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Foreword

The Working Partyon Nuclear Criticality Safety (WPNCS) was established under the
auspicesofthBluc | ear En e NEAYNudegreScienge €ammittee (NSC) to
deal with technical and scientific issues relevant to criticality satetyinterested in
among other areathe static and transient configurations encountered in the nuclear
fuel cycle, such as fuel fabrication, transport, separation processimrgjanade. The
objective of theVPNCS is to guide, promote and-aainate highpriority activities of
common interest to the international criticality safety commutatyublish reports and
handbooksinddevelop databases and tools to support the wattkeofommunity.

The goal of theWPNCS Subgroup on Experimental Needs for Criticality Safety
Purposse (SG-5) was to highlight the needs of integral experiments and to identify the
available experimental facilities where integral experiments could be pedorm
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Executive summary

The goal of theNuclear Energy Agency (NEANorking Party on Nuclear Criticality
Safety (WPNCS) Subgroup on Experimental NeedsChoticality Safety Purpose
(SG-5) was to highght 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 valation and criticality accident study. Such experiments also play a role
in the bias and uncertainty estimation for safety issues.

Experimental needs were solicited frambernational nuclear criticality safefiNCS)
practitioners by means of a surviyrm, which was distributed to criticality safety
practitioners and WPNCS membe#fstotal of 28 survey forms were received the
SGH5, 4 more after closure of the group, amad additional2 emails describing
experimental needslhe surveys came from eigbrgangations and five countries
(Canadathe Czech Republic, Francéaparandthe United Statesphdditional surveys
were emitted by four organisations in two countries (United Kingdom and Switzerland)
Needs were ranked lithe members of thesubgroupwith due consideration for the
evaluation of the need, the current knowledge level and the number of fehioh
mentioned a given neetVith input from the stveys,the participantdinalised the
rankingsduring three meetings of the subgroup, in Septm2@d.9, August 202@nd
May 2021.Submission of multiple forms for the same need was seen iagpartant
indicator that the need should be higher priority, as it affected multiple satjani.
After the discussios within the groupthe needs were aiggied a priority from 1 to 5,
with 1 being the lowest priority and the highest.The results of the ranking are
provided below.

Table EX1. Experimental needs and priority ranking

Need Priority ranking
5

240 238
Intermediate:Pu and U
Chlorine
Criticalitgafety training
Structural aerials: Fe

. 239 235
Intermediate:Pu and U

Molybdenum

TSL: UZrH

TSL: Polyethylendoat temp
Solutioneactor
Criticalitgtudies and neutron source
Structurahaterials: Ta
Structurahaterials: Ni
Structural aerials: Cr
Structural aterials: Mn
Structural aerials: Ni
Structural aerials: F
TSL: HF

TSL: Lucite

Low émperature
Highémperature
Slabdiels

Structural aterials: Si
Structural aterialswW
Structural aterials: Nb
Structural aterials: Al
Structural aterials: Zr

FPIRININININNWWWWWwWwwww(Ww(h(AAAA MO0
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The subgroup acknowledges that some of the needs might already be met through
completed experimental programes 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 mwtitheedsincluding
experiments from Valduc and Cadaradh FrancetheVulcan Experimental NUclear
Study(VENUS) in Belgium and th&RITZ 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 pricétl experimentgsee section 2.5)
Thesefacilities each provide uniquiiels, reflectors, moderatoasd capabilities, and
the subsections highligid the unigque characteristicg each facility. The listinglid

not coverall criticality experiment facilities worldwide as some of the facilitesld
notbe catacted or were unable to share information before the report was published.
The facilities included in the report alENUS (Belgium),IPEN (Brazil), Zero Energy
Deuterium(ZED-2) (Canada), LRO (Czech RepublicRSV TAPIRO (ltaly)the Static
Critical Facility Japan)the National Criticality Experiments Research Centneitgdl
Stated, Sandia Critical Experiments Facility (iled State3 and CROCUS
(Switzerland) There are known facilities iBelarus, China, JapamdRussiahatwere

not includedn this report.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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.l ntroducti on

Experimental Needs for Criticality Safety Purposes is the fifth expert subgroup)(SG
convened under the auspices of the Nuclear Energy Agency (NEA) Working Party for
Nuclear Criticality Safety (WPNCS)he aim of thesubgroup was to highlight the
criticality safetyrelated needs for integral experiments and to identify the available
experimental facilities where integral experiments could be perfor@musideration

was given to subcritical, criticalnd supercriticalexperiments 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 were to compilégheneeds for experiments in criticality safety,
rank and documentdémneeds based on priority, and document the existing international
capabilities for experimental facilities that could address the needs.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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22Experi ment al needs

