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1. INTRODUCTION

BACKGROUND

1.1.  Nuclear criticality can theoretically be achiewauder certain conditionlsy most fissionable Comment [G1]: Egypt comment no 1.
nuclides belonging to the actinide elements. Some of these numlatso fissile meaning that they

can sustain a criticathain reaction in athermalized ‘6low’) neutron energyreutron-flux. Comment [G2]: Egypt comment no 2.
Unintentional criticality, occurring outside equipment designesusiain a critical reaction, without ~ Cemment [i3]: Germany comment no 1.
the presence of fissile nuclides, is not credibléis Safety Guide thus addresses criticality safety for

fissile material$and also covers mixtures of fissile and other fissionable nuclides. Comment [JG4]: USA comment no 59
modified the footnote.

1.2.  Nuclear facilities and activities containing fissile mateor in which fissile material is

handled are required to be managed in such a way as to enscadity safetysuberiticality—asfaras

reasonably-practicablin normal operation, anticipated operational occurrenceslaridg and after Comment [i5]: Japan comment no 1.
design basis accidents (or the equivalent) [1]. This requiremenesppllarge commercial facilities, Comment [JG6]: ENISS comment no 1.
such as nuclear facilities that deal with the supply of fredhviigh the management of spent fuel and

with radioactive waste containing fissile nuclides, including threlieg, processing, use, storage and

disposal of such waste. This requirement also applies to chsead development facilities and

activities that use fissile material and to the transport of paslameaining fissile materials.

1.3. The subcriticality of a system depends on many paramettating to the fissile material,

including its mass, concentration, geometrglume, enrichment and density. Subcriticality is also  Comment [G7]: Egypt comment no 3.
affected by the presence of other materials, such as modeadtsoshers and reflectors. Subcriticality

can be ensured through the control of an individual parameter emhir@ation of parameters, for

example, by limiting mass or by limiting both mass and moieratSuch parameters can be

controlled by engineered and/or administrative measures.

OBJECTIVE

1.4. The objective of this Safety Guide is to provide guidance and recodatiens on how to
meet the relevant requirements for ensuring subcriticalitgrnwdealing with fissile material and for
planning the response to criticality accidents. The guidance anthmendations are applicable to

! Fissile nuclide, nuclides in particuldu, %U, 2%u and®*¥Pu, which are able to support a self-sustainindeauc
chain reaction with neutrons of all energies, bretdpminantly with slow neutrons.

2 The term ‘credible’ means believable on the basEmmonly accepted engineering judgement.

3 Fissile material refers to a material containimy af the fissile nuclidesin sufficient proportion to enable a self-
sustained nuclear chain reaction with slow (theymautrons



both regulatory bodies and operating organizations. This S#&efge presents guidance and

recommendations on how to meet the requirements relating icaliyt safety established in the

following IAEA Safety Requirements publications: Safety of Nacleuel Cycle Facilities [1], Safety

Assessment for Facilities and Activities [2], The Mamagpt System for Facilities and Activities [3],

Predisposal Management of Radioactive Waste [4], Decommiisgiof Facilities Using Radioactive

Material [5], Regulations for the Safe Transport of Radioadilaterial [6],GeselogicalDisposal of Comment [i8]: Germany comment no 2
& Japan comment no 2.

Radioactive Waste [7] and Preparedness and Response forealNorcRadiological Emergency [8].

Safety terms are defined in the IAEA Safety Glossary [9].

SCOPE

1.5. The objectives of criticality safety are to preveneH-sustained nuclear chain reaction and to

minimize the consequences of this if it were to occur. Thfet$ Guidemakes recommendations on

how to ensure sub-criticality in systems involving fissiorabiaterials during normal operation,

anticipated operational occurrences, and, in the case of acadeditions, within design basis

accidents from initial design, through commissioning, through oparatiand through

decommissioning and disposal.ckivers all types of facilities and activities that haveuse fissile

materials, excepghosesystemsdhat are-a) designed to be intentionally critical, e.g. a reactor core in a Comment [JG9]: USA comment no 3.
nuclear reactor, or a critical assemhly cases where criticality safety is specifically addes-erb)

coveredby etherregulations, e.g. transport which is performed in accordantte the Transport

Regulations [6] this Safety Guide supplements but does not replace the spesifgport guidance

provided in the Transport Advisory Material [27his Safety Guide does not specifically cover any  Comment [JG10]: USA comment no 2.
activities at defence related facilities, although many aspeidtsbe directly applicable. The

recommendations of this Safety Guide may be applied to omesathat are intended to remain

subcritical in nuclear power plants, e.g. the storage and handlingstf fuel and spent fuel. The

recommendations of this Safety Guide encompass approaches taritgrih for ensuring

subcriticality, conducting criticality safety assessmemtslutding the use of data, specifying safety

measures to ensure subcriticality, as well as the planned resporiiediitgaccidents.

STRUCTURE

1.6. Section 2 provides an introduction to the processes that affeécality safety and provides
guidance for criticality specialists. It also provides an dudion to the management system that
should be in place, safety criteria and safety margins, asasveliteria for determining exemptions to
certain criticality safety measures. Section 3 provides guidandbe safety measures necessary for
ensuring subcriticality, especially the importance of impl#ing adequate safety measures, the
factors affecting these safety measures and the roles apdnsiilities of those involved in

implementing the safety measures. Section 4 provides guidance on tewncurdticality safety



assessments, the role of deterministic and probabilistic agmeaand the process by which the
criticality safety assessment should be carried outid®eBtprovides recommendations on criticality
safety practices in the various areas of conversion andherent, fuel fabrication, spent fuel
operations prior to reprocessing or disposal, reprocessintg wasagemerit.e. processing, storage
and disposaland decommissioning, transport, and laboratories. Section 6 proyidéance on

planning the response to a criticality accident and the basgomsibilities of those involved. In

addition, it provides guidance for criticality detection and alaystems. The annex provides a
bibliography of sources of useful background information on ciitjcahfety, covering methodology
for criticality safety assessment, handbooks, computation#hothe training and education and

operational experience.

Comment [G11]: Germany comment
no 3.



2. APPROACH TO ENSURING CRITICALITY SAFETY

GENERAL

2.1. Safety measures, both engineered measures and admimstiatigures (i.e. based on actions of
operating personnel), should be identified, implenm&ntaintained and periodically reviewed to ensure
that all activities are conducted within specified openatiolimits and conditions that ensure

subcriticality (i.e. within a defined safety limit, see para 2.5).

2.2. Criticality safety is generally achieved through the contfoh dimited set of macroscopic
parameters such as mass, concentration, moderation, georsetopid composition, enrichment,
density, reflection, interaction and neutron absorption. A descripfitire neutron multiplication of a
system on the basis of values of these parameters alomeiaplete, and a full description would
require the use of microscopic parameters sucteasgonfission cross sections, capture cross sections

and scatténg cross sections for the system. For this reason, because of the large number of  Comment [3G12]: Japan comment no

28.
variables upon which neutron multiplication depentteere are many examples of apparently Comment [JG13]: USA comment no 6.
‘anomalous’ behaviour in fissile systems in which the effecheutron multiplication factdr (keg) Comment [i14]: Germany comment no

. . . 4, changes to footnote no 4.
changes in ways that seem counterintuitive.

