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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.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE



16 | NEA/NSC/R(2022)6

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
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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
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Structural materials: W

Tungsten is a highensity metal used in laboratory operatisash as hot labsells in
order to protect electrical and electronic devices from high levels of radiatidn
thereforea premature agngof the materials. It is also used as a colliméowvarious
counting evicesdletectors in place of lead.

In the criticality safety studies of such configurations, the theoretical fissile media could
be%Pu or**U combined with an upper criticality mass and/or moderation limit. In the
former case, the neutron spectrumamgely thermal whereas in tHatter case it is
epithermal Configurations with normoderated fissile media are unustfahot totally
excluded because the facility must perform a strict moderator exclusion. That is
impossible at least in the CEA fadiles.

In this contextand following a conservative criticaligafety approach, tungsten (W)
is used as a reflector in the criticaldpfety demonstration studiés very neutron
thermal to epithermal configuratians

There are approximately 20 experime that are sensitive to W, mainly in the fast
spectrum, ashown in Figure & The main inteest from a criticalitysafety perspective
is as a reflector over thermal to epithermal neutron energy spactrum

Figure 15. ICSBEP snsitivity heat map for tungsten isotopes
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Polymethylmethacrylate (PMMA, with the chemicalformula GO,Hs andcommonly
called Lucite or Plexiglass a common moderator material often used to approximate
water in critical experiments because of its similar hydratgrsity.Work done at the
RennselaePolytechnic Instituten the United Statesdentified only five ICSBEP
benchmarks as being potefifissensitive to Lucite thermal scattering, with a maximum
sensitivity of approximately 1.5% difference between Lucite thermal scattering in
ENDF/B-VIII.0 and the free gaapproximation(Danon, 2018) The ENDF/B-VIII.0
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release was the first library to imcea TSL forPMMA, and integral experiments are
needed to validate the nelata(Brown et al., 2018).

2.3.6.Priority 1 needslowest priority

Structural materials: Al

Aluminium is a commonly used material in nuclear operations, including as a fuel
cladding matgal for nuclear reactor fuel. There are many critical benchmarks that have
sensitivity to Al, as shown in the plot in Figuré. However, the existing ICSBEP
benchmarks are inadequate to assess weak absorption proyidédad thermal
energiesdue to the& low sensitivity. The nuclear criticality safety evaluations
supporting many US liquid waste processing operations currently credit the presence of
neutron absorbersncluding Al, in large, geometrically unfavourable liquid waste
storage tanks to prede criticality (Kersting and_osey, 2018) Al is not a traditional
strong neutron absorber (such as bamogadolinium), but is instead a weaker absorber
that was disposeid the tanks alng with the fissile material.here is also an additional
need forintermediate neutron spectra systems reflected by alumjrwhich could be
used to vatlate alumimum scattering crosection systems relevant to criticality safety
including storage arrays and within transport casks.

Figure 16. ICSBEP =nsitivity heat map for aluminium isotopes
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Structural materials: Zr

Zirconium is commonly used as a fuel cladding matéor nuclear reactor fuel.here

are a few critical benchmarks that have sensitivity to Zr, as shown in the plot in
Figurel?. The existingCSBEP benchmarks are inadequate to assess weak absorption
provided by Zr at thermal energidse to their lowsensitivity. The nuclear criticality
safety evaluations supporting many US liquid waste processing operations currently
credit the presence of neutron absorbdrsluding Zr, in large, geometrically
unfavourable liquid waste storage tanks to preclude criticéfigrsting and Losey,
2018) Zr is not a traditional strong neutron absorber (such as ogadolinium), but

is instead a weaker absorber that was dispasdate tanks along with the fissile
material.

Figure 17. ICSBEP =nsitivity heat map for zirconium isotopes
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2.4.Existing proprietary experiments
2.4.1.VENUS

VENUST

VENUS was originally a thermal, watenoderated, zerpower reactor that served to
supportpressurised water reactoBWRs) and BWRs between 1964 and 2007 with
sek of UO, (4% enrichment) and MOX (12% enrichment) fuel pins. Parameters
measured at VENUS includedthe critical water level, reactivity coefficient of the
water level, reactivity effects, axial and horizontal fission dhséribution, spectrum
indices and kiatic parameters.

VENUS-T experimental programmes:
T 19641966: Mockup BR3 VULCAIN (spectral shift reactor)

1 196%1978: Pu recycling inlight water reactors LWRs); 27 studied
configurations
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I 19821988: LWR PV Surveillance Prograne (VENUS-1, Fresh PWR
Refaence Core, VENUL, Low Leakage Core, VENUS, PLSA Core)

1 19902000: MOX licensing programes (VIP licensing, VIPO safety, VIPEX
plant operation, NBN licensing BWR, IMP weapon grade Pu)

1 200%2006: VENUS with 100 cm fuel pins (Buup Credit investigabn,
REBUSPWR, REBUSBWR).

Among a large number of experiments, several international benchmarks were
published including on predictiors of neutron embrittlemernin the reactor pressure
vessel (NEA, 2000Q)and mxedoxide fuel core experiments (NEA, 2Q0SEA, 2005;
Longoni et al., 2006; Baeten et al., 2008)database for the validation of reactor
physics codes for the calculation of the loss of reactivity due touguifor PWR fuel
(burntup credit), both for U@and MOX fuel bundles, was establishednockup
experiments (REBUS(Danon, 2018)All fuel pins and materialsof the VENUS-T
vessel arstill available.

VENUSF

In order to support theMulti-purpose HYbrid Research Reactor for Higlh
Applications MYRRHA) acceleratodriven gystem (ADS)design, VENUST was
transformed into the fast neutron facility VENWSwith solid core components (Pb,

Bi, SS, AbOs;, C-12, U 30%) within the GUINEVERE programe (20082011)
(Kochetkov et al., 2017Sincethen the facilityhasserved to develop and vaditk a
method for abcriticality measurement for MYRRHA in the frame thfree projects
funded by the European Commissi&iREYA (201122015)(Kochetkovet al., 2018)
MYRTE (20162017) (Kochetkov, Wagemans and Vittiglio, 201ahd MYRACLE
(20172019). Alsqgten critical VENUSF configurations were ingtigated in the frame

of these pojects, devoted to nuclear data and codes validation of fast Pb and Bi cores
(Kochetkovet al., 2016; Krasa, et al., 2017; Kochetkov, 2016; Fridman, Kochetkov and
Krasa, 2017; Satto et al., 2018; Barbry et al., 2003; Leclaire, Duhamel and Le
Dauphin, 2011)These configurationgaried in the number of fuel assemblies (FA) in
the core, FA composition, reflector material and presence of ‘mogkof inpile
sections(IPS)in the cae. The programes of the measurements included: criticality,
kinetic parameters, spectral indices, fission rates distributions, reactivity effects of
coolant and IPS void, fuel Doppler, fuel agglomeration, water penetration in the core
fuel assemblieand structural materials. These results haoteyetbeen fully evaluated
following the ICSBEP omternational Reactor Physics Experiments Datafi&$ehE)
standards. However, since most of them are proprietary, they azerrastlyplanned

to be subnited to thehandbooks.

2.4.2.Valduc
Hauttaux decombustion HTC) and Fission Products Programme

More than 2000 critical experiments were conducted at the CEA Valdemstre for
Nuclear Studiegrom 1963 to 2013Loaiza and Gehman, 2006dmong them 800
experirments from about 50 series were included in the ICSBEP Handbook of critical
experiments. These experiments were carried out on various experimental devices
(Apparatus B, C, D, MARACAS, etc.) covering a wide range of application cases,
fissile media and engy spectra and followed the validation needs along with the
expansion of nuclear fuel cycle applications in France. That is the reason why two
specific programmes werelaunched at the end of the 1980Vith the progressive
growth of the?*U enrichment ofUQ, fuel in nuclear facilities up to 4%, it was
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necessary to take into account the credit ehbiuel for justifying the sudriticality of
nuclear installations.

As a result, a first experimental prognacalledHTC in French or high burnup in
English,dedicated to the validation of actinideghich represent a major part of the
antireactivity brought by actinides and Fissions Productd@@pcm for a 17 x
17PWR), was realied in 19881991. It involved 2500 HTC rods manufactured in
Gemany, simulating fuel burnt up to a 37.5 GWd/t bum but without FPs. The
content in plutonium was equal to 1.1 wt%. The content of plutoniuffifm was set
equal to 24.3t% and uranium was enriched to 1.57 wt9#3J. Four phases with
lattices of HTC rods were defined:

91 afirst one (18 cases), where the HTC rods were immersed in pure water with a
variable moderation ratio;

1 asecond one (41 cases), where the HTC rods were immersed in borated water
or in water poisoned by gadolinium with a variali®deration ratio; the
concentration in boron varied between 0.09 g/L and 0.5 g¢/L; the concentration
in gadolinium varied between 0.02 g/L and 0.5 g/L;

9 athird one (26 cases), where four lattices of HTC rods in absorbing canisters
(Boral, Cd, borated steelyere immersed in water; the moderation ratio was
variable;

9 afourth one (71 cases), where four lattices of HTC rods in absorbing canisters
(Boral, Cd, borated steel) were reflected by lead (10 cm) or stainless steel
(15cm) in water; the moderation ratigas variable;

1 afifth one (49 cases), where two or four lattices of HTC rods were in interaction
configuration.

The HTC programne encompassed10 experimental cases and some reproducibility
cases.

Following the HTCprogramme, thd-Ps programmeaimed at vatlating the anti
reactivity worth of six FPs representing half of the total-esdictivity worth of all FPs
(around 6000pcm) in the thermal energy spectrum. A test zone was created at the
centre of the configuration with a tank containing a solutiofr®$. This tank was
surrounded by a driver lattice of Valduc U(4.738%])@ds. These FPS%Rh, 1*Cs,
143Nd, 1%Sm, **?Sm, **°Gd) were nosrvolatile and stable. Four phases corresponting

a progressive validation of FPs were defined.

Inthe firstphasec al | ed Aphysical typeo (45 cases), FI
in a mixture in an acidic solution in a small tank (6n2 x 6.2cm). The aim was to
validate the cross sections of FPshiathermal energy spectrum.

In thesecond and third phaseal ed AEIl ement ary Dissolutionodo (
dissolved in an acidic solution or in a uranyl nitrate solution in a larger tankqi3

14.3cm)thatalso hostdUO; of HTC rods. The idea was to be more representative of

reprocessing plant dissolvemsith a partial dissolution of rods in the nitrate solution

and to validate the physical models dealing with the overlap of resonances implemented

in the APOLLOZ2 code.

In a fourth phasec al | ed @A Gl o b(&lcasdksines moeelintetnal amk dvas
used. FPs were dissolved directly in the driver lattice of, WOHTC rods. This
configuration is fully representative of a reprocessing plant dissolver at an advanced
step when compared with previous phases.
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The FP programegathered a total of 148 expeemts that were performed frot998

to 2004 at the CEA Valdu€entre for Nuclear StudieSome reference experiments
without FPs were efined and can help highlighihe bias introduced by FPs in the
configurations using dedicated methodologies for exhipitinclear data biases.

Both programmes were dmanced by the Compagnie générale daatieres nucélaires
(COGEMA), now ORANQ in the framework of a common programme of interest
(PIC). These programes have been evaluated following the ICSBEP standard. The
experimental uncertainties were assessed and propagated in tddkg. dfowever,

since they are proprietary, they were not submitted to an ICSBEP review and cannot be
found in the ICSBEP Handbook.

MIRTE 2.2

The wo experiments of the MIRTE 2 program involve two screens made of
proprietary resins of BORA and VYAB separating two lattices of U(4.738%)@ds

at a 1.6cm square pitch. These resins are mixtures of polyvinyl resins, zinc borate and
auminium hydrate. Their compositids confidential since the experiments are subject

to a nondisclosure agreement with AREVA NC (now ORANO) until 2029. They are
respectively 20nm and 40nm thick.

MIRTE 2.3

The MIRTE experimental programe focuses on thealidation of structural materials

in various reflecting and interacting configurations. In its MIRTE 1 and MIRTE 2.1 and
MIRTE 2.2 phases, the structural materials of the MIRTE progratook the shape

of thin screens (interacting configuration) or thidteens (interacting and reflecting
configurations). The objective was that be sensitive tohe capture and scattering
crosssections of the materials thethermal energy spectrum.

TheMIRTE 1, MIRTE2.1 and MIRTE 2.2 programes corresponded to @lection of
materials that could meet the needs of criticadjety practitionersThe experiments
of the programmare public and delivered in the ICSBEP Handbook.

In 2013, before the shutdown of the Valduc criticality laboratory, experiments were
condwted onApparatus Bwith a view to test structural materials in epithermal energy
spectrum. These experiments were performmedhe framework of the MIRTE
Programme (McClure et al.,2020).They involvedsleeves of copper or stainless steel
surroundingValduc U(4.738%) rods in a test zone surrounded by a driver lattice of
Valduc U(4.738%)Q rods. The test zone was either in water or in an alwmirbox
pierced with holes hgiing the Valduc sleeved rod3his configuration has the
advantage of showing Higr sensitivites ofker to the capture crosections of copper

and iron inan epithermal energy range than previous MIRTE experiments. The
sensitivity in the epithermal energy range could unfortunately not be increastd

due to the limitation of O, rods (1261) available at Valduc. Reproducibil
experiments were also read to ascertain the experimental uncertainties determined
by calculation. Reference experiments without sleeves were also performed. All in all,
the programme comprises six ces. The experiments were financed through a PIC by
AREVA NC (now ORANO) and should be made available in the ICSBEP Handbook
in 2022.