2.1.Presentation of the survey

A survey form was distributed in July 2019itdernationalnuclearcriticality safety
(NCS) practitionerg¢o understand theirxperimental needs'he form s presented in
Figure 1.1t requested general information used to identify gpondentname,
nationality, employer) andh detailed description of the experimental nedthe
requested information included application details about isotopes/elements, specific
reaction type andthe energy spectra of intere§therespondentvas asked to provide
their judgemenbn the importance of the need to criticality safety (high/mediow)

and to provide feedback on the current level of knowledge of the data need
(known/partially known/unknown)Respondentswere also asked to describe the
methodology used to identify the needs, whether it was a survey of existing integral
data or basd on sensitivity and uncertainty methods.

SG5 received aotal of 28 survey forms, with an additional two emails describing
experimental need¥he surveys came from eightganistionsandfrom five countries
(Canada, Czech Republic, France, Japadthe United States}our more surveys
from two additional countries (Switzerland and United Kingdom) were distributed after
closure of the group and are reported in the appeitikneeds highlighted in them
are consistent with needs observed in otloemtries.

Figure 1. Survey form

WPNCS SG 5: Sub-Group on Experimental needs for criticality safety purpose 3. Experimental needs:

Domains to be covered O Fuel fabrication O Reprocessing O Transportation
Survey O Burn-up credit appiications [ Storage O Final disposal
O Criticality accidents studies  [J sub-criticality monitoring

CiOther  If other: ...

The objective of this survey is to collect the needs for new experiments and to rank them according to Description of the Application
the importance for criticality-safety (High/Medium/Llow) and the current knowledge level
(Known/Partially Known/Unknown).

This would help to compile high-priority needs for experiments in criticality safety.

1. General information:

Request Date: Isotope/element/medium of interest

Name:
;umonamyvol the O Foet O Moderator O Separator
Institution: ement/medium O Reflector O absorber O Other

If other:

Country:
Nuclear data of interest*

Email: (capture, scattering, S(a,B), v.etc.)

Energy spectra** DO Fast

2. Methodology used to highlight the needs: O Intermediate
O Thermal

O whole
Importance for criticality safety O High

O Medium

Olow
Current Knowledge Level O Known

O Partially Known
O Unknown

Known validation shortfalls and
assessment of available integral
data**

Experiments of interest**

< If known (based on sensitivity studies for exomple)

** Fast, intermediate and thermal spectra are defined as energy ranges greater than 100 keV, from 0.625 eV to 100 keV, and
less than 0.625¢V, respectively

**=if known

Source:NEA datg 2022.
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2.2.Methodology for the ranking

The identified needwere ranked according to tkensensus of the participants of the
subgroup, with consideration for the evaluation of the need, the ckn@ntedge level
andthe number of formthatmertioned a given needlVith input from the surveys, the
participants finalised theankings during three meetings of the subgroup, in September
2019, August 202@ndMay 2021.The sibmission of multiple form#or the same need
was seen asnaindicator that the need should bé a higher priority, as it affected
multiple organsations.After discussion with the group,the needs were assigned a
priority from 1 to 5, with 1 being the lowest priority andhe highest.Other ranking
approaches were considered, including more formal methods stich Risenomena
Identification and Rarikg Tables (PIRT) methodology. However, a calculational
based approach was not pursued due to the significant time and computationales
needed for such an effort and the fact that some of the experimental needs do not have
guantifiable feedback tihe calculations to allow for a meaningful comparison.

2.3.Identified needs with priority

2.3.1.0verall ranking

Table 1 showdhie results oftte subgroup ranking of the submitted experimental needs
A ranking of 5 denotes the highest priority while a rankind. afenotes the lowest
priority. Additional details are provided for each experimental need in sections below
the table, sorted according ranking group.