2.3.  An awareness of the anomalies known to date will contribute toiegstriticality safety. A
detailed description of many of the most important anométiashave been observed in criticality

safety is provided in Ref. [10].

SAFETY CRITERIA AND SAFETY MARGINS
2.4.  Safety limits should be derived on the basis of one of two types ofacriteri
« Safety criteria based on the value gfflr the system under analysis;

¢ Safety criteria based on the critical valeé one or more control parameters, such as mass, Comment [JG15]: Footnote added by
USE comment no 8.

volume, concentration, geometry, moderati@fiection, interactionisotopic composition and

density, and with account taken of neutron production, leakage, rswptiereflection,

4 The effective neutron multiplication factor is the ratio efutron—production—to—neutrontoss—ofafissionieha
reactionthe total number of neutrons produced by a fisgibain reaction, to the total number of neutrons s
absorption and leakage. The system is (a) criifidak = 1; (b) subcritical if ks < 1; and (c) supercritical ifgg > 1.

® The critical value is that value of a control pagger that would result in the system no longendeeliably known
to be subcritical.



Comment [JG16]: USA comment 7.

Comment [JG17]: USA comment no 8.
Sentence/definition moved to a footnote.

2.5. Safety margins should be applied to determine the safetygliBubcriticality implies a value
of ke less than unity and/or a control parameter value ‘below’ itgativialue. In this context ‘below’

is used in the sense that the control parameter remains on the safe sidegitéahgalue.

2.6. In applying safety margins ta(relative to 1) and/or to a control parameter (relativth&o
critical value), consideration should be given to uncertaintizénctlculation of k& (in the first case)

or the critical value (in the second case), including the paggibflany code bias, and to sensitivity
with respect to changes in a control paramétepractice—uncertainties-in-measurement—instruments
and-senser-delay-should-also-be-considdrbe.relationship betweengand other parameters may be

significantly non-linear.

2.7. In determining operational limits and conditions for the facibr activity, sufficient and

appropriate safety measures should be put in place to detect arcphtdeviations from normal

operation before any safety limit is exceedédcertainties in measurement, instruments and sensor

delay should also be considerédternatively, design features should be put in place effectively tc comment [3618]: USA comment no 9.
prevent criticality being achievedlhis should also be demonstrated in the criticality safety

assessmenOperational limits and conditions are often expressed in tefipcess parameters, €.g.  Comment [3G19]: Japan comment no 4
fissile mass and moderator content, concentration, acigityperatureliquid flow rates—aeidity,

fissile-massandtemperaturmoderator-content Comment [JG20]: France comment no
7.

EXEMPTIONS

2.8. In some facilities or activities the amount of fissiletenml may be so low or the isotopic
composition may be such that a full criticality safetgegsment would not be justified. Exemption
criteria should be developed, reviewed by management and agitredhev regulatory body as

appropriate. A useful starting point is the exception critgpjalied to fissile classification of transport
packages [6].

2.9. The primary approach in seeking exemption should be to demondiedteéhe inherent

features of the fissile material itself are sufficignt ensure subcriticality, while the secondary
approach should be to demonstrate that the maximum amounssitef fiuclides involved are so far
below critical values that no specific safety measuresacessary to ensure subcriticality in normal

operation, anticipated operational occurrences and design basis acciddérgs(privalent).
2.10. Modifications to the facility and/or activities should be evadéefore being implemented Comment [JG21]: France comment no

8.
determine if the bases for the exemption are still met.



MANAGEMENT SYSTEM

2.11.

Human error and related failures of supervisory or managementghtdrave been a feature

in nearly all criticality accidents that have occurred to .d@ensequently, human factprsnrethe

human-machine interfaa@nd organizational factohould be considered. Design, safety assessment Comment [3G22]: France comment no
9.

and the implementation of criticality safety measures shbaldtarried out in accordance with a

clearly established and well controlled management system. A& Irequirements and

recommendations for the management system are established [8] Rnd provided in Refs [11 —

15], respectively.

2.12.

In the context of criticality safety, the following items should be adécds

Management should establish a comprehensive criticalistyspfogramme to ensure that
safety measures for ensuring subcriticality are specifiedlemented, monitored, audited,
documented and periodically reviewed throughout the entire lifetintige facility or activity.

Management should ensure that a plan for corrective acti@stablished as required,

implemented and updated when necessary;

For—the—cerrectTo facilitate implementation of operating procedures used to ensure Comment [JG23]: France comment no
10.

subcriticality, management should ensure that operating persomakeied in the handling of

fissile materials are involved in the development of the operating presedur

Management should clearly specify which personnel have respiiesibfor ensuring

criticality safety;

Management should ensure that suitably qualified and experieritiedlity safety staff are

provided;

Management should ensure that any modifications to existiilitiés or activities or the
introduction of new activities undergoes review and assessment gprdval at the
appropriate level before it is implemented, and should also etisatr@perating personnel,
including supervisors, are retrained, as appropriate, prior to the iemietion of the
modifications;

Management should ensure that operating personnel receive traidimgfeesher training at

suitable intervals, appropriate to their level of responsibllityarticular, operating personnel
involved in activities with fissile material should understandniieire of the hazard posed by
fissile material and how the risks are controlled with thakdished safety measures and

operational limits and conditions;

Management should arrange for internal and independent insfesftidre criticality safety

measures, including the examination of arrangements for emengEponse, e.g. emergency

| ® These inspections are in addition to the inspestigerformed by the regulatory body.

10

Comment [JG24]: France comment no
11.



evacuation routes and signage. Independent inspections should be catrley personnel
who are independent of the operating personnel, but not necessaripenddat of the
operating organization. The data from inspections should be docunsrdesubmitted for

management review and for action if necessary;

« Management should ensure that criticality safety assessmedtanalyses are conducted,

documented and periodically reviewed;

¢« Management should ensure that adequate resources will bebkvailathe event of an

accident;

» Management should ensure that an effective safety cult@staslished in the organization
1]

¢ Management should ensure that regulatory requirements are complied with.

2.13. The nature of the criticality hazard is such that dewiatitowardsinsufficient subcritical
marginsa-less-safe-conditiamay not be immediately obvious, i.e. there may be no obviousaitoii
that the effective neutron multiplication factor is increasint. unexpected operational deviations
occur, operating personnel should immediately place the systemairkomown safe condition.
Operating personnel handling fissile materials should therefavemrtheir supervisor in the event of

any unexpected operational deviations.

2.14. Inspection of existing facilities and activities as weltles proper control of modifications in

facilities and activities are particularly important famsuring subcriticality and should be carried out
regularly and the results reviewed by management and coeextfions taken if necessary. There is
also a danger that conditions may change slowly in time in resgorfactors such as ageing of the

facility or owing to increased production pressures.