2.4.3.CEA Cadarache, EOLE and MINERVE

CEA contributed to the study of reactor physics by designing and performing integral
expeiments for the experimental validation of neutron calculation tools, protection
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(gamma and neutron attenuation in materials), and basic nuclear data on three critical
mockups at Cadarache: EOLE (PW&d BWR spectra), MINERVE (all types of
spectra), antMAS UR C A ( afd aacelératedriven latticespectra). Despite their
sometimes unique features, all three facilities were definitively shut down ina2@flL7
2018 for safety issues related to reinforced earthquake requirethaht&erenot
achievable withot costly refurbishment work. These critical magks were low

power reactors. Their neutronic behaviours can be directly extrapolated with physical
phenomena encountered in power reactors (to a close representativity factor). In EOLE,
the experiments comdted have always been designed in such a way that the C/E
(calculation/experimentation) deviation is directly the calculation error that would be
obtained in the industrial application (representativity factor of the mpak= 1 as it

used the same fuahd the same geometry as PWR and BWR assemblies).

EOLE ZPR and associated prograres

The EOLE zero power facilityvent criticalin December 1965[he facility comprised
a reactor block offering biological shielding for operatwith a flux level up tal09 n
cm3 s1 in the core. The regulatory limit was 100 W.

In this structure, an aluminm (AG3) tank of approximately 2r8 in diameter and &

high was built to receive all experimental structures that were renewed at each
programme. All configurationswere run with light water, in fully reflected conditions.

The facility was coupled to a thermoregulation station able to control both boron
concentration and water temperature on a large range of temperatures (5°C to 90°C).
The criticality was maintainedsing a dedicated and adapted pilot rod.

The first experiments were dedicated to heavy water lattices for CEA purlos880
the EOLE facility changed fromheavy water to light water applications. The
progranmes were adollows:

T 19781985 first LWR progammes for both experimental validation of
calculation schemes for neutron absorber clusters (CAMELEON program),
safety of PWR fuel storage (CRISTD) 2 and 3), temperature coefficients for
uranium oxide YOX) and MOX fuels in PWR hot conditions (CREOLE
programme). The CREOLE programe was providedas an ICSBEP
benchmark. This experiment allowed, for example, a precise form &fthe d
factor to beobtained.

I 19851988: the ERASME programe studied undemoderated MOX lattices.
Experimental data are poteially crosssections in epithermal spectra for Pu.
Some ki measurements are included in the ICSBEP.

1 19832005: EOLEwasmainly dedicated to plutonium recycling studies in light
water reactors (PWR and BWR) through 4 foéta kind programmes:
EPICURE fo 30%MOX load, followed by MISTRAL (100%MOX load in
PWR), BASALA and FUBILA (100%MOX load in BWRS). These unique
progranmes provided major data for MOX validation in both thermal and low
epithermal spectra (through®@o 100% void measurements).

From 2006, the programes were mainly dedicated to meak neutron fluence in
stainless steel reflectors and steel/water interfaces up to the reactor vessel,tti@ough
FLUOLE (20062007) and FLUOLE2 (2022015) experimental prograrres.

In 20092010, the PERLEProgranme experimentallyvalidated stainless steel cross
sections for heavy Geltl reflectors. The PERLE feedback was mainly on the
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important reduction of uncertainties diFre nuclear data, in particular scattering data,
and its inclusion in the JEFBE-data library.

Until its definitive closure in December 2017, EOLE was used to consolittRe

neutronic calculation options through a full magk of the JHR core (AMMON

progranme 20102012) and participated, with the EPILOGUE prognaen(2016

2017),in theexperimental validation oftheimor e i nstrumentati on of
[lI+ reactor.

MINERVE Reactor associated and prograes

The reactor was built in 1959 in Fontenay aux Roses (Paris) and moved tacGadar
in 1976 where itwent criticalagain in 19771t is a coupled core composed of two
zones:

i The driver zone comprisesmaterial testing reactor (MTR) type
aluminum/uranium alloy plate assemblies under water. It isosaded by a
graphite reflector.

1 The experimental zone receives dedicated movaklieds introduced into a
70x 70cm? cavity in the centre of the driver zone. This experimental zone
reproduces neutron spectra with light water lattices (MELODIE), under
moderated lattices (MORGANE and MORGANER), and fast lattices
(ERMINE, based on MASHCA fast ZPR stockpile).

The reactor was submerged unden bf light demineralisd watermandcontrolled using
four hafnium rods operating both in contasldsafety mode.

Definitively shut down in December 2017 together with EOLE (they shared the same
building) for safety issues related ¢éarthquakdazard, MINERVE was mainly used

for thermal crossection and resonance integral measurements, as well as for studies
on plutonium recycling and uranium systems using the oscillation technique in closed
andopen loop system. It also served asiraportant tool foreducationandtraining
activities fornuclearengineering Master students afgench Navy operators.

1 From 1959 to 1972, MINERVE was dedicated to the important neutron fast
spectrum ERMINE Programe, where major neutron characteristics of Pu and
U systems were investigated im=d lattices: Dopplerffects with heated
samples, reactivity effects by substitution and oscillation of dedicated samples
using local/global technigsefor unfolding scatterig effect from a global
absorption measurement.

9 From 1973 to 1993, several programs for PWR werearried ou{MELODIE
and MORGANE), alternatively with fast ERMINE phasegicomplementing
the CAMELEON and ERASME moekp prograomes made in parallel in
EOLE (seeprevious paragraph).

From 1993 until the end of its lifetime, MINERVE was dedicated to major programmes
thatwere of umost importance for the JEFF community and the French industry. All
programmes were done in the MELODIE PWR experimental Igtbeged with either

UO; or MOX fuel pins).

9 Burnup credit (1992001): this experimental programe stems from the
growing interest for the consideratiaf fuel wearing in criticalitysafety
between CEA and COGEMA (m0ORANO). The aim was to optimgsthe
various facilities of the @le with respect to criticalitgafety constraints, more
specifically the consideration of minor actinides and stable anejaseous

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE



NEA/NSC/R(2022)d 41

absorbeiFPs enabling significant improvemesin facilities dimensioning for
transportation ofuel reprocessing.

1 CERES Programe (19921995): from collaboration between the research
centres at Winfrith and Cadarache, as parthefofficial CEA/UK Atomic
Energy Agencf{UKAEA) collaboration on water reactors. Its objectivas to
provide an expemental benchmark for the validation of nuclear data (in
particular JEF2.2) onctinides and on FPssed to calculate fuel buup and
for criticality studies. Experiments were conducted in the DIMPLE reactor at
Winfrith and MINERVE reactor at Cadarache &dson common samples
manufactured at Cadarache. The sample comprised bot freshrid@10OX,
and burnt U@samples (from 20 to 66Wd /t).

1 High BurnUp (HTC) Programme (20032004): reactivity analysis combined
with isotopic analysis of high burnt U@&nd MOX PWR samples (up to 6
cycles)

1 Oscillation in Minerve of isotopes in Eupraxic Spe¢@sMOSE Progranme
(2005-2008):the experimental programewas designed within the framework
of CEA/Electricité de FranceEDF) joint work. It has also been thalgject of
I-NERI collaboration betweetihe US Department of EnergyDOE) and CEA
since 2001. It complemented the bwim prograrmes, providing specific
experimental data (absorption crasctions) on heavy nucleéi®’Th, 233U,
234U, 235U, 236U1 238U, 237Np, 238Pu,239Pu,240Pu,241Pu,242Pu,241Am, 243Am, 2440m
and?**Cm. The experimestwere made in both epithermahdvery thermal
(dissolver) spectra.

1 OCEAN Programe (2005-2008): it completed the OSMOSE progrraes for
the main absorbers and FPm various spectra by providing specific
experimental data (capture crassctiony on the following isotopes:>*Gd,
157Gd, Gd-nat,me, 178Hf, 179Hf, 180Hf’ 166Er’ 167Er’ 169Er, 17°Er, 160Dy’ lGlDy,
162Dy, 18py, %Dy, B¥Eu, Eunat, **Eu.

From 2010, MINERVE served as a reference benchmark for developing innovative
instrumentation or revisiting experimental techniques, such as neutron noise, or
providing additional data for new material samples. A large part of the current
knowledge included inhe JEFF3.3 nuclear data library is issued from the MINERVE
progranmes.

2.4.4 KRITZ

The KRITZ zero power reactor (critical assembly) operated in Studsvik, Syfeaten
1969 to 1975. The reactor core allowtdl-length fuel rods and complete fuel
assemblies of i BWR and PWR types. The reactor pressure vessel was designed
allow temperaturesf up to 250C without water boiling. Criticality was achieved only

by axial water level regulation and was maintained long enough for stable
measurements.

Appendix B of he IRPhEevaluationKRITZ-LWR-RESR004 (Mennerdahl, 2019)
from 2019 contains a short description of all KRITZ measurements, including the
proprietary ones.

Proprietary KRITZ measurements

There are three major sets of KRITZ measurements completed afteZKR&hd
KRITZ-2 (from which some measurements have been evaluated and otheyaettnald
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evaluated see below). KRITZ3, KRITZ Pu75 and KRITZ4 (also referred to as
KRITZ BA-75) all involve BWR and PWR fuel assembli&RITZ-3 and KRITZ4

are detailed ifStammler et al., 199&eeet al., 2014)They were sponsored by power
reactor desigers and remain proprietary, as recently confirmed by Studsvik Nuclear.
They are still of primary value to fuel design and core management software designers.
Without accssing the proprietary information, it is difficult to estimate if the
information is sufficiently detailed to allow an accuratedindependentncertainty
IRPhEHandbookevaluation. This ishowever likely, considering that the temperature
effects are tb primary values.

KRITZ-3

The KRITZ3 measurements (about 25) were made in the summer of 1973. They
include PWR fuel rod clusters from Obrigheim, Germaayd absorber rods from
Kraftwerk union KWU) andCombustion Engineering (CE)f theUnited States Both

UO; and MOX fuel rods were usedhe typicallayout of the KRITZ3 core can be
found in (ANP, 2011).Temperaturesanged from 20°C to 90°C and from 20G®C
250°C.

KRITZ Pu75

Around 45 criticality measurementsere performedn April and May of 1975.
Temperaturerangeal from20°C to 90°Cand from20(PC to 245°C. 21 Gariglian BWR

fuel assemblies cont ai nainndg 4Wednvestigated r od i s |
through citicality and local power distributiomeasurementsponsored by General
ElectricandEnel(Italy). Nopublic references to recent application of these benchmarks

have been found.

KRITZ-4 (BA-75)

Referred to as KRITZ BA’5 by experimenters, these measurements (around 200) were
carried out from August to December 197&ddressingBWR fuel assemblies
containing varying contents dfie burnable absorber (BApdolinium. Temperature
rangel from 20°C to 90°Cand from20(°C to 245°C.

The KRITZ-4 benchmark measurements are frequently quoted, and the conclusions and
results presenteddicatea high quality of the benchmarka.figure of the core layout
can be found iriSmith, 2009)

Evaluated and published KRITZ measurements

There are currently somkRITZ evaluations in the IRPhEandbook.In 199Q
Studsvik Nuclear released previouglsoprietary data for some measurements for the
benefit of NEA studies. This resulted in three &evaluations in 2009 involving UO
and MOX fuel clusters in the KRIT2 set of measurements. Each evaluation contains
two critical water level measurememere reactor shutdowns and some fuel rods
were replaced (after activation) after eabasurementwhich sgnificantly changed
design boron concentrations.

In 2019, an evaluation of KRITZ measurements was published, with 37
measurements of UQuel clusters with UQ (1.3%% U enichment) between 2C

and 250C. There were four series with different core designs or initial boron
concentration. Onlyhe temperature changed, with water level adjustsenbbtain

and preserve criticality, between measurements in the same series.
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Further KRITZ1 and-2 measurements available, in principle, for
evaluation

Studsvik Nuclear has agreed to allow evaluation of further KRITahd KRITZ2
measuremest for the beefit of the IRPhEHandbook The more than 300 early
KRITZ-1 measurements (1969 to 1971) with BWR fuel assembliesviedolvater
temperatures up to 90. Another about 300 KRITZ measurements (in 1971 and
1972) include BWR fuel assdaties at temperaturagp to 250C. KRITZ-2 included

about 50 measurements with BWR fuel assemblies, with MOX rods in some
measurements. About 300 critical fuel rod cluster measurements (excluding about 30
that were sponsored by CE) involved BWR and MOX fuel rods identicalageth
involved in the3 KRITZ evaluations from 2009. Thereane many measurements up to
25C°C. The information is not published and the data needed for a detailed evaluation
is not easily available.

2.5. Experimental facilities

This section highlights some of tineany criticality experiment facilities avable to
perform experiments listed in the previous sections of this report. Theseda@hch
provide unique fuels, reflectors, moderatansicapabilities. The subsections highlight
these unique charactdics for each facility. This lisHdoesnot cover all criticality
experiment facilities worldwide as some of the facilities were not able to be contacted
or were unable to share their information before the report was published. The$acilitie
included in his report areYENUS (Belgium),IPEN (Brazil), ZED2 (Canada), LFO
(Czech Republic)RSV TAPIRO (ltaly) the Static Critical Facility (Japanjhe
National Criticality Experiments Research Centrenited Stateg, Sandia Critical
Experiments Facility (dited State3 and CROCUS (SwitzerlandJ here are known to

be facilities inBelarus, China, JapamdRussiahatwere not included in this report.