Table 1. Experimental needs and priority ranking

Need Priority ranking
240 238
Intermediate:Pu and U

Chlorine
Criticalitgafety training
Structural aerials: Fe

239 235
Intermediate:Pu and U
Molybdenum
TSL: UZrH
TSL: Polyethylendaat temp
Solutioneiactor
Criticalitgtudies and neutron source
Structural aterials: Ta
Structural aterials: Ni
Structural aterials: Cr
Structural aterials: Mn
Structural aterials: Ni
Structural aterialsE
TSL: HF
TSL: Lucite
Low émperature
Highemperature
Slabdels
Structural aterials: Si
Structural aterials: W
Structural aterials: Nb
Structural materiaé:
Structural awerials: Zr

RIERININININWWWWWWRWWWW W™D OO O1

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 (ICSBERNdbookNEA, 2020) an extensive

and weltdocumengd collection of over B0OO0 critical and subcritical configurations

used in the field ohuclear criticality safety (NCS) as the main source of trusted
computational models for radiation transport code validation. Distributed with the
ICSBEP Handbook areSensitivity Data Files (SDF) for #80 of the benchmark
configurations, calculated using a combination of data libraries, MCNP and SCALE
codes(Hill, 2014). ket sensitivitieswere calculated for each isotope and reaction type
relative to a changm nuclkear data reaction crosgctions usg a calculated adjoint

flux. These sensitivities were used to make fhe
experimats sensitive to reaction crosections per isotope over all neutron energy
ranges(Thompsm, Bahran andHutchinson, 2018)Heat maps are presented for the
relevant experimental eds in the following sectiongigure 2shows a example heat

map, for plutonium isotope reactioffe heat map is colour coded to indicate the total
number of benchmarks that haae least 16 k-effective sensitivity to a % cross

section change at a given energy. Black and red areas of the graph, such as those for
23%Pu capture, fission, and total crosection in the thermal region, indicate reactions

and energy regions thaawe high benchmark coveragé/hite and blue areas of the

graph indicate sparse coverage.

Figure 2. ICSBEP sensitivity heat map for plutonium isotopes
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2.3.2.Priority 5 needshighest priority
Experiments inntermediate energy specttéPu and?3®U

The International Criticality Safety Evaluation Project (ICSBEP) Handlrogkeneral

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 configuratione tiieer
neutron fission energy is mostly fast or mostly thermal. While additional intermediate
experiments are needed for many isotofféBu and®*®U experiments in this region are

of particular interest to criticality safetiRegimes needed to be coveradlude UO;

and UQ-PuQ powders (U enrichment lower than 5 wtd4Pu content of 20 wt%)

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

2%y validation is important to criticality safety undeprocessing scenarios, as
encounteregdfor example,in the French commercial nuclear prograeduring fuel
fabrication, storagandtransportation®°Pu content in Pu higher than%% Nuclear

fuel burrt in a reactor will breed*®Pu, with longer burtup time resulting in a higher
fraction of the plutonium content becomid&Pu. While the 2020 edition of the
handbook contains 793 plutonium configurations, experiments with intermedia
fission spectra are sparsehe vast majority, 650, are thermal pluton solution
systems, with 530 of these cases being very thermal with a thermal fission fraction
greater than 8. There are also 121 fast metal cases, of which 82 have fast fission
fractions greater than 88 Since the majority (546) of the benchmarks tagm
plutonium with 6 wt% or less of tré%Pu isotope, data validation and testing@u
crosssections is limited by the lack of sensityvin most of the benchmarks. Figure 3
shows aheat map of the plutonium isotopic sensitivity, with t#®u capure cross
section (the reaction with the masintribution to the total crossection in intermediate
energies)highlighted inside a red boxThe graph shows the lack of sensitive
benchmarks in ICSBEP to this reaction channel.

Figure 3.ICSBEP snsitivity heat map for plutonium isotopes, highlighting?*®u capture
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238 validation is important to criticality safety under fuel fabrication and reprocessing
scenarios, aslso encountered for example,in the French commem nuclear
progranme during fuel fabrication, storagendtransportation, both fouranium and
mixed oxide fuelsMuch of the need stems from uranium or mixed oxide powder in an
undermoderated (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 sensitivitio the?3®U capture crossection While the 2020 edition of

the ICSBEP Handbook contains many leanriched uranium experimental
configurations sensitive t&°U, the vast majority of the systems are thermal fission
configurations, with only a few in éhintermediate energy regioAdditionally, there

are needs for intermediate energy systems with a thick reflector compds&sl of

A journal article (Perfetti and Rearden, 2018jetmined that**U capture data was a
large contributor to the bias for aitarality safety application using TSURFERhe
findings from another WPNCS Subgroup (% Blind Benchmark on MOX Damp
Powders, also found that some of the configurations stusledv a significant
sensitivity to***U resonance capture crasstions.

