12. ICSBEP sensitivity heat map for fluorine isotopes 

 

Source: NEA data, 2022. 

Slab- or plate-type fuels 

Slab- or plate-type fuels have shown to be important to resolving calculational biases 

for fuel cycle facilities and research reactors such as the Jules Horowitz material testing 

Reactor (JHR), under construction at the French Alternative Energies and Atomic 

Energy Commission (CEA) in Cadarache, France. JHR fuel will be U3Si2 dispersed into 

an aluminium matrix, with a uranium density of 4.8 g U/cm3 and a 235U enrichment 

varying from low-enriched uranium (LEU) up to a maximum 235U enrichment of 27% 

optimising the loading of the reactor. 

Slab- and plate-type fuels are mainly used in research reactors. These fuels are 

composed of uranium enriched (from LEU to HEU) inside metal matrices (Si, Al, Mo, 

etc.). The main difficulty is encountered during the fuel fabrication because the 

thickness of the plates, the distance between plates (moderation ratio) and the nature of 

the moderator (water, polyethylene, alcohol, etc.) vary according to the steps of the 

process.  

The main interest from a criticality safety perspective is an experiment in a thermal and 

epithermal spectrum with LEU or intermediate enriched uranium (IEU).  

TSL for HF 

Hydrofluoric acid is encountered in criticality safety during the enrichment step of fuel 

fabrication where uranium is chemically in the form of UF6-HF. Only one experiment 

with UF6-HF and sensitive to the cross sections of fluorine is known in the ICSBEP 

Handbook and a large discrepancy between calculated keff and the benchmark keff can 

be pointed out. Enrichment operation validation was a motivation for the IRSN to 

initiate a new evaluation of fluorine cross sections and look at a new evaluation of the 

TSL of H-HF and F-HF using existing experimental data and molecular dynamics 

simulations. Moreover, as the discrepancy between the calculated keff and the 

benchmark keff is large, an experimental bias cannot be excluded. A potential 
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experimental bias in the only existing integral data provides justification for new 

experiments involving the same fissile medium in thermal and intermediate energy 

spectra and for which keff would be sensitive to the capture, scattering cross sections of 

F, and to the TSL of HF. 

Low temperature 

The lack of low temperature benchmarks for criticality calculation validation and 

nuclear data testing is recognised internationally. At the recent ICNC in September 

2019, papers from the United Kingdom (Watson, 2019) and France (Milin, 2019) 

highlighted the lack of validation data for low temperature calculations, with a specific 

application of nuclear material transport. The IAEAôs Regulations for Safe Transport 

of Radioactive Materials, SSR-6, echoes the US 10 CFR 71 requirements requiring 

packages be analysed to Ȥτπ̄#. The WPNCS convened a working group to complete 

an inter-code comparison calculational benchmark focused on the effect of temperature 

on the neutron multiplication of pressurised water reactor fuel assemblies in water. 

Substantial interest was generated in the benchmark, as 12 institutions from 9 countries 

participated. As reported by a paper given at ICNC (Gan and Wilson, 2019), differences 

in the keff prediction between nuclear data libraries were found and were especially 

notable for JENDL-4.0, but without an experimental benchmark it was difficult to 

determine the most appropriate data for low temperature applications. Benchmarks at 

temperatures below room temperature are needed to fill this gap down to -40°C for 

many materials, including plutonium, uranium, common moderator materials 

(water/ice, polyethylene) and common structural materials. 

Additional low temperature needs arise from space applications, as temperatures can be 

as low at 2 K in outer space. Simulations have shown that when a thin Įį U foil is 

surrounded by a low absorbing moderator and reflector materials (such as heavy water) 

and their temperature lowered to 4 Kelvin, the fission process is greatly enhanced. 

Simulations have yielded critical masses on the order of 35 to 70 grams of uranium. 