2.5.1.SANDIA (SNL, New Mexico, United State9
Facility contact: Gary Harms
Overview description and general facility mission

The Sandia Pulsed Reactor Facility (SPRFismall nuclear reactor research facility
located in Technical Area V at Sandia National Laboratories/New Mexico. Historically
(1961 2007), the primary purpose of the¥Pwas to provide pulsed and steatgte
neutron irradiation services in support of a varietgefenceapplications and related
research and development. The SPRF was used &ehand permit operations of
SPRI, SPR I, and SPR IlI, statef-the-art high-performance fast burst reactors. In the
late 1980sthe Space Nuclear Thermal Propulsion (SNTP) Crittbgbeiment was
operated at SPREEPR-and SNTP have since been removed. Since 2007, the primary
purpose of the SPRF has been to perform criticalnaly experiments and operations,
identified as SPRHA Critical Experiments (SPRF/CX). The critical experiments
performed at Sandia are funded by freE Nuclear Criticality Safety Program (NCSP)

in supportof expanding and developing overall criticalifety.

SPRF/CX provides a shielded location for performing critical experiments that employ
different reactor core configurations and fuel types. The facility offers the capability for
watermoderated critical experiments with the ability to modify theeawnfiguration

and reactor tank to evaluate various reactor cores for pitch, moderator characteristics
andother criteria. Currently, there are two active CX setfesBurrup Credit Critical
Experiments (BUCCX) anthe Seven Percent Critical ExperiménuPCX).
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The facility is also used to provide harals nuclear criticality safety training. The
experiments and training activities 8PRF/CX are supported by the BANCSP,
funded and managed by the National Nuclear Security Administration fDoiBe

Description of the available experimental assemblies where integral experiments
could be performed to meet the needsirfclude specific assemblies with their
capabilities and limitations)

The SPRF/CX provides a flexible platform for performing wabederated andater
reflected critical experiments with UOfuel rod arrays. Approaeto-critical
experiments with the number of fuel rods in the array or the moderator/reflector height
as the pproach variable are routinely performed to determine criticafigurations.

The arrent authoriation basis design limitations are metal clad,fi@l, enrichment

less than 20%, light water moderator, and lass t500 kg of fuel. The authoaison

bass can be modified to accommodate future critical experiments that fall outside the
current limits.

The BUCCX was designed to investigahe effect of Fifnaterials on critical systems.

The BUCCX assembly is a wateroderated anwvaterreflected array of zconium

clad triangulaipitched UQ fuel rods. Some of the rods can be modified to allow
placement of experiment materials between the fuel pellets in the rod. Two sets of grid
plates allow for array configurations with a 2.0 cm or 2.8 cm pitch.

The 7uPCXwas designed to investigate critical systems with fuel for light water
reactors in the enrichment range above ¥%9. The 7uPCX assembly is a water
moderated andaterreflected array of alumiom-clad UQ fuel rods. Two sets of grid
plates, each having25 fuel rod locations configured in a 45 x 45 sgymtehed array,

are available for experiments. The grid plates offer array configurations with arf.80
or 0.85cm pitch, which are in the same fuetwater ratio range of theuaent US
inventory of pessuried water reactors.

Fuel and material available

BUCCX fuel is 4.3% enriched UQuel rods with an outer diameter of eh and a
fuelledlength of 48.7cm. There are 350 fuel rods available for experiments. In addition
to the fuel rods, there areld experiment fuel rods designed to mimic the fuel rods
neutronically while allowing access to the fuel pellets in the rod so the experiment
material can be placed between the fuel pellets.

7TuPCX fuel is 6.9% enriched WQuel rods with an outer diametef approximately

0.6cm and duelledlength of about 48.8m. There are 275 fuel rods available for
experiments. In addition to the fuel rods, sets of experiment rods having the same outer
dimensions as the fuel rods are available. The experimenaredssed to investigate
material effects on the 7uPCX array. Currently, titanium and alumirexperiment

rods are available with plans to fabricate tantalum experiment rods.

Ongoing programmes

SPRF/CX is currently working on two experiment series to measure the temperature
effects on critical systems. The first series is a collaboration with Oak Ridge National
Laboratory(ORNL) focusedon measuring the critical size of a fuel rod configuration

at several temperatures. The temperature of the critical assembly will be set and an
approachkto-critical experiment on the number of fuel rods in the critical assembly or
the water depth in the core tank will be performed. This second series is$ehdiy
National Laboratory(SNL) and will measure the inversion temperature of the
isothermal reactivity coefficient. The fuel rod array will be set and the temperature of
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the critical assembly will be varied to determine the temperature that yields thet highes
reactivity of the system.

ThelRSN s leading a collaboration wittihe SNL to performan experiment series to
contribute to the validation of molybdenum in the thermal energy spectrum. The critical
experiments stagtlin 2022 at SPRF/CX. New triangupitched grid plates will be
fabricated for the experiments. Critical array configurations with molybdenum sleeves
centred around 7uPCX fuel rods will be measured using appro@chitical
experiments on the number okfuods in the array.

The ORNL is collaborating withthe SNL to develop a capability for testingeth
epithermal/intermediate crosections of materials using 7uPCX. This is achieved by
placing material test samples in a central test region that is adedwby a tightly
packed triangulapitched array driven by an exterior fuel region. The test region
incorporates a cadmium lining as a thermal neutron filter. The critical configuration
uses tantalum as the material test sample with the option for tedtiitgppnal martials

in the future. New triangulgpitched grid plates with a central test region and tantalum
experiment rods will be fabricated for the experiments.

Notable past programmes (references to ICSBEP/IRPhEevaluations)

The BUCCX series has piaced two critical benchmark evaluations that are
documented in the ICSBEP Handbook.

1 LEU-COMP-THERM-079: Ten critical experiments performed in 2002 that
focused on measuring the effect of rhodium on critical systems.

1 LEU-COMP-THERM-099: Seventeen crititaexperiments performed in
20172018 that measured the effects of titanium and aluminum sleeves in the
fuel array on critical array size.

The 7uPCX series has produced six critical benchmark evaluations that are documented
in the ICSBEP Handbook.

1 LEU-COMP-THERM-080: Eleven critical experiments performed in 2009
2012 that focused on measuring the effect of various water hole patterns on the
critical array size with 0.86m pitch.

1 LEU-COMP-THERM-078: Fifteen critical experiments performed in 2011
2012 that measured the effect of various water hole and aluminum replacement
rod patterns on the critical array size with 0.85 cm pitch.

1 LEU-COMP-THERM-096: Nineteen critical experiments performed in 2014
2015 that explored partially reflected arrays viitBO cm pitch.

1 LEU-COMP-THERM-097: Twentyfour critical experiments performed in
20152016 that measured the effects of titanium and aluminum rod
replacements in the fuel array on critical array size with 0.80 cm pitch.

1 LEU-COMP-THEM-101: Twentytwo critical experiments performed in 2019
that focused of investigating partially reflected arrays with 0@b%itch.

1 LEU-COMP-THERM-102: Twentyseven critical experiments performed in
2020 that measured the effects of decreasing thetdwehter ratio on th
critical array size.
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Capabilities for additional measurements/unique capabilities

SPRF/CX offers the ability to perform subcritical benchmark experiments with
subcritical multiplication factors in excess of 1dte Lawrence Livermore National
Laboratoy (LLNL), Los Alamos National Laboratory (LANL), adBSN plan to take
advantage of this capability by performing high multiplication subcriticatieark
experiments. Each orgaait®n plans to use separate detector systems on the same
subcritical expernents at SPRF/CX to provide the first intercomparison of three
separate detector systems. The experiments will serve as a valuable resource for
validating timedependent radiation transport software as well asdesiructive assay
techniques for subcritid multiplication calculations. SPRF/CX will providet facility

and weltcharacteried subcritical configurations. Minor facility modifications will
allow the different detector and data acquisition systems to be accommodated.

2.5.2.VENUS - Vulcan ExperimentalNUclear Study SCKCEN, Mal,
Belgium)

Facility contact: Anatoly Kochetkov
Overview description and general facility mission

The watermoderated PWRype zero power reactoVENUS was commissioned in
1964.VENUS is a flexible experimental reactor wighmaximal thermal power of
500Watts. In 2008 VENUS-T was rebuilt as a fast lealased reactor (VENUS) to
support researcimn ADS MYRRHA. To simulate the ADS principle, a fast lead/lead
bismuth VENUSF core could be coupled with the GENEJ® deuterim accelerator.
VENUS-F is capablef performng the experiments in saghtical and critical regimes.
VENUS-F is used for accurate measurements in view of code validaitnoh
verification of online sulzritical methods to be used for ADSince all componda of
VENUS-T are available, the current VENEFScan be transformed backa®WR type
in approximately one year.

Description of the available experimental assemblies where integral experiments
could be performed to meet the needsirfclude specific assemiés with their
capabilities and limitations)

The VENUSF reactor consists @f stainless steel (SS) square casiiag is inserted in

the round tank of the previous VENUSwatermoderated reactor. This SS casing can
be filled with 144 (1 12) square assnblies (8x8 cm). In turn, the assemblies can be
filled with round or square rodlets of metallic uranium (30 wt% enriched), lead,
bismuth, alumina or SS, graphite and lead blodke SS casing also comprises six
safety and twaontrol rods and a dozen leftor assemblies with holes fihreinsertion

of detectors. The height of the core isd0. Around the core there are dif top and
bottom lead reflectors, as well as a radial reflector around the casing, filling the whole
160 cm diameter VENUS vesséh ADS mode, the four assemblies in the core centre
are replaced with the GENEBC beam tube that contains the TiT target vessel.

Fuel and material available

VENUS-F solid core components (rodlets and blocks) are Pb, Bi, $S83;AT-12,
U30% All fuel pinsUOQO- (4 %), MOX (1-12 %), materials anthe VENUS-T vessel
arestill available too.

Ongoing programmes

The programes in VENUSF arecurrently devotd to validation of the methods for
online sulgriticality measurement and cddata for MYRRHA.
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Notable past programmes (references to ICSBEP/IRPhEevaluations)

Several international benchmarksve beerpublished including onprediction of
neutron embrittlement in the reactor pressugssel (NEA, 200Q)andon mixed oxide
fuel core experimenttdNEA, 20(B). A databasdor the validation of reactor physics
codes for the calculation of the lossreéctivitydue to burrup for PWR fuel (burrup
credit), both for U@and MOX fuel bundles, was established in mapkexperiments
(REBUS).

Capabilities for additional measurements/unique capabilities

The external neutron source is provided by the GENERIwhich was designed by

the Centre national de la recherche scientifig@&lRS and is adeuteron accelerator
coupled to a tritiateditanium target locatedt the core migplane of the VENUS-
reactor. GENERBC accelerates deuterons up to 220 keV. Their interaction with the
TiT target mainly generates a quastropic field of ~14 MeV neutrons through
T(d,n)4He fusion reactions. Tée modes are available for the operation of the
accelerator: pulsed mode, continuous mode and continuous mode with short beam
interruptions. In the work presented here, the last two were used.

2.5.3.NCERC- National Criticality Experiments Research Cent(eANL,
Nevada, Wited Stateg

Facility contact: David Hayes
Overview description and general facility mission

NCERC is a generglurpose criticality experiments facility located inside Device
Assembly Facility (DAF) athe Nevada National Security SdNSS). Froml967to

2006, the Los Alamos Critical Experiment Facility (LACEF) teaoonducted
experiments at Los Alamos National Laboratory's Technical Area 18.8)An 2006,
operations ceased and LACEF began the process of relocating operahiiNSSo

NCERC is capable of performing experimentshia subcritical, critical, supercritical

and supefrprompt critical regimes. Experimenconducted at NCERC can utdign
inventory of unique nuclear material items, including HEU and WGPu items in various
material forms, (metal, oxide, etc.) that are highly configurable. These items can be
configured with a wide array of interstitial and/or reflector materials.

Description of the available experimental assemblies where integral experiments
could be performed to meet the needsificlude specific assemblies with their
capabilities and limitations)

The experimental capabilities at NCERC include subcritical experiments and four
critical assembly machines. The four critical assembly machines are named Comet,
Plang, FlattopandGodiva IV.

Subcritical configurations a$pecial nuclear materid8&NM) arebuilt by hand. The
configurations vary in SNM type, mass, foandgeometry, resulting in a wide range
of subcritical neutron multiplication (from near 1 to aboQj.2Zr'hese configurations
often include moderator and/or reflector materials, amdprimarily used for training,
radiation measurements, and to provide information for the criticality safety
community.

Comet is a genergdurpose, heawvguty vertical liftcritical assembly machine used to
conduct critical and subcritical experiments, nuclear safety studies and criticality safety
training (Izawa et al., 2019)The machineonsists of a movable platen and an upper,
stationary platform. Operations are perfodndy installing two subcritical
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configurations made up of fissile material and reflectors on both platforms, and then
raising the lower platen towards the stationary platform. When fissile material is
present, reactivity can be added by raising the ahle/platen and decreasing the
distance between the two portions of the system, or by inserting fissile material into a
reflector. Among Comet s advantages i s
accommodate a plethora of configurations with loadioigep to 20000 Ibs on the
stationary platform and @00Ibs on the lower platen. The Comet assembly is limited

to an excess reactivity of &@nts.