Figure 4. ICSBEP snsitivity heat map for uranium isotopes,
highlighting 228 total crosssection
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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 nesir a coa
For criticality safety there isaneed for thermal and intermediate chlorine experiments

to allow for credit to be taken for the nearirabsorbing poisoning effedthere is also
anoverlap of needs with the advanced reactor community, as moltaeaethrs are
gaining favour due to their superior heat transfer properties and enhanced safety
considerations, but quantifying the poisoning efisgiecifically the®Cl (n,p) cross
section at neutron energies >1K€V) is important to designing a functial reactor
(Batchelder, 2019Bostelmann, llas, and Wieselquist, 202B¥periments of interest

are chlorinereflected assemblies at all energy spectra and thermal and intermediate
absorption experiments with dispersgdorine. Figures shows the chlorinbeat map

for ICSBEP.

Figure 5. ICSBEP sensitivity heat map for chlorine isotopes
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Criticality safety training

While not an explicit integral data need, there watrong cmsensus in the sgboup

that experimetal facilities have another higpriority purpose for criticality safety:
providing handsn training in the parameters that affect criticality safety (mass,
moderation, reflections, spacing, poisons,)etdmerican Nuclear Society (ANS)
Standard 8.26the Criticality Safety Engineer Training and Qualification Program,
requires handsn experimental training foeriticality safety engineer qualification
many other countries havamilar training requirementdUnfortunately, with the
closure of manyexperimental facilities, the availability of such courses to satisfy
gualification requirerants is significantly reduce&or example, no training course is
currently offered in France that would satisfy this requéein
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2.3.3.Priority 4 needs

Structural materls: Fe

Iron is a commonly used structural material and is thus often analysed as part of a
criticality safety evaluationThere are many critical benchmarks that contain iron, as
shown in the ploin Figure 6. However there are some applications of iratiere
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 critiiaditgting
andLosey, 2018)These are not the traditional strong neutron absorbers used for reactor
reactivity control (such as boron, gadolinium, etc.), but are instead weada@bars

like iron that were disposed to the tanks along with the fissile material. As shawn in
Figure6, there are fevbenchmarks sensitive to the intermediate energy regiom.
crosssections were recently -evaluated under the 2017 Collaborativerndional
Evaluated Library Orgaragion (CIELO) pilot projecgtwhosework used a set of 24
ICSBEP benchmarks based on adequate sensitivity, including 16 fast benchmarks, 6
thermal benchmarks, and two intermedia@é@chmarkgHerman et al., 2018).

Figure 6. ICSBEP sensitivity heat map for iron isotopes
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Experiments in intermediate energy spectfdPu and?3U

In general, the ICSBEP Handbook lacks benchmarks in the intermediate energy region,
which spans from 0.625 eV to 188V, as the majority of cases in the handbook are
for configurations where the neutron fission energmdastly fast or mostly thermal.
While additional intermediate experiments are needed for many isotépesand>U
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are the most commonly encountefegile species and experiments in this region are
needed to ensugppropriate validation of crosgctions 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
reprocesisg plant dissolvers), burap credit applications, medical isotope production
and storage, mainly for capture in the thermal or intermediate (epithermal) energy
ranges for95 Mo. The US Nuclear Criticality Safety Program (NCS®s also
identified mproving 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 tieNCSP is to take credit for Mo in transportation,

fuel storagendreprocessingctivities. A 2019 study anadyg integral needs for 20%
enriched UMo alloy reactor fuel determined that additional benchmarks were needed
to provide validation for react@imulations(Besset al, 2019).

Few benchmarkaresensitive tavio, as shown in the heat magpFigure7 andTable2,
extracted from(Besset al, 2019). A few fast energy experiments incorporating
molybdenum reflectiorare available in ICSBEP, and the MIRTE &xperiments
(Leclaire et al., 2020nvolving molybdenum ee the best existing experimentstie
thermal range. Experiments that involve molybdenum in sleeves or in foils and that use
fuel rods that are weltharacterisd would be of interest.

Figure 7. ICSBEP sensitivity heat map for molybdenum isotopes
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Table 2. ICSBEP and IRPhEP benchmarks and calculated molybdenum sensitivitesker