2.15. Most criticality accidents in the past have had multiple cguaed often initiating events
could have been identified by operating personnel and supervisors atfid cmsa@itions corrected
before the criticality accident occurred. This highlights thepdrtance of sharing operating
experience, of training of operating personnel and of independent tiosggeas part of a controlled

management system.

2.16. Deviation from operational procedures and unforeseen changesratiapg or in operating
conditions should be reported and promptly investigated by managerhertvEstigation should be
carried out to analyse the causes of the deviation, to idée¢$pns to be learneekrdto determine
and implementcorrective actions to prevent re-occurrences. The invéstigghould include an
analysis of the operation of the facility anfl humanfactorerrers and a review of the criticality
safety assessment and analyses that were previously pesfoimsluding the safety measures that

were originally established.

11

Comment [i25]: Germany comment no

Comment [i26]: Germany comment no
6.

Comment [JG27]: USA comment no
17.

Comment [G28]: Germany comment no
7.

Comment [JG29]: France comment no
14.



2.17. Useful information on the causes and consequences of previtioalityi accidents and the
lessons learned is provided in Ref. [16].

2.18. The management system should include a means of incorporating ldésaomsd from
operating experience and accidents at facilities in the 8tatén other States, to ensure continuous
improvement in operational practices and assessment methodolaiganGe and recommendations
for establishing a system for the feedback of operating experience are griovivief. [17].

12



3. MEASURES FOR ENSURING CRITICALITY SAFETY

GENERAL

3.1. The measures that should be taken for ensuring subcritiobfigstems in which fissile material
is handled processed, used or stored are required to be baBeatondept of defence in depth [1]. Two
vital parts of this concept are passive safety features anddieshncé For criticality safety, the double

contingency principle is required to be the preferred nietti@emonstrating fault tolerance [1].

Defence in depth

3.2. The facility or activity should be designed and operatach that defence in depth against

anticipated operational occurrences or accidents ig\sh by the provision of different levels of

protection with the objective of preventing failures, if prevention fails, ensuring detection and

mitigatindimiting the consequences. The primary objective should be to adégty measures that Comment [i30]: Japan comment no 6.
prevent a criticality accident. However, in line witie principle of defence in depth, measures should

also be put in place to mitigate the consequences of sudtidara.

3.3.  The concept of defence in depth is normally appliefivenlevels (see Table 1). In the general
usage of defence in depth, as described in Ref. [1], agiplicof the fourth level of defence in depth,
which deals with ensuringthe confinement function to limit radioactive redea, may not be fully

applicable in the context of criticality safety. Howewer, mitigation of the radiological consequences  Comment [3G31]: Japan comment no
29.

of a criticality accident, the fifth level of defence imptte has to be applied, with consideration given Comment [JG32R31]:

to the requirements for emergency preparedness and response [8].

3.4.  Application of the concept of defence in depth ensiras if a failure occurs, it will be detected
and compensated for, or corrected by appropriate msagdimre objective for each level of protection is
described in Ref. [1], on which the following overviewdeffence in depth is based:

TABLE 1 OVERVIEW OF LEVELS OF DEFENCE IN DEPTH

Level Objective Means

Level 1 Prevention of deviations from normal Conservative design, construction,
operation and prevention of system failures.maintenance and operation in accordarice

with appropriate safety margins,

" To ensure safety, the design should be such tfaluse occurring anywhere within the safety sys$eprovided to
carry out each safety function will not cause tygtem to achieve criticality.

13



e

Level Objective Means
engineering practices and quality levels.
Level 2 Detection and interception of deviations froi@ontrol, indication and alarm systems,
normal operation in order to prevent operating procedures to maintain the
anticipated operational occurrences from | facility within operational states.
escalating to accident conditions.
Level 3 Control of theconsegquences-elvents within | Safety measures, multiple and as far as
the design basis (or the equivalent) to prevepessiblepracticablandependent barriers
a criticality accident. andbr procedures for the control of
events.
Level 4 Mitigation of the consequences of accidentdrovision of criticality detection and
in which the design basis (or the equivalentjalarm systems and procedures for safe
of the system may be exceeded and ensurimyacuation and accident management.
that the radiological consequences of a Measures designed to terminate the
criticality accident are kept 25giQES criticality accident, e.g. injection of
reasonably practicable. neutron absorbers.
Use of shielding and calculated dose
contours to minimize exposure.
Level 5 Mitigation of radiological consequencet | Use-ofshielding-and-caleulated-dose
release of radioactive material contoursto-minimize exposure.
Provision of an emergency control cent
and plans for on-site and off-site
emergency response.
Passive safety
3.5. The passivesafety of the facility or activity should be such that tlystesm will remain

subcritical without the need for active engineered safetysanea or administrative safety measures
(other than verification that the properties of the fissilaterial are covered by the design). For

example, the facility or activity might be designed using the gstsoimthat fissile material is always

14

Comment [JG33]: USA comment no
16.

Comment [i34]: France comment no 16

Comment [JG35]: USA comment no
16.

Comment [JG36]: USA comment no
16.

Comment [JG37]: Japan comment no 8.



restricted teequipmententainerawith a favourable geomettySpecial care is then necessary to avoid

unintentional transfer to an unfavourable geometry.
Fault tolerance

3.6.

safety(if any). The double contingency principle is required to beptlederred means of ensuring fault

The design should take account of fault tolerance in ordegplace orcomplement passive

tolerance [1]. By virtue of this principle, a critiitg accident cannot occur unless at least two unfikel
independent and concurrent changes in process conditiom®tzurred.

3.7.

concurrent occurrence of tvehangesventsin process conditiongt should be shown that:

According to the double contingency principle, if aicaitity accident could occur owing to the

« The twochangesventsare independent (i.e. not caused by a common mode failure); and
* The probability of occurrence of eachangeventis sufficiently aceeptabhlow.

3.8. The system’s characteristics should meet the recommendafigasa. 2.7 so that each event
can be detected (e.g. monitored) with suitable and reliable metimis a timeframe that allows the

necessary countermeasures to be taken.

3.9. The system design should follow the fail-safe principle -eas-a—minimum the safety
measures should fulfill the single failure criterion, i.e.sigle failure or event, such as a component
failure, a function control failure or a human error (&g instruction not followed), can result in a

criticality accident.

3.10. Where failures or maloperations of the system otupgestions or malfunctions in the system

could lead to an unsafe condition, the charactesistidche system should be such that key parameters

deviate from their normal operating values at a ratk that detection, intervention and recovery can be

carried out properly in order to prevent a criticaliscident. Where this is not possible, it should be

ensured that sufficient and appropriate additioafdtg measures are provided that prevent the initiating

event from developing into a criticality accident.