The Planet vertical assembly machine is a light duty, geperabse, vertical lift
critical assembly madhe comprised of an upper stationary platform and a lower
movable platen. The Planet assembly machine was originally built as a light duty
alternative to the Comet vertical assembly machine. The primary purpose of Planet is
to conduct critical experimentsy remotely bringing together two halves of a critical
assembly into a critical configuration. Gravity is used pivide a shutdown
mechanismThe simple, yet effective, vertical lift allows for a wide variety of potential
designs andk able to meet varied experimental needs. Critical experiments are used to
determinethe critical masses of fissile and fissionable material (uranium, plutonium,
neptunium, etc.). Planet is able to accommodate a load00 2os on the stationary
platform and 10001bs on the movable platen. The Planet critical assembly is limited to
an excess reactivity of 80 cents.

Flattop is a simple ondimensional geometry, fast benchmark critical assembly,
consisting of a spherical fissile core surrounded bP@dkg spherical natural uranium

(NU) reflector. The two availableores ofSNM areHEU metal (uranium 93%*U by

wei ght p e-phase plitoniunamethl (giutonium 4.84%u by atom percent).

The reflector consists of two movable quadpheres and a sianary hemisphere.
Originally assembled in the late 1950s, Flattop was used to develop and to validate
nuclear data and simple cdamensional, tweregion computational modelling. The
range of experimental capabilities is fairly narrow, given its fixezhgery. However,

this makes it excellent for validation and comparison of results obtained over several
decades. Foil activation measurements performed al8&And NCERC compare
favourably, demonstrating the relifityi of the results and emphaiig the necessity

for the unigue capabilities of Flattop. The Flattop critical assembly is limited to an
excess reactivity of 80 cents when using the uranium core and 50 cents when using the
plutonium core.

Godiva IV is a fast burst critical assembly constructiegbproximately 6%g of HEU

fuel alloyed with 1.8 molybdenum for strength. The cylindrical core is nominally six
inches tall and seven inches in diameter. Godiva IV was designed and built in 1967,
following several earlier incarnations of uranium bussteanblies. Godiva is one of the

last such critical assemblies in the United States, and can be used for studies-of super
prompt critical behaviour as well as irradiations and demonstrations. Godiva is limited
to performance of bursts with less tHad5ddlars of excess reactivity.

Fuel and material available

NCERC is home toraarray of uranium and plutonium metal fuels in many geometric
forms such as plates, discs, heshells. Although there is currentilimited inventory

of other material forms suchs oxides, carbideand hydrides these materials are
approvedfor use in criticality experiments. In terms of reflector/moderator materials,
NCERC also maintainsnaarray of materials such as beryllium, tungsten, tantalum,
molybdenum, polyethylenandcopper. The previous list is in no way exhaustive, and
practically any material can be used in criticality studies at NCERC.
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Ongoing programmes

NCERC is collaboratingn severall CSBEP evaluations and is working on several
experiments. A majority of thesexperiments are funded through tRESP. These
campaignsare acollaboration between several Baites includinghe Los Alamos
National Laboratory, Lawrence Livermore National Laborataryd Oak Ridge
National Laboratory.

An experimental campaign baseff the Zeus series was completed in 2018. The
campaign examined the effect of introducing voids into four critical systems containing
lead interstitials and a copper reflector. The systems differed in their nuclear Inateria
Two different systems utilesi uranium fuels The first system utilisd HEU as a fuel,

while the second contained a mixture of HEU and natural uranium (effecti2g@%1
enrichment). An adaptation of Zeus, named Jupiter, was designed zerosgower
plutoniumreactor ZPPR platesof various enrichment. It was first used for lead void
measurements but can be adapted to other interstitial materials. The third system
contained WGPu, and the fourth system used a central region of reactor grade
plutonium surrounded by WGPu. Both systemseneauilt in the Jupiter framework.

The first three systems are being analysed as ISCBEP benchmarks.

An experimental campaigis examining tantalum using the Thermal/Epithermal
eXperiments (TEX) baseliressemblywhich has already been included in the BER
Handbook as PWET-MIXED -002. The first set of TEX experiments were performed
on Planet in 201-2018 using tantalum as a diluent material. The configurations
including the Ta diluent are compiled into a separate ICSBEP benchmaMEFU
MIXED-003 (in pogress).

An experimental campaign designed to be sensitive to the uranium unresolved
resonance region was measured in 2020, consisting of an HEU system with a Teflon
interditial and a copper reflectomhis experiment is being compiled into arSEEP
berchmark. NCERC is performing a critical and subcritical measurement on a bare,
spherical HEU system using a wide array of detection systems. This progiam
intended to compare neutron noise measurements between different detection systems,
and to providevalidation data in the form of a subcritical and a critical ICSBEP
benchmark.

NCERC is also preparing to perform an experiment examining the thermal scattering
law in both Lucite and polyethylene. This experiment will be performed using a system
based o the TEX experiment (PMET-MIX -002).

Notable past programmes

Although the initial experiments predate NCERC, it is worth mentioning the Zeus
experiment series. The Zeus experiment was designed as a test bed for intermediate
energy experiments. Tlexperiment features a large copper reflector intendedittksh

the system size without generating a bimodal neutron energy distribution. This series
was used to examine effects of graphite, madpolyethylene

The TEX experiments address nuclear dathwalidation needs for the criticality safety

and nuclear data communities by creating critical experiments that test a wide range of
fission energies, from thermal to fast. The FBX measurements used plates of
plutonium with various thicknesses of petitylene moderators to create a baseline set

of critical configurations. By using different thicknesses of polyethylene moderators,
the neutron energy spectrum of the experiment was changed from fast to thermal,
including some mixed or intermediate energgectra configuraans. The TEX
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experiments were performed on Planet in 22078. The baseline TEX configurations
have been compiled into an ICSBEP benchmarkMET-MIXED-002.

The Kilopower Project, a jointly funded venture betweeriNhagonal Nucleaecurity
Administration (NNSA) and the National Aeronautics and Space Administration
(NASA), demonstrated the technological readiness of a small space fission power
source for spacscience and human exploration power needs. The culmination of this
projed was the KRUSTMests(McClure et al., 2020)Thesetests were split into four
experimental phaseall performed at NCERC utiligg the Comet assembly.

The Component Critical Experiments (Phase 1) assessed the bias in neutron
multiplication due to ta beryllium oxide neutron crossection data. The experiment
consisted of a hollow, cylindrical uranium core. Cold Critical Experiments (Phase 2)
consisted of a setup similar to Phase 1, with a few additions. To simulate the reactor's
operating environmenthé core was placed in a vacuum chamber installed above the
stationary platform on Comet. The Warm Critical Runs (Phase 3) included three
intermediate power runs with the same vacuum chamber setup as in Phase 2, but with
a single reflector configuration am control rod. These tests determined parameters
used to model the neutronic and thermal behaviour of the KRUSTY experiment. Phase
3 began with &.15 dollar free ruron 7 March 2018. The next dag,March 2018, a
0.30dollarrun of KRUSTY was performedn Comet. Phase 3 testing concluded with

a 0.60 dollar run of KRUSTY performed ori4 March 2018. KRUSTY testing at
NCERC culminated with the Nuclear System Test (phase 4). This test investigated the
nuclearpowered performance of the fully integrated KRWYSieactor and its power
conversion system. The powered run lasted 28 hours and consisted of dozens of
reactivity transients to test the system in its entirety. Five configurations from the
Component Critical Experiments (Phase 1) have been evaluated aSTRRU
Beryllium oxide and stainlessteel reflected cylinder oHEU Metal HEU-MET-
FAST-101 for submission to the ICSBEP Handbook.

Capabilities for additional measurements/ unique capabilities

NCERC is home to several additional capabilities including neutron noise measurement
systems, a count room to measure activation/fission foils, and radiation generating
devices. The neutron noise measurement systems include systems to examifie, Rossi
Feymman Variancdo-Mean, pulsed neutron source measurements. The systems
include sets ofHe detectors as well as plastic/liquid scintillators. The ¢awom
includes wellcharacterisd HPGE detectors and astlBannel alpha spectrometer. One

of the HPGE sstems is mounted on a computedssample changer capable of
automatically switching between several samples. NCERC maintains and operates
multiple radiation generating devices including XRSa¥ generators, 1 neutron
generators and a 6 MeV Betatron.

2.5.4.STACY- Static Experiment Critical FacilityfJAEA, Tokai, Japan)
Facility contact: Kenya Suyama
Overview description and general facility mission

STACY is a critical assembly locatemt the NUCEF (NUclear fuel Cycle safety
Engineering research Facility) the Tokai Research and Development Ceaofrthe
JapanAtomic EnergyAgency (JAEA) From 1995 to 2011, critical experimenisre
performedof homogeneous and heterogeneous ammefigurations using uranium
nitrate solution fuel and lov@nriched uranium dioxide fuels. In addition, a lot of
criticality data were obtained by changing the densitthesolution fuel, shapes and
sizes of the core tanks, reflector conditions, etc. In 284 &xperiment with solution
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fuel was completed andlitas been remodelling totank type light water moderation
heterogeneous system using uranium oxide fuels 2020, especially in order to
clarify the criticality characteristics of fuel debris caused by the accident at TEPCO
Fukushima Daiichi NucleaPower Station. The new STACY is expected to reach its
first criticality in 2023.

The new STACY will be able to experiment in critical ssubcritical(Izawa et al.,

2019) For the purpose of clarifying the critical characteristics of fuel debris, it is
possible to prepare and analyse pseudo fuel debris pellets using known materials
(concrete, stainless steel, etc.) at the attached facility. A drive mechanism can be
installed to load a small amount of measurement sample during operation of the critical
asserbly. However, this is not a pile oscillator.

Description of the available experimental assemblies where integral experiments
could be performed to meet the needsirfclude specific assemblies with their
capabilities and limitations)

The neutron moderatooondi ti on of STACY is allowed to
average fueto-moderator volume ratio (Vr¥f). The new STACY will provide a drive

mechanism for loading a small amount of measurement sample during its operations.

The mechanism is currently in tdesign phase and a maximum reactivity of 30 cents

is acceptable. In additiothere areglansto prepare a large number of gengratpose

sheath tubes that can hold gas detectors, activation detectors, moderator or structural
materials, void and sampleaarfreactivity measurement. Of these contents, moderators

or structural materials and reactivity measurement samples are not allowed to have an

axial distribution.

Fuel and material available

The new 3%03W@Y&mwiched uranium oxide fuel rods will be fixed in light

water using grid plates. The axial core size will be controlled by changing the water

level of the light water. The fuel fdhe new STACY consists of 900 fuel rods with

E110 zirconiumallox | addi ng, al ong with the former STA
fuel rods £*U 5 wt.% enriched, Zircalloy cladding). Additionally, unirradiated®J

5 wt.% enriched uranium oxide fuel powder will be prepared to make pseudo fuel

debris. The reflector and merhtor are light water, and boric acid can be dissolved in

the light water. At present, it is not permitted to use anything other than light water as

the main réector/moderator. There are no restrictions on the types of materials that can

be loaded, buthere are restrictions on the integral reactivity.

Ongoing programmes

After the first criticality, the new STACY will be used exclusively to obtain the
criticality characteristics of the materialwhich simulate the composition of fuel
debris. For cleanare configurations and typical experimental core configurations with
pseudo fuel debris or some other materialspperaion with ICSBEP activitieds
being prepared

Notable past programmes
N/A
Capabilities for additional measurements/ unique capabilitis

At this time, the new STACY has only obtained the minimum necessary equipment
permission to measure the critical characteristics of fuel debris. The user will be able to
add equipment as needed with its permission.
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2.5.5.ZED-2 - Zero Energy Deuteriun{CanadianNuclear Laboratories,
Chalk River, Ontario, Canadpn

Facility contact: Julian Atfield
Overview description and general facility mission

ZED-2 is a heavy watemoderated zero power reactor located at the Chalk River
Laboratories site adhe Canadian Nucledraboratories, where it has operasiuace first
critical in 1960.The reactor was originally constructed to confirm lattice physics for
the Canadian Pressuisl Heavy Water moderated power Reactor (PHWR) programme
It has sincdeen used to confirm andlidate the reactor physics design of all Canadian
power reactorand toconduct a variety of campaigns and experiments supporting
advanced fuel cycles, next generation power reaatoisther research reactors.

The reactor fundamentally consistad.3m diameterby3.80 hi gh fivessélandr i ap
surraunded by a graphite reflectdviovable steel beams span the headspace above the
calandria, from which fueassemblies can be suspend€dereis a broad variety of
latticesthatcan be studied, owing to thiexibility in assembly type and lattice pitch.

A fuel configuration is made critical by pumping heavy water into the calandria, up to
moderator heights limited to 2&@%n.

ZED-2 is one othefew remaining zero power lattice reactors in the world, ancdobne

the fewer still heavy water typge As of 2021, over 500 critical cores have been
assembled in ZER2, with over 200 firstof-a-kind cores in the facilityThe facility
mission is to support the science and technology needs of the Canadian government
(including the Canadian Nuclear Safety Commission, regglatuclear safety in
Canada)ZED-2 also strives to maintain availability for any group or custowles

wish to use the facilityTo date, other work has included commercial projects in support

of PHWRs and detector calibration.

Description of the available experimental assemblies where integral experiments
could be performed to meet the needs riclude specific assemblies with their
capabilities and limitations)

The ZED?2 reactor itself is the singlexperimental critical ssembly available for
testing.The nature of ZEE2 provides a large test region in which to perform réetya

of integral experimentd.here are defined limits on reactor physics parameters (such as
mean neutron generation time, andderatollevel coefficient of reactivity) that must

be satisfied by thexperiment for it to proceedfter these conditions are met, a variety

of fuels and materials can be used in a critical or subcritical assembly, abelseri

the subsequent seat.