ke Sensitivity (| %AK/%X | )
Evaluation ID Fuel (wt.%) Molybdenum Details Thermal Total
(<0.625eV) | (0-20MeV)
I{‘I}E{Lé;:lgz\gg U0, (435 35U) Mo Rods in Research Reactor <0.011 <0.013
- —
ol Rl e e
HIELTJg:R?OMO};' U0, (90.11 25y) | Mo Pellets Between UOs Fuel 1y, voijapte | Unavailable
ﬁ%ﬁg%}; U0, (95.92 25U)) Mo T“besrj[';cslfj;e Reactor <0.030 <0.044
ﬁgfggﬁ UO; (95.92 250) Mo T”bemflg‘;‘;e Reactor <0.030 <0.044
Iﬂﬁﬁ; U metal (93.3 25U) Mo & Mo,C Reflected Cylinder 0 <0.036
I;Iil;%\j[(gg U metal (96 25U) Mo Reflected Cylinder 0 <0.029
f;ilé-]“hj[(;sgg- U metal (96 25U) Mo Diluted Cylinder 0 <0.031
I-Eilé?_{(gz- U metal (96 25U) Be & Mo Diluted Cylinder 0 <0.005
Vi U metal 96 25y) | Mo & CHa Diluted Cylinder <0.025 <0031
EX#EZ; Pu metal (5.1 9Pu) Mo Reflected Sphere <0.004 <0.018
FU?JAEIE]}E{;]IE-O ol | UAI©0:9350) "Mo ﬁg:;gegﬁlaﬁo“ Unavailable | Unavailable

Sour®: Table fronBeset al, 2019

Thermal Scattering LawfSL): UZrH

Uranium zirconium hydride (UZrH) is the fissile medium that is usid TRIGA®
reactors. The TRIGAreactor is the most widely used sRpawer nuclear reactor in the
world. Sixty-six TRIGA® reactors have been constructed to datewanty-four
countries. These reactors are used in many diverse applications, includingiproduct

of radioisotopes for medicine and industry, treatment of tumours,desinuctive
testing, basic research on the properties of matter and education and training. The
CERCA factory, currently performing an upgrade of the TRIGAanufacturing
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 rangkstween 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 UZrkuel are available in the ICSBEP HandbdbliEA,
2020);two from IEU-COMP-THERM-003 and two from IELCOMP-THERM-013.
However, experiments from IEGOMP-THERM-013 also involve erbium in the
fissile and thus cannot be easily uded feedback on TSL of UZrHThe 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-ArH and ZrZrH but exhibit potentially high experimental
uncetainties.

To satisfy the integral needs for criticality safety, the objective of new experiments
would be to test the TSL of ZZrH and HZrH but also the zirconium crosgctins in
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the thermal energy rang&here are some existing experiments that hgateto be
evaluated that cdd partially satisfy the needExperiments from therystal facility
were recently completed tite Joint Institute for Power and Nuclear ResearSbosny

of the National Academy of Sciences of Belarus and wergsented at thaternational
Conference on Nuclear Criticality@GNC) 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 refleeithenf
zirconium hydride or stainless steel. The moderator was zirconium hydride. Zitié

fuel was composed of a UMi-Cr matrix with a 45%°*U enrichment.If such
experiments could be submitted to the ICSBEP and approved of tectirecal 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 testinis internationajl recognied. At therecent ICNC, in September
2019, papers from thE&nited Kingdom (Watson, 2019)and France(Milin, 2019)
highlightedthelack of validation data for lowemperature calculations, with a specific
applicationto nuclear material transpofThe International Atomic Energy Agentys
(IAEAG)sRegulations for Safe Transport of Radioactive Materials,-6S#thoes the

US 10 CFR 71 requiremensskingpackages be analysed #40°C. Benchmarks at
temperatures below room temperature are needed thi$i gap down to-40°C for
many materials, including plutonium, uranium, common moderator materials
(water/ice, polyethylene) and commdrustural materialsThe ENDF/BVIIIL.O release

was the first library to include a polyethylene TSL at temperatiosger than room
temperature, down ta10°C, and integral experiments are needed to validate the new
data(Ganand Wilson, 2019)Polyethylene TSL validation at low temperature was
given higher priority than other integral data at low temperature due kpectedly
large reactivity changes calculated using the ENDWBO low temperature
polyethylene TSLs, up to 2.5% effdat keir whengoing from room temperature to
40°C(Norris andPercher2021).

Experimental slution reactordor solutions, slurrieand powders
handling needs

A number of needs were identified relating to the need fwlution reactor capability.
Advanced fuel cycle reprocessing will require additional data for process solutions with
uranium and plutonium together, higher plutoniisotopes, and other actinides and
might require engineering moalps of the requisite process equipment designs to
ensure safe, subcritical design and operation. Dataadsreleded othe evolution of
supecritical excursions in solutions, including resga 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 @ake fractions, and radiochemical
effects on the solution. These kinds of experiments can provide -phykics
benchmark information to allow for validation of solution accident modelling and
codes. While considerable data is available from CRRB&rbry, 1973), SILENE
(Barbry, 1994), SHEBA (Cappiello et al., 1997)and TRACY (JAEA, 2003) these
programmes have been limited to pure uramytrate solution systems. In addition to
needs for precise basic critical data for other solution systems (e.g. chlditidedes,
sulphates, phosphates), other actinides, slurries and powders, additional excursion yield
data are needed, especially for slurries and damp poyvidievéhich therearenone.
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Criticality studies:Source of neutrons for research and testorgCAAS
and dsimetry

Another key use of critical facilities is as a neutron source for chain reaction research
and qualificatiorof dosimetry and criticalitaccident alarm systems (CAAShere is

a need for neutron spectra that encompass the whole eaagg; from fast to thermal.