The reason for this dramatic decrease in the critical mass is that the fission cross-section 

increases from 580 barns for thermal neutrons to 3 000 barns for neutrons having 

energies of 0.001 eV (cold neutrons or neutrons in a low temperature [4 Kelvin], low 

absorbing moderator/reflector). However, no integral benchmarks exist at these 

temperatures to test the validity of these predictions. 

High temperature 

Though it is well known that keff is sensitive to temperature, historically the larger safety 

margins and conservative approaches used in criticality safety evaluations have limited 

the interest for temperature-sensitive benchmarks. However, it has more recently 

become evident that there is a strong need for more accurate predictions of the 

temperature sensitivity of keff and other parameters. The range of applicability 

essentially covers all parts of the nuclear fuel cycle and beside subcriticality it is 

important for predicting criticality excursions (including accidents). Specific 

applications of interest are transport conditions (up to 800°C) and storage pools for 

irradiated nuclear fuel (up to 120°C without boiling), including under excessive water 

moderation conditions (e.g. checker-board patterns with water holes or specific flux 

traps) that can result in large keff increases with temperature. 238U is important for the 

Doppler effect in low-enriched uranium. Since both UO2 fuel and MOX fuel are 

involved in these applications, 235U, 239Pu and 240Pu are also involved. A gadolinium 

(Gd) burnable absorber, integrated with the fuel, is a factor that affects temperature-

dependence. This also applies to the effects of control rods containing boron and soluble 
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boron in the moderator is another parameter of criticality safety interest. The most 

important medium is pressurised water from room temperature up to 250°C, where up 

to about 120°C without boiling may be credible with pressure provided by the depth of 

fuel storage pools. The thermal scattering law data for this temperature range require 

validation to allow predictive calculations to be trusted. 

There are few benchmarks in the ICSBEP Handbook that cover these temperatures and 

different fuel designs. A survey of the current ICSBEP Handbook lists only 43 

experiments conducted at a temperature above 20°C. Proprietary measurements and 

benchmarks from power reactor start-ups from room temperature, primarily boiling 

water reactors (BWRs) as well some research reactor measurements, are available. The 

ideal experiments would include fuel, moderator and absorber materials in designs that 

are representative of real light water reactor fuel rods and assemblies under normal and 

abnormal conditions. All temperatures below ñhotò reactor operating conditions are of 

interest. Changing as little as possible between measurements at different temperatures 

allows for a reduction in the uncertainties of the relative effects (cancellation of 

unknown absolute uncertainties). The temperature effect can then be determined with 

high accuracy even if the absolute uncertainty of a single measurement is larger. 

Experiments with partial density water are also of interest as many applications involve 

analysis over the full range of water densities. 

2.3.5. Priority 2 needs 

Structural materials: Si 

Silicon is a commonly found element as SiO2 in concrete and is often included as part 

of a criticality safety evaluation. There are a few critical benchmarks that have 

sensitivity to Si, as shown in the plot in Figure 13. However, the existing ICSBEP 

benchmarks are inadequate to assess weak absorption provided by Si at thermal 

energies due to their low sensitivity. The nuclear criticality safety evaluations 

supporting many US liquid waste processing operations currently credit the presence of 

neutron absorbers, including Si, in large, geometrically unfavourable liquid waste 

storage tanks to preclude criticality (Kersting and Losey, 2018). Si is not a traditional 

strong neutron absorber (such as boron or gadolinium), but is instead a weaker absorber 

that was disposed in the tanks along with the fissile material. 
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Figure 13. ICSBEP sensitivity heat map for silicon isotopes 

 

Source: NEA data, 2022. 

Structural materials: Nb 

Niobium is a metal that has specialised uses in nuclear operations, including as the 

material of construction of dissolver vessels for plutonium reprocessing. There are few 

benchmarks that are sensitive to Nb, as shown in Figure 14. The main interest from a 

criticality safety perspective is as a reflector over the entire neutron energy spectrum.  

Figure 14. ICSBEP sensitivity heat map for niobium isotopes 

 

Source: NEA data, 2022. 
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