ZED-2 is currently limited toa heavy water moderator thi a maximum height of
265cm. Heavy water moderator purity is permitted to be between®@8d 97.5
weight% D.O. The limits on moderator heating figpical experiments is up to 6.

The maxmum thermal power of the reactor is 200 W, which corresponds to peak
thermal flux of approximately 1 x 1®/cnf/s and fast flux peak of 5 x d@/cnt/s.

With the typical fuel assemblies used in the facility, the core configuration can be
rapidly rearrangg, sometimes a matter oflays.

Fuel and material available

The facility maintains access to a variety of fuel types, some of which are sufficient for
full core measurements, while others exist only in quantity to perform substitution
experiments (i.e. sing other fuels to drivea small region of test fuel)lThe fuels
available are most often in the form of ad@O multielement bundle, in the style of
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PHWRs, though other fulength rods and assemblies exiBe fuels available for full

core measuremernclude 28element natural uranium oxide and-d&ment LEU
oxide (0.95% U in U). Sufficient natural uranium material for substitution
experiments exists in other oxide forms, as well as uranium carbide, uranium silicide in
an alumium matrix, and wnium metal.Some bundles, intended for low coolant
voiding reactivity, include elements with burnable neutron abserbdigher
enrichment LEU is also available in some fuels.

The bundles are Igely clad in zirconium alloysFuel strings composedf these
bundles are placed i n #c Hheseckahnelpare moshe d
made of aluminium alloys, though soniecanium alloy channels existhannels can

be filled with simulated coolant as required (no active cooling is require¢debfuel
owing to the low power).

Mixed oxide bundles are available in a variety of types, including depleted U and Pu
bundles simulating a midurn-up natural uranium oxide bundle, as wellZ3Th)Oy,,
(**U,Th)O; and (Pu,Th)@

As previously statedhe moderator is heavy ve, with a graphite reflecto€urrently,
heavy water, light wateandair are most frequently used as a simulated coolant.

While some materials may not be immediately available to the facility as listed above,
the use of otbr mderials is not precludedrevious programes in the reactor have
included LEU and HEU fuels in Zr and Al miags, for instanceSimulated coolants
have also included organics, helium, carbimxide andcast leaebismuth.While such
material is either rto currently available or not regularly used, there are no
insurmountable barriers to experiments using $uels and coolant&/arious solid and
liquid neutron aborbers have also been tesfBde facility is quite permissive with the
fuels and materiaJsvhich can be used, providing the reactor physics parameters fall
within the required envelope.

One currently existing exception to materitdiat can be used ia limitation on FP
inventory in the facility, which precludes the use of spent fuel in thityac

Ongoing programmes

A programme obtaining new measurements relevant to the reactor physics of PHWR
type lattices was completed in 2021 and iseetpd to resume in the futur€he
highlight of this prograimmewas the inclusion of simulated mirn-up PHWR fuel in

the form of the aforementioned (Pu, depl. kl)@his programme focused on the
ongoing development of power transient measurement techniques and reduction o
experimental uncertaintieShe transients included addition and draininghoerator,
at-power addition of coolanand absorber rod insertiofhus, timedomain transient
data from an array of inore neutron detectors for the confirmation of kinetics
parameters hae beengenerated with multiple corefevelopment of neutron flux
perturbing devices to measure the reactor transfer metas also part of this work.
The measurement of the transfer function provides integral frequiomoain data
against which to test kinetics parameters.

At present, the possibility of producingmetimental data relevant to smatodular
reactorsand GenlV systemss being studied.

There are ogoing efforts to submit draft ICSBEP/IRPhE benchmarks for evaluation,
pending internal review and approval.
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Notable past programmes

As one of few heawwater critical facilities in the world, ZEE2 measurements have
been evaluated for inclusion in internationatnbhmark evaluation handbooks.
Criticality measurements of a hexagonal lattice of natural uranium metal fuel
assemblies in heavy water were compifer the ICSBIP Handbook, LEUMET-
THERM-003. Criticality measurements on a lattice of-@@ment natural U©fuel
assemblies with simulated:O and air coolant erecompiled for the IRPhEHandbook,
ZED2-HWR-EXP-001.

Capabiliti es for additional measuremerg/unique capabilities

The facility has an associated counting, lahich provides the capability to measure
activation materials to characteeisore absolute flux, flux distributiongich reaction
rates as required:he facility retains the capability toonduct flux distribution and
reaction rate measurements within a lattice cell, as well as within a fuelldgsem
(i.e.within a fuel pin).This lab also facilitates detector calibration using ZED

Seven hot channel assemblies have been historicallytosethieve temperatures up
to 300°C for fuel/coolant temperature coefficient measurements for fuel strings of up
to five bundles per assembly.

A recently developed capability is the rapid flooding of voided-daogled) fuel
channels with BO on thetimesa@le of tens of secondghis capability can be deployed
for up to 48 channels at present.

An ex-core rig fortheaddition of liquid coolant, without opening the reactor shielding,
can be usetb study coolant void reactivity worth with liquids other thasOD

An array of neutron detectolis available for incore and excore neutron flux
measurements, and can be used for time domain and/or frequency domain kinetics
measurements.

Soluble moderator poison capabilities are available.

There are graphite reflamt positionsthat can be removednd substituted witlother
reflectors.

256.LR0 (Centrum vizkiimg,? &l avHasilBO&€¢ Czec
Republic)

Faciitycont act: Vlastimil Ju$S2|lek (Vlastimil.Jur
Overview description and general facility mission

Reactor LRO,| o c at e ,dear Rrague éCgech Republiis)an experimental pool

type lightwatermoderated zerpower reactor. The LR hexagonal fuel elements are

in aradial sense identical and axially shortened to 125 cm with regard to M9E®
nuclear power planfuel. The moderator can be demineratiswater or water with
diluted boric acid. The power control is achieved either by adjusting the moderator level
and boron acid concentration and/or by control rod positions.

Themain characteristiof LR-0 is the flexibility of the supporting structuresdlowing

anarbitrary composition ofhe core. The specifity of the LRO reactor is its stap

by gradual fuel flooding by water moderator pumping into the reacteseveThe

experiments areealied at atmospheric pressure and room temperature. Continuous
maximal operating power iskW with neutronthermal | ux de n*¥ninfst. & 1. 10
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TheLR-0 reactor has been designed imagy that makes guitable for neutroqphysical
experiments on VER-type cores in a wide range of fuel assemblies, fuel enrichment,
with varying concentrations of boron acid in moderatord different positios of
absorption elements ie fuel assemblies. Aimportant part of the research was the
modelling and expemental validation of radiation damage of the materials of reactor
in-core trims and VVER reactor pressure vessels simuldtbed.R-0 is a zergpower
experimental reactor that providas experimental, scientific, and technical base for
experiments studgg reactor core physics and shielding of light water reactors (VVER,
PWR), experiments related to the storage of spent fuel.

LR-0 reactor cores, which are assembled from 6 to 55 assemblies with difféent
enrichment, can be utibsl as a driver zonausounding central area with 1, 7 or 12
experimental modules filled with various materials to be investigateWiR neutron
spectrum. This arrangement makes it possible to carry out neutron physics experiments
related to newirerds in nuclear energy @1V). Experiments were performed with
modules flled with graphite, fluoride salt FBe andSiO..

TheLR-0 reactor design allows:

1 Aflexible model of reactor active core canfrations. The vessel can utdigp
to 121 fuel assembliesigually6-32 are usd). Supporting technical equipment
allows arrangemestvith different enrichment anexperimenggeometries with
various inserted models or materials.

1 A simple choice of functionfemergency, experimental or conjyrébr each
cluster on the panel control device.

1 Changes in the concentration of boric acid and insertion of experimental
clusters to achieve the required critical moderator height for the experiment.

1 Relatively easy change of core configuration by removal iasdrtion of
individual assemblies. Ensuringn exact reactor core geometry isade
possibleby a support structure (desk) and side mountifige reactor core can
be adaptetb measue different cores using different support desks.

1 Easy access to the comkfter opening of the shielding platforimthe reactor
core is accessible either by circular or square holes in the lid of reactor vessel.
If the radiation level permits it, it is possible to use the ladder to step down to
the core handling platform. Morextensive operations (assembly, disassembly
of the core) can be performed afteer e act or 6s circul ar | id ha

1 The reproducibility of measurements of physical conditiovtsch isensured
by the precision of assembly of the structure of ttoee and fuel assemblies
(geometry)and precision measurements of all parameters of the experiment
(moderator critical level and the temperature, the concentration of boron acid in
the moderator, position of absorption of clusters, neutron flux dentity, e

1 A high level of reactor reactivity control and safety in both standard and non
standard conditions, including emergency situations.

Experiments atthe LR-0 reactor

9 Ciritical experiments of various core loading and/or with different materials
insered into the core or inserted as reflector: Some of them are presented in
ICSBEP and IRPhEP handbooks.

1 Reactor kinetics space and time distribution of thernmalutronsVVER-1000
space kinetics two-dimensional (threelimensiongl neutronresponse on
psaudo rod drop (trapezoidal movement of one absorbing cluster at the critical
state).
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M

Fuel elemat gamma scanning=Psgamma spectrometry of radial and/or axial
pin power distribution over the core.

2D/3D neutron flux measurement on the cores with diftefeading using
neutron activation analysis or-gore neutron detectors.

Neutron and gamma spectra measurements in various sections of the core, in
and overeactor pressure vessBIFV) model, in the model of VVER.000 type
biological shielding

Neutron and photon spectra measurement over the reactor pressure vessel
simulator of the VVER 1000 (VVER440) model. The spaanergy
distribution of the mixed neutroin photon radiatin field has been measured
over RPV simulator thickness in the VVER000 engineering benchmark
assembly in the LR experimental reactor with a mufiarameter scintillation
spectrometer. The spectra have been measured in front of the RPV, in 1/4, 1/2,
3/4 of its thickness and behind the RPV simulator in the energy minrge.5

to ~ 10 MeV. The measurements were performed in the frame of the project
REDOS withinthe FifthFrame Work Programme of the European Community
19981 2002. The presented measured data consists of integrdl detas of
integral photon and neutroruites in measuring points and differential photon
spectra in the measured fine structure and in the BUGLE energy group format.

Scientific research in the field of radiation transport through various materials.
It used detectors that measure not only thalmer but also energy of incident
particles. Reactor LR uses this type of detector in the experiments, where it is
necessary to determine the nature of neutron field outside the fuel lattice, as in
experiments determining radiation damagéhmreactor pessure vessel. The
basic method of neutron spectrometry is the proton recoil method using
hydrogenfilled proportional detectors and scintillation detectors with a stilbene
crystal. Spectral measurements can be performed on simple symmetrical
geometriesgpheres, cylinders) witan external neutron source or directly on

the reactor in a different position of the core.

Key technical specifications:

Table 3: CVR LR -0 reactor key specifications

Reactor type

Lightwater, zergpower, poctype

Maximal thermal output

Continuously up to 1 kW

Fuel type (pins and assembly) Shortened VVEROO,

Shortened VVERO
233 enrichment 21 4.4 wt.%
Number of fuel pins in assembly-\0ERype 312
Assembly lattice pitch 23.6 cm

Core
Fuel elemegtid Triangular
Number of fuel assemblies 61 32 (max. 121)
Moderator

Chemical composition

Deminerakd water or deminsealiwater
with boron acid

Concentration o2 01 7 (g/kg)

Change of concentration during operation N/A
Reactor contralystem

Absorbing clusters in core 6-16

Control rods in assembly 18

(VVERLOOO only)

Absorbing material in control rod B.C

Sourc

e: CVREZ, 2022
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Description of the available experimental assemblies where integral experiments
could be performed to meetthe needs ificlude specific assemblies with their
capabilities and limitations)

1 Reference neutron field (defined IRDFFII) and wellcharacteried HPGe
usable for measuring gamma activities, also suitdttemeasurement of
integral crossections or Vid@dation of the present evaluations of nuclear data
libraries. The spectrum was identified being indistinguishable fror®U
PFNS in regior» 6 MeV, so in case of reactions with threshold > 6 MeV, SACS
averaged if*®U PFNS can be measurdilectly.

1 Stainless steel simulator of VVER reactor internals, usable for studies of heavy
reflectors on criticality.

i Material insertions: CE SiO;, NaCl, LikNaF for validation otthe effect of
structural components on criticality.

1 Mock-up of VVER-1000 reactor, sable for validation of reactor dosimetry
issuesandspatial distribution of spectra in important components.

Fuels andmaterials available

1 fuel elements of*®U nominal enrichment: 1.6 %2 %, 3.0 %. 3.3 %, 3.6 %,
4.4%;

1 experimental modules with diemsims equal to VVERLOOO assembly with
filling: nuclear grade graphite, sand (9)CFLiBe salt, NaCl, PVC

900 kg DO (>99% isot. purity)
48 kg FLiBe;

500 kg ofwell-definedSiOy;

500 kg of nuclear grade graphite;

= =4 4 =

9 sand for silicorbasedexperiment
Ongoing programmes
FLiBe

Within the ceoperation othe US DoE and thiglinistry of Industry and Trade of Czech
Republic,research andievelopment R&D) related to rolten salt reactaris being
carried The LRO reactor runs an experimental prograenaiming at reactivity
feedback measurement with hot FLiBe salt (~600°C) in thermal/epithermal neutronic
spectrum. A module made for hot salt to be inserted into a conventior@lcbiRe is
currentlybeing tested at room temperature.