Key needs include:

1. to train and validate the management afspaccident situations, such as
maragement of rentry and stabilistion for orgoing criticality accidents and
the validation of posaccident devices (robots, etc.)

2. to design, validate and calibrate nuclear instrumg@mttuding radioprotection
device$, reactor monitoring, CAAS responsaccident detection for various
kinetics (in free air or behind shielding) aarercises fomccident dosimetry
intercomparison

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

to study the link between the number of fissions and doses (+ attenuation effect)
to study the release of the FP
to improve the knowledge in prompt and delayed gashma

N oo g &

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 subritical experiments (ew fuels [Pu, MOX], minor
actinides, structural maial, matrix, neutron poison, BUC, etc.), reactivity
measurements (perturbation), random neutron phygiteutron noise
techngueé and neutron and gamma intrinsic souscéneutron initiation
experiment).

2.3.4.Priority 3 needs

Structural materials: Ni

Nickel isa commonly used structural material, often found as the mainrajlagent

in stainless steelstwo survey forms outlining experimental needs for nickel as a
thermal netron absorber were submittéd/hile there are many critical experiments
that containNi (mainly as a component of steel), as showirigure 8, the existing
ICSBEP benchmarks are inadequate to assess the weak absorption provided by Ni at
thermal energiedue to their lowsensitivity. The nuclear criticality safety evaluations
supporting may US liquid waste processing operations currently credit the presence of
neutron absorbersncluding Ni, in large, geometrically unfavourable liquid waste
storage tanks to preclude criticalitgersting and Losey2018)Ni is not a traditional
strong netron absorber (such as boron, gadolinium), but is instead a weaker absorber
that was disposeid the tanks alng with the fissile material.
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Figure 8. ICSBEP sensitivity heat map for nickel isotopes
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Structural materials: Cr

Chromium is a commonly used structural material, often found as theataying

agent in steelTwo survey forms outlining experimental nedds chromium were
submitted While there are many critical experiments that contain chromium (mainly as

a compoent of steel), there are few experiments #ratsensitive to chromium cross
sections, particularly in the intermediate energy regimeshasvn in Figured. The
existingICSBEP benchmarks are inadequate to assess the weak absorption provided by
Cr at themal energieslue to their lowsensitivity.Cr is not a traditional strong neutron
absorber (such as boron, gadolinium), but is instead a weaker absorber that was
disposedin the tanks along with the fissile material. The nuclear criticality safety
evaluatons 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 critica{i§ersting andLosey, 201§. An additional

needfor 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 snsitivity heat map for chromium isotopes
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Structural materialsMn

Manganese is a commonkged structural material and is thus often analysed as part of
acriticality safety evaluatioriThere are some critical benchmarks that have sensitivity

to Mn, as shown in thplot in Figurel0. However the existing ICSBEP benchmarks

are inadequate to &ss the weak absorption provided by Mn at thermal enedgies

to their lowsensitivity.Mn is not a traditional strong neutron absorber (such as boron
or gadolinium), but is instead a weaker absorber that was disposieel 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 taokgreclude criticality
(Kersting and Losey2018).
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Figure 10. ICSBEP sensitivity heat map for manganese isotopes
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Structural materials: Ta

Tantalm is a metal that has specialisuses in higlemperature nuclear operations,
including as the material of construction of cruciblesdufor plutonium reprocessing.
There are very few benchmarks that are sensitive to Tshaegn in Figurell The
main interest from a criticality safety perspective is as a reflector in a fasbmeutr
energy spectrum.

Figure 11. ICSBEP sensitivity heat map for tantalum isotopes
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Structural materials: F

Fluorine is a key element for molten salt reacteisere fluorine is present in the fuel
as well as in the moderator. GeneraKy: is notsensitive to the fluorine in the fuel but
can be very sensitive to the fluorine in the moderdtorexamplehydrogen fluoride
(HF).