SAFETY MEASURES

3.11. The safetyfunctions neededreasuredor ensuring subcriticality should be determined and the

safety measures implementing thefanetions—they—perferashould be defined. The definition and
substantiation of the safety functions should be basednoanalysis of all initiatingr aggravating

events relevant to criticality safety arising framedible abnormal conditions, including human error,

8 A system with favourable geometry is one whoseetlisions and shape are such that a criticality esamiot occur

even with all other parameters at their worst driedconditionse-leng-as-the-selected-control-parameters{agilefi
materia o ati ichment) are maintaimibdin-specified limits

15

Comment [i38]: France comment no 18.

Comment [JG39]: USA comment no 58
modified footnote.

Comment [JG40]: ENISS comment no
2.

Comment [JG41]: ENISS comment no
3.

Comment [i42]: France comment no 19.

Comment [i43]: France comment no 21.

Comment [i44]: France comment no 22.

Comment [JG45]: ENISS comment no
5



internal and external hazards, loss or failure of structuregnsystnd components important to safety in

operational states and during design basis accidertts(equivalent).

3.12. In accordance with the lessons learned from criticadiccidents, the preventative safety
measures put in place should observe the following higrarc

« Passive engineered safety measures that do not rely onlcsygtems, active engineered

safety measures or human intervention;

« Automatically initiated active engineered safety measuras @n automatically initiated

shutdowror process contraystens); Comment [i46]: France comment no 23.
¢ Administrative safety measures:

0 Active engineered safety measures initiated manually by tipgraersonnel (e.g.
operating personnel initiate an automatic shutdown system in respoaséndicator

or alarm);
and

0 Ssafety measures provided by operating personnel (e.g. operatiranperslose a
shutdown valve in response to an indicator or alarm or bring #tersyinto normal

operational limits by adjusting controls).

3.13. In addition tofellowing-the preventative-contrdhierarchyof preventative safety measurasd Comment [JG47]: Japan comment no
30.

consistent with the concept of defence in depth, mitigatory safegsures (e.g. shielding, criticality Comment [i48]: Germany comment no

incident detection systems and emergency response) should be employed totipraptieal. &

3.14. Safety should be ensured by means of design featuredharatteristics of the system that are
as near as possible to the top of the list providguhra. 3.12, but this should not be interpreted anme
that the application of any safety measure towardsofh@ft the list excludes provision of other safety
measures where they can contribute to defence in depth.

3.15. The hierarchy of safety measures gives preferencagsiye safety. If subcriticality cannot be

ensured through this means, further safety measures $ieatdployed.

3.16. The safety measures put in place should be related to theloofh&r number of parameters
and their combinations. Examples of the control paramatergiven in pare3.17.

Control parameters

3.17. The subcriticality of the system can be demonstrated bylatittg kg and/or controlled by
limiting one or more parameters. The control parameters that beaconsidered for ensuring
subcriticality include (but are not limited to) the following:

¢ Restriction on the dimensions or shape of the system to a favourabietgg
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3.18.

Limitation on the mass of fissile material within a syst® a ‘safe mass’. For example, in
order to meet the single failure criterion, the safe masg lme specified to be less than half
the minimum critical mass (incorporating a suitable safatyof) so that inadvertent ‘double
batching’ of fissile material does not lead to criticalit¢onsideration may also need to be
given to the potential for multiple over batching of fissile material;

Limitation on the concentration of fissile nuclidesg.within an homogeneous hydrogenated
mixture-selutienor within a soligl

Limitation on the amount of moderating material associated witfisiee material;

Limitation on the isotopic composition of the elements in fibgile material present in the

system;
Limitation on the density of the fissile material;
Limitation on the amount and form of reflecting material surroundindigbide material;

Ensuring the presence and integrity of neutron absorbers in thensysteetween separate

systems that are criticality safe;

Limitation on the minimum separation distance between sepsystems that are criticality

safe.

The parameter limitations set out in para. 3.17 can be ewdle#tteer by multiplying the

critical parameter value determined for the system’s pdaticconditions by a safety factor, or by

calculation of the parameter value that meets the critéhitrc is less than unity. In deriving safety

margins, consideration should be given to the degree of uncerimimtysystem’s conditions, the

probability and rate of change in those conditions and the consequences céliycatcident.

Factors affecting reactivity

3.19.

Limitation on the isotopic composition of the elements in the fissdeerial, or restriction to a

certain type and chemical compound of the fissile material, @mbination of both, is essential for

ensuring criticality safety in many cases. Effective safatgsures should be applied to ensure that:

°

3.20.

The limits on the isotopic composition of the elements infibmle material are complied
with;

The compound to be used cannot change to become a more reactive compound;

A mixture of different types or different compounds resulting ihigher effective neutron

multiplication factor cannot occur.

As the last two events listed above, could in specific situations @guthe precipitation of a

U-Pu nitrate solution, they should be taken into account in the crijisaliety assessment, and proven

to be subcritical.
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3-203.21. The presence of neutron moderating materials should be considereébdese can

significantly reduce the critical mass of the fissile mate Hydrogen and carbon contained in

materials such as water, oil and graphite are common moderataw atomic mass, low neutron

absorption materials (such as deuterium, beryllium and berylixide) are less common but can be

very effective moderators. Consideration should be given to sufmsti of a moderator for an

alternative substance with lower or no moderating properietie case of oils, for example, there is

the possibility that long chain CH2 type cfle. aliphatic hydrocarbongpuld be exchanged for oils Comment [i52]: Germany comment no

11.
containing (for instance) fluorine or chlorine.

3:213.22. The presence of neutron reflecting material should be congdidetaterial present
outside the fissile material system will act as a neutreflector and can increase the neutron
multiplication factor of the system. Criticality safetgsassments usually consider a light water
reflector of a thickness sufficient to achieve the maximuntroa multiplication factor, known as
‘total reflection’ or ‘full light water reflection’. Howver, the possible presence of other reflector
materials (such as polyethylene, concrete, steel, lead,iberydind aluminium), or several reflector
materials used in combination, should be considered, if thigl cesllt in a greater increase of the
neutron multiplication factor than by full light water reflection.

3223.23. The presence of neutron absorbers should be considered. Neutron rabsoebe
mainly effective for thermal neutron systems. Thereforg, @eutron spectrum hardening, i.e. an
increase in the distribution of neutron energy, caused by ope@nditions or accident conditions,
should be considered as this may result in a decrease in ¢oiveifiess of the neutron absorption.
Therefore, when the safety function of a neutron absorber isswye safety measures should be
applied that ensure that the effectiveness of the neutron absortmreduced. Consideration should

be given to monitoring the credible long term degeneratiatior degradatioof neutron absorbers. Comment [G53]: Germany comment no
12.

3:233.24. The geometrical distribution of neutron absorbers and crediblagebain their
distribution should be considered. Changes in the geometrical distritmftneutron absorbers could

include slumping, evaporation or compression.