Integral experiments foneutronic XS (cross section) libraries evaluation

The LR-0 multi-zone core of LR allows insertions of large samples (up to hundreds
of litres) of various materials either in the reactor centre or on the periphaking it
possible totest various newon reactiondncluding absorption, elastic aridelastic
scatteringand(n,2n). The last elements fo@don included silicone, graphite, chlorine
and fluorine.

Measurements of SACS averaged?iU

A reference neutron field was identified in the-DRt was proofed that the spectrum
is indistinguishable frorthe?**U prompt fission neutron spectrum in the region above
6 MeV. The SACS averaged U PFNS are fundamental quantities usable in the
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evaluation of nuclear data. Thanks to the support ofRBd-FII community, there is
ongoing measureent of spectral averaged creggstions of reactions with a threshold
above 6 MeV.

Study of heavy reflector physics

A mockup of the internals of the VVEROOO reactor is in the LR reactor. It is
possible tanove the welldefined core to a given model (in which centre a reference
neutron field has been identified). The effect of the internals is simply evaluated by
comparison of a reference case with a standard water reflector.

Pin power density measurement

It has been shown that the power density is proportional to the fission density. This
fission density can be easily measured by the gamma edivitselected FReduced
during the experiment with wetlefined time schedules. The most of experiments
focusing on pin power density is being carried out in the VMBBOmMock-up, where

the data are applicable to safety studies of VVER reactors.

In-core and excore neuton spectroscopy

The LRO is a versatile tool with Bt of room, so there are places where neutron and
gamma spectra are measured. It is often in the centre of the insertion to study the
material effect on the neutron field or behind the core. In thé ltRere is a simulator

of reactor internals, and behind the vessel is a simulator of the VNBBRPV and
concrete biological shielding. The spectra have been measured in these locatt@ns. In
past there waafocus on the situation ithe RPV, while new experiments are focusing
onthedistribution intheinternals and in concrete shielding.

Notable past programmes

Several benchmarks from experiments on theOLfiRactor or in th@eutron generator
laboratory have been presentud reviewed at various EBEPIRPhE meetings in
the last ten year§ome benchmarks are listed in handbook ICSBEP or IRPhE.

1 LEU-COMP-THERM-086, VVER physics experimentshexagonal lattices
(1.275cm pitch) of low enrichedU(3.6, 4.4 wt.%?*U)0, fuel assemblies in
light waterwith H3BOs;

1 LEU-COMP-THERM-087, VVER physics experiment$iexagonal lattices
(1.22cm gtch) of low-enrichedU(3.6, 4.4 wt.%***U)O, fuel assembligin
light waterwith variable fuelassembly pitch

1 LR(0)-VVER-RESRO001 CRITCOEFRRRATE, VVER physics experirants
hexagonal lattices of low enriched U(2.8.3 WT.%%**U)0, fuel assemblies
in light water with central control assembly meua

1 LR(0)-VVER-RESRO003 VVER1000physics experimenthiexagonal lattices
(1.275cm pitch) of low enrichedU(3.3 wt.%2%U)0; fuel assemblies in light
water with graphite and fluoride salt insertions in central assembly

1 LR(0)-VVER-RESR002 VVER1000 mockup physics experiments
hexagonal latticeg1.275cm gdtch) of low enrichedU(2.0, 3.0, 3.3 wt.%
23)0; fuel assemblies itight waterwith HsBOg;
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1 LR(0)-VVER-RESR004 VVER1000physics experimenttiexagonal lattices
(1.275cm pgtch) of low enrichedU(3.3 wt.%2*°U)0, fuel assemblies in light
water75As(n, 2n), 23Na(n,2n), 90Zr(n,2n), 89Y(n,2exction rates

T RCR ALARM-CFKFE-SHIELD-002, measurement of fast neutrons leakage
spectra from iron dperes with?>Cf source in centre

Capabilities for additional measurements/ unique capabilities

1 There are planned oscillators ftre study of reactor dynamics and the
measurement of kinetic parameters will be possible.

1 Neutron detectors, neutron spectrometry systems and data evaluation method
for neutron spectra 100 keM10 MeV.

f Centrum vIizkumu T e §(CYRRopeyatea a setlof raGiationt er e §)
generating déces including?®Cf (1E9 n/s in 2015¢*AmBe, #%uBe,aD-T
source (14 MeV neutronginda 10 MW research reactor which can be used
both asastrong neutron source andaguasimonoenergetic beam behinarl
thick Si filter. UJV, theparent compangf CVR, operatestmedical accelerator
a positron emission tomograph¢PET) is available fordeep penetration
experiments.

1 The neutron sources, nameffCf, are being used to measute leakage
spectra from material spheres or through slabs for nuitd¢atibray validation
(integral experiments). Mostly, the source is transported into the centte by
flexo-rabbit system. There are many mategabmetrieshatcan be used.

9 Various materials in spherical, slab and cylindrical geometries are available
the LR-0 reactor and surrounding laboratories.

o0 Spherical geometry with hole for placement of aluonim transport capsule with
neutron source into the sphere centre.

A Fe sphere: outer diameter of @®, 30cm, 50cm, 100cm (the sphere with
diameter ofL00cm allows inside measurement in a special hole, where it is
possible to create a variable layer of iron using inserts)

Ni T sphereputer diameter of 20m, 50cm;

D0 sphere, stainless steel wall: outer diameter @i30removable Cd cover
H.0O sphee: outer diameter of 3€m (identical with DO sphere), 5@m (Al
wall);

PE sphere: outer diameter of &, 245 cm (tube for neutron source goes
0.5cm bellow the centre)

> > >

0 Slab geometry square

A Cu cube dimension 49.5 x 48.5 x 48n;
A Stainless steelcube (EUX6CrNIiTi18-10 (1.4541), US321, RUS
08KH18N10T)i dimension 49.5 x 48.5 x 48n.

0 Cylindrical (desk layer) geometry

A The arrangement consists of individual discs with a diameter @m0
(exceptionally 10@m) and a thickness of usually ét. Theaxis of the
cylinder thus assembled is at a height ofi Above the ground. The source is
located in a vertical channel in the axisaofiron disk or in the gap between
the disks (one disk is removed).

1 Fe: diameter of 90 cm x thickness 10 cf® pieces
9 stainless steel: diameter of 90 cm x thickness 10 Bipieces
9 PE: dianeter of 90 cm x thickness 10 cm;
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PE: dianeter of 90 cm x thickness 20 cm;

PE: diameter of 90 cm x thickness 0.2 ctnhpieces

PE with B: dianeter of 90 cm x thickness 10 cm;

Pb: dianeter of 100 cm x thickness 5 ¢m

D,0: diameter of 90 cm x thickness 4;cm

D,0: diameter of 90 cm x thickness 6;cm

D,0O: diameter of 90 cm x thickness 50:;cm

Cd: diameter of 90 cm x thickness 0.1 cm (Al cover)
Al: diameer of 90 cm x thickness 0.1 cm;

B.C: diameter of 90 cm x thickness 2 cm (loose powder)
Cu cube: dimension 49.4 x 49.5 x 48.2,cm

graphite cube: dimension 30 x 30 x 30;cm

graphite cylinder: dimension o.d. 60 x 60.cm

A-Aa-Aa_Aa_Aa_Aa_a_a_a_a_a_a_9

Laboratories supporting experiments on the@_Reactor

1 HPGe spectrometry laboratory (vertical detector with cooler) for isotopic
composition and gamma activity determination of materials and activatisn fo
with certified spectrometer.

1 HPGe spectrometry laboratory (horizontal detector cooled with liquid nitrogen)
for gamma scanning of irradiated fuel pins (e.g. for reactor pparial/radial
distribution mapping).

2.5.7.IPEN/MB-01 (Instituto de Pesquisas Energéticas e Nucleargép
Paulo, Brazil

Facility contact: Adimir dos Santos
Overview description and general faility mission

The IPEN/MBO01 research reactor had its first criticality in November 1988hasd
ever since been of majsignificance toBrazilian reactor physics research, achieving
internationalrecognitionfor experiment comparison and validation (blemarks). In

this facility it is possible to build many different core configurations (i.e. rectangular,
square and cylindrical@sversatility and flexibility were both taken into account on its
initial project. The core is a fissile material assembigerted in a water tank, where
the chain reaction is seffiaintained and controlled at low powlewels in normal
operation. Lowpower levels allow the feedback effects of temperature to be negligible.
The core is primarily driven by neutrons with energiesilar to lightwatermoderated
reactorsallowing the experimental verification of the calculation methods, reactor cell
and mesh structures, control rod effectiveness, isothermal reactivity coefficients and
core dynamics due to reactivity insertion$eTfirst standard IPEN/MB1 core had
UO; rod-type fuel, 4.86 enriched irr**U and using BC and AgIn-Cd rods for safety
and control of the reactor. The facility is located at IPEN/CN&EN (Nuclear and
Energy Research Institute), in Sao PaBlazil.

ThelPEN/Mb-01 reactohasfour major objectives: 1)aserve as a benchmark facility
mainly for the ICSBERnd IRPhEprojects athe NEA; 2) to serve asn educational
facility for graduate and pogfraduate courses diet University of Sao Paul®) to

serve as aexperimental facility for the development of master and dattbhess at

the University of Sao Pauland 4)to train and retraithe operators of the PWR power
facilities ANGRA-I and -Il. Previous experimentperformed at the IPEN/MB1

reador comprisedcritical and subcritical configurations for the ICSBEP, buckling and
extrapolation length, spectral characteristics, reactivity measurements, temperature
reactivity coefficient, effective kinetic parameters, reactaig distributions andqwer
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distribution. Most of the former experiments had two objestit@serve as a docalr
thesis at the University of Sao Paulo and to serve as reactor physics benchmark
experiments for the IRPhE.

Description of the available experimental assemblies veie integral experiments
could be performed to meet the needsirfclude specific assemblies with their
capabilities and limitations)

This facility consists of a 28 26 rectangular array of UO2 fuel rods of 4.3486 wt.%
enriched uranium and clad by stairdegeel (SS804) inside a tank fiégd with light
water.The maximum allowed power i$00W. The control of the IPEN/MB1 reactor

is via two cantrol banks diagonally place@he control banks are composed of 12 Ag
In-Cd rods and the safety banis12 BAC rods.The square pitch of the IPEN/M&L
reactor was chosen to be close to the optimumtéssloderator ratio rhaximum

kS ). This featurdavours the thermal neutron energy region and mainl§?tdesvents.
The reactor core configuration is flexiblaytht is limited to a square array of 30 x 30
fuel rod positions. It can be utibsl for several reactor experiments, but it is limited to
a minimum reactor period of 1gkconds for safety reasons. The frames that hold the
reactor core can support an extmad of 300 kilograms. The baffle and the heavy
reflector experiments performed in this facility had this limitation.

Fuel and material available

There are a total of 680 fuel rods with some spares and a total of six dismountable fuel
rods.

Ongoing programmes

Within the scope of the new research reactor project, the Brazilian Multipurpose
Reactor (RMB)a new critical configuratiowas designeébr the IPEN/MBO1. After

thirty years of work, the rotype fuels were replaced by pléigpe fuels to validate the
RMB calculation methodologies as well as the nuclear data libraries used. The RMB is
an open poetype reactor witha maximum power of 30AW, the corebeinga 5x 5
configuration of 23 fuel elements made 0£Si-Al, with an averagedensity of
3.7gU/cn? and 19.7%% enriched irf*U, and two positions available in the core for
material irradiation devices. Thmain goals of the RMB are thproduction of
radioisotopes, silicon doping, neutron activation analysis, nuclear fuel and structural
material testing and the development of scientific and technological research using
neutron beams.

The new IPBRI/MB-01 core has a%5 configurationwith 19 fuel elements, consisting

of UsSi-Al, 2.8 gU/cm?3 and 19.75% enriched3tU, plus one alumimum block. The
IPEN/MB-01 new plataype fuel assembly uses Cadmium wires as burnable poison,
like the one used itheRMB coreto control core power densignd excess of reactivity
during operationThe core is also reflected by fduwxes of heavy water @) inserted

in a moderator tank of light water. The maximum nominal power isL@hd, for a
safe operation, the critical assembly has both safety axiliaay systemsFigure 18
shows the former roetype fuel core and the new pletge core Figure 19provides
some detailsmthe new arrangement.
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Figure 18. Photographs of the rodtype fuel arrangement of the IPEN/MB-01
research reactor core (top) andtie new platetype fuel arrangement (below)

Plate-type fuel core

SourcelPEN, 2022
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Notable past programmes

Since 2004, the experiments performed at the IPENINIBesearch reactor facility

have been under benchmark pes®sunder the NEAprojects ICSBEP and IRPhE.
These experiments can be classified as critical and subcritical configurations for
ICSBEP and several classical reactor physics experiments such as isothermal reactivity
coefficientsandeffective delayed parameters measuremént®nsiderable number of
evaluations and detailed informatizravailable in the ICSBEP and IRPhE handbooks.
Some recent approved benchmardude

1 ICSBEPSUB-LEU-COMP-003: subcritical loading configuratis of the
ipen/mb01 reactor with soluk boric acid in the moderator;

1 ICSBEPleu-comptherm103: critical loading configurations of the IPEN/MB
01 REACTOR composed of fuel rods and UMo plates in its cenére

! IRPhEIPEN(MBO1)}LWR-RESR019: U(n,f) and®U(n,g) Reaction Rates
Across the Fuel Pellet Radio§the IPEN/MBO01 Reactor;

1 IRPhEIPEN(MBO1}LWR-RESRO015: reactor physics experiments in the
IPEN/MB-01 reactor with heavy reflectors composed of carbon steel and
nickel.