Fluorine is also encounteredrihg fuel fabrication in the enrichment and conversion
to UQ, steps. During the enrichment step, uranium is chemically in the form of UF
HF and UQF: (in case of water introduction). During the conversion step, it is in the
form of UGF.. Motivated by tlese operationshe Institute for Radiological Protection
and Nuclear SafetylRSN) initiated a ®w evaluation of fluorine crossections.
However, few experiments (only two series) with B&are available in the ICSBEP
Handbookas shown in Figure 1@8NEA, 2020);their sensitivities to the crosgctions

of fluorine are low and one of them exhgaut potential experimental bias since it shows
a large overestimation ofekfor all codes and nuclear data libraries. Only one
experiment with UEHF sensitiveto the crosssections of fluorine is known in the
ICSBEP Handbook and the same conclusion can be drawn as b5 eXperiments:

a very large discrepancy between calculatg@ikd the benchmark.kis seen and an
experimental bias cannot be excluded.

Other application fields where fluorine can impact criticality safety are storage,
reprocessingndcriticality accident studies.

As a consequence, thereaiseed for experiments with BFHF that cover the thermal,
epithermal and fast energy ranges in ®ioh ks Sensitivity to nuclear data. Capture
and scattering crosections of fluorine as well as TSL ofifF and FHF should be
tested with such experiments. Additionally, leakage spectra from suitable fluoride with
well-defined pointwise sourcé>{Cf) may also help in looking for bugs in evaluation.

A recent experirant was completed in thended Statesthat can partially meet the
experiment need, mainly in the unresolved resonargierrend faster energiethe
Critical Unresolved Region Integral BEspment (CURIE) was a measurement
campaign performedt National Criticality Experiments ResearClentre(NCERQ in

2020. It used alternating plates pblytetrafluoroethylene (PTBE also known as
Teflon, and thehighly enricheduranium HEU) Jemimaplates reflected by copper,
assembled on the Comet critical assembly machine. The main purpose of the
experiment was to interrogate the unresolvesbnance region 6f°U. The CURIE
experiments are also sensitive to fluorine in the intermediate anehfagty 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 librarieENDF/B-VIII.0, ENDF/B-VII.1, JEFF3.3, JEN[L-4.0u) has
yielded large differences inik particularly forthe Japanese Evaluated Nuclear Data
Library (JENDL-4.0y when changing only fluorine nucleatata 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 =nsitivity heat map for fluorine isotopes
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Slab or platetype fue$

Slab or platetype fuels have shown to be important to resolving calculatiniaaks
for fuel cycle facilities and research reactors such adules Horowitz material testing
Reactor(JHR), under constructiontahe French Alternative Energies and Atomic
Energy CommissionJEA) in Cadarachg-rance JHR fuel will be USi; dispered into
an aluminum matrix, with a uranium density of 4.8 g Uftand a?*U enrichment
varying fromlow-enriched uraniumLEU) up to a maximuni®*U enrichment of 27%
optimisgng the loading of the reactor.

Slab and platetype fuek are mainly used in research reactorsesgifuels 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 distabetween 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 criticaligafety perspective enexperiment in a thermal and
epithermal speaam with LEU or intermediate enriched uranigigU).

TSL for HF

Hydrofluoricacid is encountered in criticality safety during the enrichment step of fuel
fabrication where uranium is chemically in the form ofstHfF. Only one experiment
with UFe-HF and sesitive to the crossections of fluorine is known in the ICSBEP
Handbook and a large discrepancy between calculatethét the benchmark.kcan

be pointedout. Enrichment operation validation was a motivatfon the IRSN to
initiate a rew evaluation bfluorine crosssections and look at a new evaluation of the
TSL of HHF and FHF using existing experimental data and molecular dynamics
simulations. Moreover, as the discrepancy between the calculatedn#t the
benchmark k is large, an experimertadias 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 whichskwould be sensitiveotthecapture, scattering crossctions of

F, and to the TSL of HF.

Low temperature

The lack of low temperature benchmarks for criticality calculation validation and
nuclear data testinis recognied internationally At the recentlICNC in September
2019, papers from th&nited 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. TAdEA6 s Regul at i ospast f or Saf e
of Radioactive Materials, SS® echoes the US 10 CFR 71 requirements requiring
packages be analysedZp r#¢. The WPNCS convened a working group to complete
an intercode comparison calculational benchmark focused on the effect of temperature
on the nedron multiplication of pressurésl water reactor fuel assemblies in water.
Substantial interest was generated in the benchmark, as 12 institutiorgsdooimiries
participated. As reported by a paper given at IG8&nand Wilson, 2019)ifferences

in the ket prediction between nuclear ddthraries were found and ave especially
notable for JENDL4.0, butwithout an experimental benchmark it was difficult to
determine th most appropriate data for Id@mperature applicationBenchmarks at
tempeatures below room temperature are needed to fill this gap dowt0t@ for

many materials, including plutonium, uranium, common moderator materials
(water/ice, polyethylene) and common structural materials.