3-243.25. Neutron absorbers that are homogeneously distributed in a thermal ngsten are

usually more effective than if they were heterogeneouslyilistd (however, heterogeneously

distributed absorbers may be easier to control by admaitii& means). In a thermal neutron system

consisting of a heterogeneous arrangement of fissile materia érdd neutron absorber (e.g. the

storage of fuel assemblies), the neutron absorber may be mectvefithe closer it is located to the

fissile material. Any material (e.g. water, steel) ledabetween the absorber and the fissile material

can change the effectiveness of the absorber. Solid, fixedoneaitisorbers should be tessabl/or

validatedprior to first use in order to demonstrate the presence and uitjfasfrthe distribution of Comment [i54]: UK comment no 1.
the absorber isotope (e’§B). DemonstrationFhe-reed-fasf the continued presence and effectiveness Comment [JG55]: Japan comment no 9.
of neutron absorbers throughout their operational lifetime should be considered.
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3-253.26. Material (e.g. steamyater mist,polyethylene, concrete) located between or around Comment [3G56]: USA comment no

fissile material may act not only as a reflector but als@ moderator and/or a neutron absorber and

can therefore increase or decrease the neutron multiplidattor of the system. Any change in the

neutron multiplication factor will be dependent on the type and geokithe material positioned

between or around the fissile material. Materials with lomsitg (such as steam or foam) can cause a

significant change in the neutron multiplication factor. The inciu®r omission of any materials
from the criticality safety assessment should be justifiedajuating the effect of their treatment on

the neutron multiplication factor.

3:263.27. Interaction between units of fissile material should be coreidéecause this
interaction can affect the neutron multiplication factothaf system. This control parameter can be
used to ensure criticality safety, for example by specifgiigmum separation distances (or in some
cases maximum distances, for example to limit interktitiaderation between fissile material units)
or by introducing screens of neutron absorbers. Wherever practisapation should be ensured by
engineered means, e.g. fixed storage raekissile—material-storefor storage of arrays of drums

containingfissile materialeentaminated-with-plutonium

3:243.28. Heterogeneity of materials such as swarf (turnings, chipsiasal filings) or fuel
pellets can result in neutron multiplication factors grediten those calculated by assuming a
homogeneous mixture, particularly for low enriched uranium systems amif@d uranium and
plutonium. Therefore, the degree of heterogeneity or homogeneityousessumed in the criticality
safety assessment should be justified. Safety measures bleayighlied that ensure that heterogeneity
of the fissile material could not result in a higher neutron multijpdindactor than considered.

3-283.29. The temperature of materials may cause changes in densitynamelifron cross
section, which may affect reactivity. This should be considered in tiwattyt safety assessment.

ENGINEERED SAFETY MEASURES

Passive engineered safety measures
3-293.30. osolieCRsiRoore s eniot s e hiahe anked-means-of-ensbgngcality {se
para—3-12)Passive engineered safety measures use passive competiemtshan-meving-parte

ensure subcriticalitySuch measures are highly preferred because they provide ladflitg cover a

broad range of criticality accident scenarios, and require liplerational support to maintain their
effectivenes@s long as ageing aspects are adequately martdgetan intervention is not necessary.
Advantage may be taken of natural forces, such as gravity, r#tiher relying on electrical,

mechanical or hydraulic actiohike active components, passive components are subject to (random

degradation and to human error during installation and maintenancetiegtivihey require
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Comment [i57]: Germany comment no
13.
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Comment [i59]: UK comment no 2.

Comment [i60]: France comment no 25.

surveillance and, as necessary, maintenandexamples of passive components are geometrically Comment [i61]: France comment no 26.
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favourable pipes, vessels and structures, solid neutron absorbiagaisatand the form of fissile

materials.

3-303.31. In addition, certain components that function with very high reltgbbased on
irreversible action or change may be designated as passivpowents. Examples—of—passive

omponen e-geome y Tavourable heat exchangers, pgssels and structure olid-neutron

absaorbing materials, and-the form-of fissile materials. Comment [JG62]: Text moved to
previous para to address France comment
. . - 27.
3-313.32. Certain components, such as rupture discs, check valves, sdfaty ared injectors ne

and-seme-solid-state-electronic-devjdeave characteristics that require special consideratifamebe Comment [JG63]: ENISS comment no
12.

designation as an active or passive component. Any engineeresdremhhat is not a passive

component is designated an active component, though it may be @dthesfan active engineered

safety measure or an administrative safety measure.

Active engineered safety measures

3-323.33. Active engineered safety measures use active components suehechscal,

mechanical or hydraulic hardware to ensure subcriticalityivdatomponents act bysensing a

process variable important to criticality saféty by being actuated through the 1&C systeang Comment [i64]: France comment no 30.
providing automatic action to place the system in a safe conditidhout the need for human

intervention. Active engineered safety measures should be used palsive engineered safety

measures are not feasible. However, active components aeetsisbjandom failure and degradation

and to human error during operation and maintenance activitieseféiee components of high

quality and with low failure rates should be selected in all casgsaf@designs should be employed,

if possible, and failures should be easily and quickly detectahke.u$e of redundant systems and

components should be consideredlithough it does not prevent common cause failéetive Comment [i65]: France comment no 31.
engineered components require surveillance, periodic testing foticielity and preventive and

corrective maintenance to maintain their effectiveness.

3-333.34. Examples of active components are neutron or gamma monibonputer controlled
systems for the movement of fissile matenskighing-sealestrips based on process parameters (e.g. Comment [3G66]: ENISS comment no

i3

conductivity, flow rate, pressure and temperature), purgdses,fans, relays and transistors. Active Comment [i67]: France comment no 32.

components that require human action in response to an enginéarddssfe.g. response to an alarm
or to a value on a weighing scale) are administrativetysafieasures, though they contain active
engineered components.

ADMINISTRATIVE SAFETY MEASURES

General considerations

3-343.35. When administrative safety measures are employed, particplartedural controls,
it should be demonstrated in the criticality safety assessithat credible deviations from such
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procedures have been exhaustively studied and that combinationgiaifods that could lead to a
dangerous situation are understood. Specialists in human perforarahd¢aiman factors should be
consultedvhen developing the procedural controls gmihform management as to the robustness, or Comment [i68]: France comment no 34.

otherwise, of the procedural controls and to seek improvements where agpropri

3-353.36. The use of administrative safety measures should include, bubendimited to,
consideration of the followingand be incorporated into the comprehensive criticality safety

programme (see para. 2.12) Comment [JG69]: USA comment no
25.