Figure 19. Drawing showing detils of the new platetype fuel
arrangement of the IPEN/MB-01
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Capabiliti es for additional measurementsinique capabilities

The IPEN/MBO1 research reactor facility possesses several capabilities including:
neutron noise measuremeagstems, Germanium counters to measure activation/fission
foils, and radiation generating devices. The neutron noise measurement systems include
systems to perform APSD, CPSD, and Rd$si Feynma-do-M&a.rThea n c e
control bank positioning system iseof the most accurate system the world and

has a relative accuracy of 0.6¥n and an absolute accuracy of . The control
systemhasallowed several challenging experiments such as the inversion point of the
isothermal reactivity coefficient.
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2.5.8.RSVTAPIRO (ltalian National Agency for New Technologies, Energy
and Sustainable Economic Developmd®NEA], Rome, Italy)

Facility contact: Luca Falconi
Overview description and general facility mission

The RSV TAPIRO nuclearresearchreactoris a fast neutronsource.The reactor
namecomesfrom the Italian acronymTAraturaPlla RapidaPotenzaZerO (FastPile

Calibrationat Zero Power).It wasbuilt to supportan experimentalprogramon fast
reactorsandhas beenn operationsincel1971.1t canoperateat a maximumpower of

5kW, and the neutron flux at the centre of the core at full power is about
4x10"n A @Ah The reactor core is a cylinder made of highly enrichedmetallic
uranium (weight 98.5% U; 1.5% Mo) surroundedby a reflector made of copper.
RSV TAPIRO is ableto provide a family of neutronspectraof extremelyvariable
hardnesqaboutpure fission spectrumnearthe core centre).This remarkablefeature
makesthe reactor mostsuitableto many metrology applications,also taking into

accountthat a good sphericakymmetry of the neutronflux shapewas evidenced
by a joint ENEA-SCK CEN experimentatampaignduringthe 1980s.RSV TAPIRO
is usedin manyareador: validationof calculationcodes forGenlV reactordesigrs;

fast neutrondamage;benchmarkfor nucleardatatesting evaluationof fastneutron
damageinduced on electronic components;qualification of chains of innovative
detectorshandson experiencén nuclearengineeringourses.

Description of the available experimentalassemblies where integral experiments
could be performed to meet the needsirfclude specific assemblies with their
capabilities and limitations)

The RSV TAPIRO is equippedwith many experimentalchannelsthat allow the
installation of devicesand experiencesn areasof high flow. Eachchannelconsists
of a metallic cylindrical jacket and a plug for shielding purposes.The channels
havea gradually reducingsectionto lowerthegammastreamingeffect. Each channel
plug is essentially constituted by casingdfilled with shieldingmaterialfor the entire
section,andit is providedwith a copperextensionoccupyingthe areaof penetration
in the reflector. This extensionmay be modified to host thesamplecontainer.The
plugsare providedwith threeholesavailablefor remotecontrol or power cablesthat
might beneededin the experiments A diametralchannelallows irradiation of small
metallic foils and targetsin a region, the core centre,characteried by a neutron
spectruncloseto the fission one. The experimentakquipments complementedby a
thermal column.The purposeof the thermal column is to provide an epithermal
neutron flux, allowing at the sametime the assemblingof large experimental
equipment.

Fuel and material available

23 is used as reactor fuel in RSV TAPIRO. Fission chambers arédalleaifor
measurements in RSV TAPIRO channels.

Ongoing programmes

RSV TAPIRO isinvolved in the AOSTA (Activation of SMOSESamples in TApiro)
ExperimentalProgranme This programme has been developed in the framework of
the NEA Expert Group on Integral Experiments for Minor Actinide Management
betweenENEA andCEA. The organisationwish to carry out joint research aimed at
studying the feasibility o& selectedminor actinideirradiation campaign in the RSV
TAPIRO fast neutron source research reactor located at the ENEA Casaccia centre.
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Notable past programmes
N/A
Capabiliti es for additional measurementsinique capabilities

The main featureof the RSV TAPIRO is the unique capability of its neutronfield,
which means it cabe used forroutinebenchmarKield referencing. It isalsonotable
for theneutron spectrunm the centreof the core,wherethe RSV TAPIRO can furnish
aneutron spectrurthat isquite closeto afissionspectrum.

2.5.9.CROCUS (EPFL, Switzerland)
Facility contact : Mathieu Hursin
Overview description and general facility mission

CROCUS is zero power reactor (100W) used for teaching and research purposes. It
serves primarily for EPFL physics students (2nd and 3rd yewmt)since September

2008 for students in the international master degree programme in Nuclear Engineering
jointly offered by two Swiss Federal Institutes of Technology, EPFL at Lausanne and
ETHZ at Zurich. The reactor is also available for training ofrthelear power plant
personnel and regulatory body specialists in Switzerland. Since 2014, an experimental
program in reactor physics has been launched focusing mainly on noise measurements,
dosimetry and the production of high resolution (space) data for code validation.

De<ription of the available experimental assemblies where integral experiments
could be performed to meet the needs (include specific assemblies with their
capabilities and limitations)

CROCUS is a lightvater moderated reactor limited to a fission powed@® W,
corresponding to a neutron flux of ~2.5°I@utrons per second at the centre of the
core. The cylindrical core is approximately 60 cm in diameter and 100 cm in height.
The core is located in a tank of 132.4 cm diameter, filled with demineraligeavater,

which serves both as moderator and radial reflector. It operates at room temperature
with water circulation near to atmospheric pressure. The reactor is located in a 1.5 m
thick concrete square structure as physical and shielding protectionaiihecan be
opened from a siddoor and a toghid.

Fine control of the CROCUS reactor is achieved either via the water level, which can
be adjusted to an accuracy of £0.1mm, or by means of two control rods, each containing
B4C pellets, located diagonalbpposite each other at the edge of the core.

Fuel and material available

The fuel consists of two concentric inner and outer zones respectively composed of:
336 uranium oxide rods with an enrichment of 1.806 wt% and a pitch of 1.837 mm; as
well as 172 ratallic uranium rods 0.947 wt% enriched and a pitch of 2.917 mm.

Ongoing programmes

Various research programs are currently ongoing at CROCUS. The main ones are listed
below.

I PETALE: analysis of the heavy steel reflector experiments with dosimetry
measurments at different depth in a massive composed of reteraental
slabs.
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1 VOID: reconstruction of the void profile in a two mixture flow in the reflector
of CROCUS through neutron noise measurements

1 NECTAR: measurement of the flux profile within a fuel rfdthe CROCUS
reactor (both radial and azimuthal)

1 SAFFROON: mapping of the thermal flux in the CROCUS core through 150
fiber-based neutron detectors

Notable past programmes (references to ICSBEP/IRPhE evaluations)

A benchmark on CROCUS have been publisindRPHE, see CROCUBWR-RESR
001 for details.

Capabilities for additional measurements/unique capabilities

The reactivity effect of adding a heavy reflector made of stainless steel, Ni or Cr slabs
could be investigated in a thermal reactor system.
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3.Coanl usi on

TheSubgroup on Experimental Needs @riticality Safety PurposgSG-5) askedthe
international nuclear criticality safety communiipout itsintegral experiment needs
and ranked the identdd needs in terms of prioritj total of 25independent integral
neals were identified and ranked@he top three needs (ranked as Priority 5) were
intermediate energy experiments targettf®u and®®J, chlorine and maintaining
facilities to provide handen criticality safety training.

A sectionof the report was dedicated to describing existing proprietary experiments
that might be used to meet some of the premitheedsExperiments from Valduc and
Cadarach in France,VENUS in Belgium and theKRITZ facility in Sweden were
detailed(see section 2.4)

An additional report section highlighted some of the many criticality experiments
facilities available to perform some of the pricétl experimentgsee section 2.5)
Thesefacilities each provide uniquiiels, reflectors, moderatoasmdcapabilities, and

the subsections aimed to highlight these unique characteristics for each facility. The
listing did not coverall criticality experiment facilities worldwide as some of the
facilities were not able to be otacted or were unable to skaheir information before

the report was published. The facilities included in the reporh&BIUS (Belgium)

IPEN (Brazil), ZED-2 (Canada)LR-0 (Czech Republic), RSV TAPIRO (ltalybhe
Static Critical Facility (Japan), the National Criticality Exipsents Research Centre
(United Stateg, Sandia Critical Experiments Facility (iled State§ and CROCUS
(Switzerland) There are known to be facilitiesBelarus,China,JaparandRussiahat
were not included in this report.
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Appendi x: For ms

Survey form 1. United States LLNL

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: 9/6/19
Name: Catherine Percher
Institution: Lawrence Livermore National Laboratory
Country: USA

Email: percherl@IInl.gov

2. Methodology used to highlight the needs:
Coverage in ICSBEP

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

Domains to be covered

x Fuel fabrication x Reprocessing x Transportation
0O Burn-up credit applications
O Criticality accidents studies

x Other If other: Nuclear Data Validation

x Storage
O sub-criticality monitoring

O Final disposal

Description of the Application

The US Department of Energy Nuclear Criticality Safety Program (NCSP)
convened a multi-national Thermal Epithermal eXperiments (TEX) meeting in
July of 2011 to discuss the data and experimental needs of criticality safety
practitioners. The number one and two priority integral experiment data
needs were for “®Pu and ?*Pu, with special emphasis on cross section
performance in the intermediate energy range (from 0.625 eV to 100 keV).
All plutonium systems have some amount of ““Pu, although MOX applications
would have a higher need for *°Pu integral validation.

Isotope/el /medium of interest | 2“py
Functionality of the x Fuel O Moderator O Separator
element/medium

O Reflector O Absorber O Other

If other:

Nuclear data of interest*

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

Fission, Scattering (Elastic and Inelastic), Capture

Energy spectra**

O Fast
O Intermediate
O Thermal

x Whole

Importance for criticality safety

O High
x Medium
0O Low

Current Knowledge Level

O Known
x Partially Known

O Unknown

Known validation shortfalls and
assessment of available integral
data***

In the 2018 version of the ICSBEP handbook, there are a number of
experiments that use >10% *“Pu material, but the majority of them are
thermal systems. Having additional configurations with a large percentage of
fissions in the intermediate and fast regions would allow for better data
testing of 2“Pu.

Experiments of interest***

Very simple assemblies that have a minimum of materials to allow for efficient data
validation. Assemblies that span multiple energy decades would be very useful.

* If known (based on sensitivity studies for example)
** Fast, intermediate and thermal spectra are defined as energy ranges greater than 100 keV, from 0.625 eV to 100 keV, and

less than 0.625eV, respectively
*** if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 2: France, IRSN

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: September 2019
Name: |. Duhamel
Institution: IRSN
Country: France

Email:

2. Methodology used to highlight the needs:

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

Domains to be covered

X Fuel fabrication 0O Reprocessing [X] Transportation
0O Burn-up credit applications Storage O Final disposal

O Criticality accidents studies
O Other

O sub-criticality monitoring

I OLNET: cssmiissesssissssssiissvsssisssissssin

Description of the Application

UO2 and UO2-Pu02 powders (U enrichment being lower than 5%, ) with low
moderation ratio and MOX fuel assemblies in dry storages or in transport casks

leat: /ol /

P /medium of interest

U02, Pu02, U02-Pu02 with about 20% of **°Puin Pu and LEU

Functionality of the X1 Fuel O Moderator O Separator
lement/medi
i pRel O Reflector O Absorber O Other
If other:

Nuclear data of interest*

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

U238, Pu239 and Pu240 cross sections (capture, fission, v, etc.)

Energy spectra**

O Fast

X Intermediate
O Thermal

O Whole

Importance for criticality safety

O High
XI Medium
O Low

Current Knowledge Level

O Known
X Partially Known

O Unknown

Known validation shortfalls and
assessment of available integral
data***

Very few existing experiments in epithermal energy spectra. Some existing experiments
are of bad quality (PCM001, PCM002 and PCI002)

Some BFS experiments are available in ICSBEP handbook
TEX experiments with Pu9 will be available soon in ICSBEP handbook

No experiment with LEU in intermediate spectra (238U) neither with high quantity of
240Pu

Experiments of interest***

Very simple assemblies with minimum of materials to allow for efficient data validation.
Assemblies that span multiple energy decades would be very useful.

* If known (based on sensitivity studies for example)

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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** Fast, intermediate and thermal spectra are defined as energy ranges greater than 100 keV, from 0.625 eV to 100 keV, and
less than 0.625eV, respectively
*** if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 3: France, CEA

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to the
importance for criticality-safety (High/Medium/Low) 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: September 24, 2019
Name: P. Casoli / F.-X. Giffard / D. Noyelles
Institution: CEA

Country: France

Email: Pierre.CASOLI@cea.fr / francois-xavier.giffard@cea.fr / david.noyelles@cea.fr

2. Methodology used to highlight the needs:

Needs for data for little moderated Pu and UPu oxides

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

Domains to be covered M Fuel fabrication
O Burn-up credit applications

0O Criticality accidents studies

O Reprocessing O Transportation

[ Storage O Final disposal

O sub-criticality monitoring

M Intermediate
O Thermal
O Whole

O Other I OLRET: Svsssnaissmsississsssasisrassuinicsssoors
Description of the Application
Isotope/element/medium of interest | Puand UPu oxides
Functionality of the M Fuel O Moderator O Separator
i
slement/mesium O Reflector O Absorber O Other
If other: .
Nuclear data of interest*
(capture, scattering, S(«,B), v, etc.)
Energy spectra** O Fast

Importance for criticality safety O High
B Medium

O Low

Current Knowledge Level O Known
M Partially Known

O Unknown

Known validation shortfalls and
assessment of available integral
data***

Experiments of interest***

* If known (based on sensitivity studies for example)

less than 0.625eV, respectively
**¥ if known

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

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 4: Japan, NSR

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: Aug. 29, 2019
Name: Toshihisa Yamamoto
Institution: Secretariat of Nuclear Regulation Authority (SNR)
Country: Japan

Email: toshihisa_yamamoto@nsr.go.jp

2. Methodology used to highlight the needs:

Critical experiments under the condition of being flooded with seawater is the basic image of the
proposal. It would be much desirable if the temperature of the seawater can be controlled by
electrical heater.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

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

. Other If other: ...critical safety assessment in sea water flooding

Description of the Application Japanese reactors are all located on the seashore. Under the severe accident condition,
most of the reactors have to rely on seawater as the only water resource which is large
enough to cope with the accident. As the seawater contains Cl-35 which has about 40
barns to thermal neutrons, seawater has the potentiality to be used as an easy-to-
prepare neutron absorber to prevent unintentional criticality. Criticality measurements
under various temperature conditions are considered to be useful for future safety
regulatory activities.