Additional low temperature needs arise from spagplications, as temperatures can be

as low at 2 Kin outer spac8.i mul ati ons have shown that whe
surrounded by a low absorbing moderator and reflector materials (such as heavy water)

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

Simulations have yielded critical masses on the order of 3B tgrams of uranium.

The reason for this dramatic decrease in the critigeds is that the fission cressction

increases from 580 barns for thernmautrons to 300 barns for neutrons having

energies of 0.001 eV (cold neutrons or neutrons in a low tempefatievin], low

absorbing moderator/reflectorHowever, no integrabenchmarksexist at these

temperatures to test the validity of these prtains.

High temperature

Though it is well known thatk is sensitive to temperature, historically the larger safety
margins and conservative approaches used in criticality safety evaluations have limited
the interest for temperatusensitive benchmarksHowever, it has more recently
become evident that there is a strong need for more accurate predugtitime
temperature sensitivity of <k and other parameters. The range of applicability
essentially covers all parts of the nuclear fuel cycle anddéesibcriticality it is
important for predicting criticality excursions (including accidents). Specific
applications of interest aneansport conditions (up to 800) and storage pools for
irradiated nuclear fuel (up to 120 without boiling), including oder excessive water
moderation conditions (e.g. checkmyard patterns with water holes or specific flux
traps) that can result in largerkncreases with temperaturé®U is important for the
Doppler effect in lowenriched uranium. Since both W@uel and MOX fuel are
involved in these application&U, >Pu and®*°Pu are also involved gadolinium

(Gd) burnable absorber, integrated with the fuel, is a factor that affects temperature
dependence. This also applieshteeffects of control rods coaining boron and soluble
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boron in the moderator is another parameffecriticality safety interestThe mcst
important medium is pressueid water from room temperature @250°C, where up

to about 120C without boiling may be credibleith pressure pnaded by the depth of

fuel storage pools. The thermal scattering law data for this temperature range require
validation to allow predig¢te calculations to be trusted.

There are few benchmarks in the ICSBEP Handbook that cover these temperatures and
different fuel designsA survey of the current ICSBEPiandbook lists only 43
experiments condualeat a temperature above°20 Proprietary measurements and
benchmarks from power reactalat-ups from room temperaturerimarily boiling

water reactorsBWRs)as well some research reactoeasurements, are availablbe

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 conditn s . Al | temperatures below fihotodo reac
interest. Changing as little as possible between measurements at different temperatures
allows for a reductionin the uncertainties of the relative effects (camatibn of
unknown absolie uncertainties). The temperature effect can then be determined with
high accuracy even if the absolute uncertainty cfiregle measurement is larger.
Experiments with partial density water are also of interest as many applications involve
analysis overtte full range of water densities.

2.3.5.Priority 2 needs

Structural materials: Si

Silicon is a commonly found element as Siconcrete and is often included as part

of a criticality safety evaluationThere are a few critical benchmarks that have
sensitivityto Si, as shown in the plan Figure B. However the existing ICSBEP
benchmarks are inadequate to assess weak absorption provided by Si at thermal
energiesdue to their lowsensitivity. The nuclear criticality safety evaluations
supporting many US liquidiaste processing operations currently credit the presence of
neutron absorbersncluding Si, in large, geometrically unfavourable liquid waste
storage tanks to preclude criticalitfersting and Losey2018) Si is not a traditional

strong neutron absorber (such as bamogadolinium), but is instead a weaker absorber
that was disposeid the tanks along with the fissile material.
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Figure 13 ICSBEP sensitivity heat map for silicon isotopes

SourceNEA datg 2022

Structural materials: Nb

Niobium is a metal that has speciatisuses in nuclear operations, including as the
material of construction of dissolver velssir plutonium reprocessinghere are few
benchmarkshatare sensitive to Nb, as shownFigure 4. The main interedtrom a
criticality safety perspective is as a reflector over the entire neutron energy spectrum.

Figure 14. ICSBEP ®nsitivity heat map for niobium isotopes

SourceNEA datg 2022
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