« Specification and control of the isotopic composition of élements in the fissile material,
the fissile nuclide content, the mass, density, concentration, cilecoimposition and degree
of moderation of the fissile material and the spacing betweesnsysif fissile material,

« Determination and posting of criticality controlled areas. (areas authorized to contain
significant quantities of fissile material) and specificatas the control parameters associated
with such areas; specification and, where applicalide|liag of materials (e.g. fissile materials,
moderating materials, neutron absorbing materials autron reflecting materials); and
specification and, where applicable, labelling of dwmtrol parameters and their associated
limits on which subcriticality depends. A criticglicontrolled area is defined by both the
characteristics of the fissile material within it and tbetml parameters used;

¢ Control of access to criticality controlled areas whessilf materials are handled, processed

or stored;

e Separation between criticality controlled areas segdaration of materials within criticality

controlled areas;

* Movement of materials within and between criticality conéblareas, and spacing between

moved and stored materials;
* Procedural controls for record keeping systems (e.g. accountancy ofrfiatéieal);

* Movement and control of fissile material between critigatontrolled areas containing
different fissile materials and/or with different control pararst

Movement and control of materials from areas without criticadifgty control

« -(e.g. waste water processing areas) to criticality cdatr@reas or vice versa (e.g. flow of

effluent waste streams from controlled to uncontrolled processes);

¢« Use of neutron absorbers, and control of their continued preselsteibution and

effectiveness;

¢ Procedures for use and control of ancillary systems and equigengnvacuum cleaners in

criticality controlled areas and control of filter systemwaste air and off-gas systems);
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¢ Quality assurance, periodic inspection (e.g. cébnbb continued favourable geometries),

maintenance and the collection and analysis oftipgrexperience;

¢ Procedures for use in the event of an anticipated operationareace (e.g. deviations from

operating procedures, credible alterations in process or system aosiyliti

¢ Procedures for preventing, detecting, stopping and containing leakagesrarembving
leaked materials;

¢ Procedures for firefighting (e.g. the use of hydrogen-free fire extinguistateyials);

* Procedures for the control and analysis of design modifications;

« Procedures for criticality safety assessment and analysis;

* Procedures for the appointment of suitably qualified and experienced ityitiedety staff;
¢ Procedures covering the provision of training to operating personnel;

» Ensuring that the procedures are understood by operating personmeinstadtors working
at the facility;

» The safety functions and safety classification of the strast systems and components
important to safety (e.g. this is applicable to the design, procateadministrative oversight
of operations, and to maintenance, inspection, testing and examination).

3363.37. Before initiating a new activity with fissile materidhe necessary engineered and
administrative safety measures should be determined, prepaddndependently reviewed by

operatingpersonnel knowledgeable in criticality safety. Likewise, before an myiftility or activity

is changed, the engineered and administrative safety measurelsl & revised and again

independently reviewed'he introduction of a new activity may be subject to authodmétiom the

regulatory body before it can be initiated.

Operating procedures

3-373.38. Operating procedures should be written with sufficiently detail doqualified
individual to be able to perform the required activities withdwg heed for direct supervision.

Furthermore, operating procedures:
« Should facilitatethe safe and efficient conduct of operations;

¢ Should include those controls, limits and measures that are tanpofor ensuring
subcriticality;

¢ Should include mandatory operationsadvice and guidance for anticipated operational
occurrences and accident conditions;
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¢ Should include appropriate links between procedures in order to avoidiarsisand
duplications, and, where necessary, should specify clearly condifi@mry to and exit from

other procedures;
¢ Should be simple and readily understandable to operating personnel;

¢ Should be periodically reviewed in conjunction with other faciibocuments, such as the
emergency response plan and the criticality safety assessmemorporate any changes and
lessons learned from feedback of operating experience, and ifindrat predetermined

intervals.

3-383.39. Procedures should be reviewed in accordance with the manageysésrn.s As
appropriate, this review should include review by supervisors anditicality safety staff and should
be made subject to approval by managers responsible for ensuring suligriticali

Responsibility and delegation of authority

3-393.40. Managemensheuld-begiven the responsibility for overseeing the implementation of
the criticality safety measures and for implementing apm@tsmmjuality assurance measures. Such
authority and responsibility should be documented in the management system.

3-403.41. Management may delegate authority for the implementation dfifgperiticality
safety measures to supervisors. The authority that is pedntdtbe delegated to a supervisor should

be specified and documentedthe management system

3443.42. Authority for the implementation of quality assurance measwued periodic
inspections and the evaluation of the results of quality cenamtl periodic inspection should be
assigned to persons who are independent of the operating personnel.

3:423.43. In addition to these organizational requirements, managesmensupervisorshould
promote, in accordance with the requirements of Ref. [3], aysefiture that makes all personnel
aware of the importance of ensuring subcriticality and the négessadequately implementing the

criticality safety measures. For this purpose management shouldetbeifollowing:
¢ Criticality safety staff that are independent of operating perspnnel

¢ The organizational means for ensuring that the criticalitgtgadtaff provide management,
supervisors and operating personnel with periodic training onatityicsafety, to improve

their safety awareness and behaviour;

¢ The organizational means for ensuring that the criticalitytgataff themselves are provided

with periodic training on criticality safety;

¢ The organizational means for ensuring that periodic reviewsitafatity safety assessments
are undertaken;
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« The organizational means for ensuring that the criticalityetgaprogramme and its

effectiveness are continuously reviewed and improved.

3433.44. Records of participation in criticality safety training sltbbe maintained and used to

ensure that routine refresher training is appropriately recommended agatt@ust
3-443.45. The criticality safety staff should be responsible for, at least, tleviob:

¢ Provision of documented criticality safety assessmentsykiems of or areas withfissile Comment [i76]: France comment no 42.

material;

* Ensuring the accuracy of the criticality safety assessnigntwhenever possible, directly
observing the activity, processes or equipment, as appropaiadeencouraging operating
personnel to provide feedback on operating experience;

« Provision of documented guidance on criticality safety for thegdesf systems of fissile

material and for processes and for the development of operating progedures

¢ Specification of the criticality limits and conditions and regdisafety measures and support

of their implementation;
¢ Determination of the location and extent of criticality controlleshar

* Provision of assistance in determining the location of critjcdetection and alarm systems
and development of the associated emergency arrangements and cbnuiodic reviews

of these arrangements;

* Assisting and consulting operating personnel, supervisors and managemhdwteping close

contact with them to ensure familiarity with all activities involviiggile material;
e Conducting regular walkdowns through the facility and inspections of thétiast;

* Provision of assistance in the establishment and modificatioopefating procedures and

review of these procedures;

* Documented verification of compliance with the criticalitafety requirements for

modifications or changes in the design of systems or in processes;

« Ensuring that training in criticality safety is provided peitadly for operating personnel,

supervisors and management.
3-453.46. Supervisors should be responsible fdrleastthe following:

¢ Keeping an awareness of the control parameters and assotrteddlevant to systems for

which they are responsible;

¢ Monitoring and documentation of compliance with the limits of the controhpeteas;
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» If there is a potential for unsafe conditions to occur inetent of a deviation from normal

operations, stopping woik a safe waynd reporting the event as required
¢ to promote a questioning attitude from personnel and to demonstrate a safggdariend.

3-463.47. In relation to criticality safety, the responsibilities @ferating personnel and other
personnel should bao cooperate and comply with management instructions and proceckses
well-as-tedevelop a questioning attitude and a safety oriented fmand, if unsafe conditions are

possible in the event of a deviation from normal operations, to stop work and report.

IMPLEMENTATION AND RELIABILITY OF SAFETY MEASURES

3-473.48. Ensuring subcriticality in accordance with the concept of defemadepth usually
requires the application of a combination of different engimkearel administrative safety measures.
Where applicable, reliance may be placed on safety measweadyapiresent in the facilityr activity

or applied to the system of interest. However, the hierartlyit@ality safety measures specified in
para. 3.12 should be observed.