Isotope/element/medium of interest | Chrolide-35, Sodium-23, Chrolide-37 (in solution)

Functionality of the O Fuel O Moderator O Separator
wlament/medive O Reflector Elabsorber O Other

If other:
Nuclear data of interest* Capture

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

Energy spectra** O Fast

O Intermediate

B Thermal
O Whole
Importance for criticality safety O High
B Medium
O Low
Current Knowledge Level O Known
H Partially Known
O Unknown
Known validation shortfalls and Unknown (only numerical simulations are available)
assessment of available integral
data*** Related paper: M. Zerkle, “The Composition of Seawater and the Effect of Seawater
Immersion on Reactivity”, ICNC2015, Charlotte, NC, USA, Sep. 2015.
Experiments of interest*** Unknown

* If known (based on sensitivity studies for example)

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

**¥ if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE



NEA/NSC/R(2022)d 81

Survey form 5: United States LLNL

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: 9/6/19
Name: Catherine Percher
Institution: Lawrence Livermore National Laboratory
Country: USA

Email: percher1@linl.gov

2. Methodology used to highlight the needs:
Current ICSBEP survey

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

Domains to be covered

x Fuel fabrication x Reprocessing O Transportation

O Burn-up credit applications O Final disposal
O Criticality accidents studies

x Other If other: Nuclear Data Validation

x Storage

O sub-criticality monitoring

Description of the Application

US DOE criticality safety operations have identified a programmatic need for
validation cases for operations involving chlorine compounds, such as
electrorefining and aqueous chloride systems.

Isotope/element/medium of interest | ¢/
Functionality of the O Fuel O Moderator O Separator
l t/medi
SeenE e x Reflector x Absorber O Other
If other:

Nuclear data of interest*

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

Capture, Scattering

Energy spectra**

O Fast

O Intermediate
OThermal

x Whole

Importance for criticality safety

x High
0O Medium
O Low

Current Knowledge Level

O Known
x Partially Known

O Unknown

Known validation shortfalls and
assessment of available integral
data***

Currently, the International Criticality Safety Evaluation Project (ICSBEP)
Handbook contains five configurations with chorine, two as part of HEU-SOL-
THERM-044 and three as part of LEU-SOL-THERM-045. Only one of the cases
(HST-045-03) is very sensitive to Cl-35. Additionally, for all five cases from
ICSBEP, the chlorine material used was poly-vinyl chloride (PVC), which is a
polymer whose composition uncertainties could introduce significant error
into the experiment.

Experiments of interest***

Chlorine reflected assemblies at all energy spectra, themal absorption experiments with
dispersed chlorine.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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* If known (based on sensitivity studies for example)

** 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¢eV, respectively

*** if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 6: United States LANL

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: 7/24/2019

Name: Nicholas Thompson

Institution: Los Alamos National Laboratory
Country: United States of America

Email: nthompson@Ianl.gov

2. Methodology used to highlight the needs:

Leaders and members of the Nuclear Criticality Safety Division at LANL were surveyed and asked
about experimental needs.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

Domains to be covered

O Fuel fabrication X Reprocessing O Transportation

O Burn-up credit applications [ Storage O Final disposal
O Criticality accidents studies

O Other

O sub-criticality monitoring

(] 1 1 R m——

Description of the Application

Aqueous Reprocessing. Ability to perform aqueous reprocessing is significantly limited
by not having benchmarks sensitive to chlorine.

Isotope/element/medium of interest | Chlorine
Functionality of the O Fuel O Moderator O Separator
element/medium
O Reflector X Absorber O Other
If other:
Nuclear data of interest*
(capture, scattering, S(a,B), v, etc.)
Energy spectra** O Fast

X Intermediate

X Thermal (mostly thermal but epithermal would also help)

O Whole
Importance for criticality safety X High

O Medium

O Low
Current Knowledge Level O Known

X Partially Known

O Unknown

Known validation shortfalls and
assessment of available integral
data***

There are some benchmarks sensitive to chlorine at thermal, but only one sensitive to
chlorine above 1 eV.

Experiments of interest***

Solution system with Pu would be optimal, but may not be possible. Most benchmarks
that are sensitive to chlorine use PVC, it would be better if this benchmark did not use
PVC.

* If known (based on sensitivity studies for example)
** Fast, intermediate and thermal spectra are defined as energy ranges greater than 100 keV, from 0.625 eV to 100 keV, and

less than 0.625eV, respectively
*** if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 7: United States LANL

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: 9/3/2019

Name: Nicholas Thompson

Institution: Los Alamos National Laboratory
Country: USA

Email: nthompson@Ianl.gov

2. Methodology used to highlight the needs:

Leaders and members of the Nuclear Criticality Safety Division at LANL were surveyed and asked
about experimental needs.

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

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

X Other If other: Any application with stainless steel or Fe/Cr alloys

Description of the Application Many applications use stainless steel.

Isotope/element/medium of interest | Chromium and Iron/Chromium alloys

Functionality of the O Fuel O Moderator O Separator
element/medium

O Reflector X Absorber O Other

If other: 5
Nuclear data of interest* Capture, scattering

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

Energy spectra** O Fast

X Intermediate

0O Thermal
O Whole
Importance for criticality safety X High
O Medium
O Low
Current Knowledge Level O Known
X Partially Known
O Unknown
Known validation shortfalls and Only a handful of ICSBEP benchmarks are sensitive to chromium in the intermediate
assessment of available integral energy region.
data***
Experiments of interest*** Critical experiments with varying Fe/Cr alloys and pure Cr if possible.

* If known (based on sensitivity studies for example)

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

*** if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 8: United States LLNL

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: 9/6/19
Name: Catherine Percher
Institution: Lawrence Livermore National Laboratory
Country: USA

Email: percher1@linl.gov

2. Methodology used to highlight the needs:
Sensitivity studies of application cases

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs:

Domains to be covered

O Fuel fabrication x Reprocessing O Transportation

O Burn-up credit applications O Final disposal
O Criticality accidents studies

x Other If other: Nuclear Data Validation

x Storage

O sub-criticality monitoring

Description of the Application

The nuclear criticality safety evaluations supporting US liquid waste processing
operations currently credit the presence of neutron absorbers in the large, geometrically
unfavorable liquid waste storage tanks to preclude criticality. These are not the
traditional strong neutron absorbers used for reactor reactivity control (such as boron,
gadolinium, etc.), but are instead weaker absorbers such as aluminum, chromium, iron,
manganese, nickel, silicon, and zirconium that were disposed to the tanks along with the
fissile material.

Isotope/element/medium of interest

Al, Cr, Fe, Mn, Ni, Si, Zr as absorbers

Functionality of the O Fuel O Moderator O Separator
wlmment/mediom O Reflector x Absorber O Other
If other:
Nuclear data of interest* Capture
(capture, scattering, S(a,B), v, etc.)
Energy spectra** O Fast

O Intermediate
x Thermal

O Whole

Importance for criticality safety

O High
x Medium
O Low

Current Knowledge Level

O Known
x Partially Known

O Unknown

Known validation shortfalls and
assessment of available integral
data***

Currently, the International Criticality Safety Evaluation Project (ICSBEP)
Handbook contains four uranium, not plutonium, configurations where iron acts
as an absorber, but there is too little iron present in the assemblies to provide
much sensitivity to the absorption cross section. There is one uranium
benchmark with nickel absorption sensitivity, although at a low level of
sensitivity, and there are no manganese absorption sensitive benchmarks.

Experiments of interest***

Thermal plutonium experiments that optimize sensitivity to the absorber.

* If known (based on sensitivity studies for example)

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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** Fast, intermediate and thermal spectra are defined as energy ranges greater than 100 keV, from 0.625 eV to 100 keV, and
less than 0.625eV, respectively
*** if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 9: United States LANL

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to the

importance for criticality-safety (High/Medium/Low) 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: May 2021
Name: N. Thompson
Institution: LANL
Country: USA

Email: nthompson@Ianl.gov

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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2. Methodology used to highlight the needs:

Survey was taken of various nuclear criticality safety needs throughout the US. Molybdenum has
many uses, including as an alloy for uranium in certain nuclear fuels (research reactors, space
reactors, and advanced fuel concepts) and in some accelerator targets. Improving Mo nuclear data has
also been identified by the US Nuclear Criticality Safety Program (NCSP) as a priority, and NCSP has
funded differential measurements and new resonance region evaluations of Mo. Mo is also a stable
fission product and the ultimate goal of NCSP is to take credit for Mo in transportation, fuel storage,
and reprocessing activities.

Heatmaps of existing integral benchmark sensitivities were also used to determine whether existing
benchmarks are sufficient to validate new evaluations based on new differential data. However, there
are very few benchmarks sensitive to Mo, and most of these benchmarks are sensitive to Mo only in
the fast neutron energy region — no benchmarks exist with adequate sensitivity to Mo in the
resonance region to validate resonance region nuclear data. This can be seen in the figure below.
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3. Experimental needs: Resonance Region Mo

Domains to be covered

X Fuel fabrication

X Burn-up credit applications
O Criticality accidents studies
O Other

X Storage

X Reprocessing

O sub-criticality monitoring
Iif other: cissassanasnusss

X Transportation
X Final disposal

Description of the Application

Numerous applications — nuclear fuels, accelerator targets, and fission products.

Isotope/element/medium of interest | Molybdenum
Functionality of the O Fuel X Moderator 0O Separator
element/medium

O Reflector X Absorber X Other

If other: Alloy in some fuels, fission fragment

Nuclear data of interest*

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

Resonance region capture, total

Energy spectra**

O Fast

X Intermediate
O Thermal

O Whole

Importance for criticality safety

O High
X Medium
O Low

Current Knowledge Level

O Known
X Partially Known
O Unknown

Known validation shortfalls and
assessment of available integral
data***

Experiments of interest***

Integral benchmark focused on resonance region capture of Mo.

less than 0.625eV, respectively

* If known (based on sensitivity studies for example)
** Fast, intermediate and thermal spectra are defined as energy ranges greater than 100 keV, from 0.625 eV to 100 keV, and

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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*** ifknown

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 10: France, IRSN

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: August 2020
Name: N. LECLAIRE
Institution: IRSN
Country: France

Email:

2. Methodology used to highlight the needs:

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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3. Experimental needs: Molybdenum

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

O Other TFEOERBE  sinsvmsrssmsassonsonsomipssonsosonsirsion

Description of the UPuMozZr fuel residues with a density of 2.6 g/cm3 in water. The mixture is representative of a fuel
Application burn at 50 GWd/t.

The UPuMoZr fuel residues are found at the bottom of the dissolvor in the reprocessing plant.

The characteristics of the fuel are described below.

Element u Pu Mo Zr
Contents in wt. % 6.06 243 63.40 28.11
Isotope 235U 238U
Enrichment in wt. % - 99
Isotope 239Pu 240Pu 241Pu 242Pu
Content in wt. % 57.2875 25 16.25 1.4625
Isotopics of Molybdenum.
Isotope 92Mo 95Mo 96Mo 97Mo 98Mo 100Mo
Contents in wt. % 1 21 3 23 25 27
Isotope/element/medium | Natural molybdenum in UPuMoZzr dissolution residues and in lowly moderated by water.
of interest
Functionality of the Fuel CModerator O Separator
element/medium OReflector [X] Absorber O Other
If other:

Nuclear data of interest* | Capture in the thermal energy or epithermal range

(capture, scattering,
S(@.B), v, etc.)

Energy spectra** [ Fast

[X] Intermediate

[X] Thermal

O Whole
Importance for criticality | [XI High
safety

O Medium

O Low
Current Knowledge [0 Known
Level

O Partially Known
[XI Unknown

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE



NEA/NSC/R(2022)d 97

Known validation The MIRTE experiments involving molybdenum are the best existing experiment. However, they are

shortfallsand not sensitive enough when compared with the application case sensitivities.
assessment of available

integral data***

Experiments of Experiments that involve molybdenum in sleeves or in foils and that use fuel rods that are well-
REN
interest characterized would be of interest.

* If known (based on sensitivity studies for example)

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

**¥* if known

EXPERIMENTAL NEEDS OR CRITICALITY SAFETY PURPOSE
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Survey form 11: France, IRSN

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

Survey

The objective of this survey is to collect the needs for new experiments and to rank them according to
the importance for criticality-safety (High/Medium/Low) 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: September 2019
Name: |. Duhamel
Institution: IRSN
Country: France

Email:

2. Methodology used to highlight the needs:
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