3-483.49. Consideration of criticality safety should be used to determine:
¢ The design and arrangement of engineered safety measures;

e The need for instrumentation for ensuring that the operationatsliand conditions are

adequately monitored and controliée-g—the—measurement—of-moisture—in—fissile—dioxide
[EEE

¢ The need for additional administrative measures for ensuringhtbeoperational limits and

conditions are adequately controlled.

3-493.50. Safety measures should include a requirement for quality ses®imeasures, in-
service inspection and testing, and maintenance to ensure tresf#e functions are fulfilled and
requirements for reliability are met. Where administratieatrols are required as part of a safety

measure, these should tested regularipeluded-in-the-functionaltesting

3-503.51. Consideration should be given to other factors that could influgrecselection of

safety measures. These factors incume not limited to
¢ The complexity of implementing the safety measure;
¢ The potential for common mode failuse common cause failu@f safety measures;
« The reliability claimed in the criticality safety assesstifer the set of safety measures;
« The ability of operating personnel to recognize abnormality or failfitiee safety measure;

« The ability of operating personnel to manage abnormal situations;
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« Feedback of operating experience.

3-543.52. Changes due to ageing of the facility should be coreidekgeing effects should be
monitored and their impact on criticality safety shdutdassessed. Periodic testing of items relied upon
to ensure subcriticality should be performed to ensure thatiticality safety analysis remains valid for
any actual or potential degradation in the condition of sechsi
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4. CRITICALITY SAFETY ASSESSMENT

GENERAL

4.1. Criticality safety assessments have generally been basedieterministic approach in which
a set of conservative rules and requirements concernindiémcdr activities involving fissile material
is applied. In such an approach Huequacselability of safety measures in successfully minimizing,
detecting and intercepting deviations in control parameters temravcriticality accident is judged
mainly against a set of favourable characteristics such asdependenceaedundancy and diversity
of the safety measures, or whether the safety measuresgineered or administrative, or passive or
active. Such considerations may also include a qualitative judgesh¢he likelihood of failure on
demand of these safety measures. If these rules and requBeanemnhet then it is inferred that the

criticality risk (see para. 4.2) is acceptably low.

4.2. Itis also common to complement the deterministic approachittcatity safety assessment
with a probabilistic approach. The probabilistic approach isdas realistic assumptions regarding
operating conditions and operating experience, rather than thenatige representation typically
used in the deterministic approach. The probabilistic approach praidestimate of the frequency
of each initiating event that triggers a deviation from norowaiditions and of the probabilities of
failure on demand of any safety measures applied to minimétect or intercept the deviation. The
frequency of the initiating event and the probabilities of failof the safety measures can be
combined to derive a value for the frequency of occurrenceitidatity. Using this value and a
measure of the consequent i i i jcabici
unshielded-operationsan estimate of the criticality risk can be made and compaithdisk targets

or criteria, if any, for the facility or activity.

4.3. The probabilistic approach is used to evaluate the extent tdwehierall operations at the
facility are well balanced ang-in—seme—cases;,—ay provide additional insights into possible
weaknesses in the design or operation, which may be helpful infyitegtivays of further reducing
risk. Difficulties in applying the probabilistic approach are esttimes encountered in criticality safety
assessment if one or more of the safety measures indloeesction of operating personnel as a
significant component. The reliability of safety measures efttipe can be very difficult to quantify.
Also, in some cases there may be a lack of data on relafotinew types of equipment, hardware

and software. Consideration should be given to the uncertaintibe values of risk derived by these
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methodswhen using the insights provided, especidflguch values are to be used as a basis for comment [i90]: France comment no 52.

significant modifications to a facility or activity.

CRITICALITY SAFETY ASSESSMENT

4.4. A criticality safety assessment should be performed pritrfe@ommencement of any new or
modified activity involving fissile material. A criticdy safety assessment should be carried out
during the design, prior tand duringthe-construction, commissioning and operation of a facility or

activity, and also prior t@nd duringthe--decommissioning—of-the—facilityand-tpest-operational Comment [JG91]: ENISS comment no

16.
clean-outand-decommissioning of the facilitgransport and storage of fissile materials. Comment [92]: UK comment no 4.

4.5. The objectives of the criticality safety assessment shHmiktd determine whether an adequate
level of safety has been achieved and to document the appedprids and conditions and safety
measures required to prevent a criticality accident. Thecalify safety assessment should

demonstrate and document compliance with appropriate safety criteriecuirdments.

4.6. The criticality safety assessment should include a citiicabfety analysis, which should

evaluate subcriticality for all operational states, i.e. nbroperation and anticipated operational

occurrences and algturing and aftéer design basis accidents (or the equivalent). The criticality Comment [3G93]: ENISS comment no
safety analysis should be used to identify hazards, both inmdagéxternal, and to determine ithe =

radiological-consequences. Comment [i94]: UK comment no 5.

4.7.  All margins adopted in setting safety limits should be justifieddoodimented with sufficient

detail and clarity to allow an independent review of the judgesmessideand the chosen margins Comment [JG95]: Belgium comment
When appropriate, justification should be substantiated by referenwaional regulations, national o

and international standards or codes of practice or to guidance thateare compliant with these

regulations and standards.

4.8. The criticality safety assessment and criticality saf@balysis should be carried out by
suitably qualified and experienced criticality safety staff wreknowledgeable in all relevant aspects
of criticality safety and are familiar with the fagjflibr activity concerned, and should also include
input from operating personnel.

4.9. In the criticality safety assessment consideration shouldjiben to the possibility of
inappropriate (and unexpected) responses by operating personnel tenabeonditions. For
example, operating personnel may respond to leaks of figdidamns by catching the material in

geometrically unfavourablequipmententainers Comment [i96]: France comment no 18.

4.10. A systematic approach to the criticality safety assessrsiould be adopted as outlined

below, including, but not limited to, the following steps:

® Specific criticality safety transport requiremeats included in Transport Regulations [6].
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« Definition of the fissile material, its constituents, cheahiand physical forms, nuclear and
chemical properties, etc.;

¢ Definition of the activity involving the fissile material;

« Methodology for conducting the criticality safety assessment;

« Verification and validation of the calculation methods and nuclear data;

¢ Performance of criticality safety analyses.

Definition of the fissile material

4.11. The characteristics of the fissile material (e.g. massunwe] moderation, isotopic
composition, enrichment, absorber depletion, degree of fissialugr@roduction or in-growth and
interaction, irradiation transmutation of fissile materiadsults of radioactive decay) should be
determined, justified and documented. Estimates of the noramge of these characteristics,
including conservative or bounding estimates of any anticipatedtioas in those characteristics,

should be determined, justified and documented.

Definition of the activity involving the fissile maerial

4.12. The operational limits and conditions of the activity involving tissile material should be

determined. A description of the operations being assessedl si®provided, which should include

all relevant systems, processes and interfaces. To prdaiity end understanding, the description of

the operations shoulde substantiated byelude relevant drawings, illustrations and/or graphics as Comment [i97]: France comment no 53.

well as operating procedures.

4.13. Any assumptions made about the operations and any associatethssyptocesses and
interfaces that could impact the criticality safety assest should be pointed out and justified. Such
systems include, but are not limited to, administrative systerg. non-destructive assay, systems for
accounting and control of materials and control of combustible iaater

4.14. |If the criticality safety assessment is limited to atipalar aspect of a facility or activity, the

potential for interactions with other facilities, systems, processastivities should be described.

Methodology for conducting the criticality safety asessment

4.15. The criticality safety assessment should identify all credititiating events, i.e. all incidents
that could lead to an anticipated operational occurreneedesign basis accident (or the equivalent).
These should then be analysed and documeatedlg into account possible aggravating evefite Comment [JG98]: ENISS comment no

18.
following should be considered when performing the analysis:

a. All credible scenarios should be identified. A structured, discigliard auditable
approach should be used to identify credible initiating events. dpproach should
also include a review of lessons learned from previous incidentgding accidents,
and also the results of any physical testing. Techniques avditatdentify credible

scenarios include, but are not limited to, the following:
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4.16.

“What-if” or cause-consequence methods;

Qualitative event trees or fault trees;

.

Hazard and operability analygidAZOP);

« Bayesian networks;

Failure modes and effects analyS§t8EA). Comment [i99]: Germany comment no
16.

b. Input into the criticality safety assessment should alsolbeined from operating
personnel and process specialists who are thoroughly famittathe operations and

initiating events that could credibly arise.

The criticality safety assessment should be performed usingrifie¢ and validated

methodology. The criticality safety assessment shouldiggoa documented technical basis that

demonstrates that subcriticality will be maintained in apenal states and in design basis accidents

(or the equivalent) in accordance with the double contingency prirmighee single failure approach

(see paras3.6 - 3.10). The criticality safety assessment should identifgeafety measures required to

ensure subcriticality, and should specify their safety funsticncluding requirements for reliability,

redundancy, diversity and independence and also any requirements for equjipatiéoation.

4.17.

The criticality safety assessment should describe the dwlthigy or methodologies used to

establish the operational limits and conditions for the actheing evaluated. Methods that may be

used for the establishment of these limits include, but are limitékdedollowing:

.

4.18.

Reference to national and international standards;
Reference to accepted handbooks;

Reference to experiments, with appropriate adjustments of lisméasure subcriticality when

the uncertainties of parameters reported in the experiment documentationsadeed;
Use of validated calculation models and techniques.

The applicability of reference data to the system of &ssiaterial being evaluated should be

justified. When applicable, any nuclear cross-section dathslssuld be specified (i.e. cross-section
data sets and release versions), along withrcadgs-used-for-caleulation-ofoss-sectionprocessing

codes that were used Comment [JG100]: Japan comment no
12.
4184.19. The overall safety assessment for the facility or agtisiiould also be reviewed and  Comment [G101]: Germany comment

no 18.

used to identify and provide information on initiating events thaulksl be considered as credible

initiators of criticality accidents, e.g. activation of spreisl rupture of a glove box, build-up of

material in ventilation filters, collapse of a rack, movenw#ritssile material during package transport

Comment [i102]: France comment no

and natural phenomena. 55. Added text moved from section
covering criticality safety analysis below.
Verification and validation of the calculation method and nuclear data gzmment [i103]: France comment no
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4194.20. Calculation methods, such as computer codes and nuclear data, dsedriticality
safety analysis to calculatggkshould be verified to ensure the accuracy of their derattes and to
establish their limits of applicability, code bias and levalmcertainty. Verification is the process of
determining whether a calculation method correctly implementsnteeded conceptual model or

mathematical model [2].

4.204.21. Verification of the calculation method should be performedodically and should
test the methods, mathematical or otherwise, used in the modiébr computer codes, should ensure
that changes of the operating environment, i.e. operating systetwarsofand hardware, do not

adversely affect the codes execution. Comment [JG104]: Japan comment no
13.

4.214.22. When available, the results of the calculations should be chesked using
independent nuclear data or different computer codes.

4.224.23. After verification of the calculation method is complete antbrpto its use in

performing a criticality safety analysis, it should be datéd. Validation relates to the process of

determining whether the overall calculation method adequately eeflecteal system being modelled

and enables the quantification of any calculation/code bias anertainty by comparing the

predictions of the model with observations of the real ayste with experimental data [2]The Comment [i105]: Germany comment
calculation method should be validated against selected benchthat are representative of the i

system being evaluated. The relevance of benchmarks for usefannpeg validation should be

determined from comparison of the characteristics of the benkbmadth the characteristics of the

system of fissile material being evaluated.
4.234.24. In selecting benchmarks, consideration should be given to the following:

¢« Benchmarks should be used that have relatively small uncestagtdimpared to any arbitrary

or administratively imposed safety margin;

< Benchmarks should be reviewed to ensure that their neutronic, epnphysical and
chemical characteristics encompass the characteridtitse dfissile material system to be
evaluated. Examples of neutronic, geometric, physical or chenfieghcteristics that should
be used for all materials include, but are not limited to, the following:

= Molecular compounds, mixtures, alloys and their chemical formulae;
= |sotopic proportions;
= Material densities;

= Relative proportions or concentrations of materials, such amdaderator-to-fissile
nuclide ratio. Effective moderators are typically miaier of low atomic mass.
Common materials that can be effective moderators includer Wiag¢. hydrogen,
deuterium and oxygen), beryllium, beryllium oxide and graphite (i.@ocdr In the
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presence of poorly absorbing materials, such as magnesium oxide, ogyglea an
effective moderator;

= Degree of homogeneity or heterogeneity and uniformitjpon-uniformity, including
gradients, of fissile and non-fissile materials (emens fuel rods, settling of fissile
materials such as waste);

= Geometric arrangements and compositions of fissile mhted&ive to non-fissile
material such as neutron reflectors and including materials coirgbtd the
absorption of neutrons (e.g. cadmium, hafnium and gadolinium are aamonsed,

but other materials such as iron also act as slow neutron absorbers);

The sensitivity of the system to any simplification obgetry, e.g. elimination of
pipes or ducts

= Neutron energy spectrum.

¢ Calculation methods should be reviewed periodically to deterihieéevant new benchmark
data have become available for further validation.

¢ Calculation methods should also be re-verified following charigethe computer code
system and periodically.

4.25. Once the calculation method has been verified and validatedouidld be managed within a
documented quality assurance programme as part of the overslgement system. The quality
assurance programme should ensure that a systematic approadbpied in designing, coding,
testing and documenting the calculation method.

4.26. If no benchmark experiments exist that encompass the systemelvaingted (as may be the
case, for example, for low-moderated powders and waste), it mgpodmble to interpolate or
extrapolate from other existing benchmark data to that systemakingnuse of trends in the bias.
Where the extension from the benchmark data to the system atshi@nge, the method should be

supplemented by other calculation methods to provide a betimatsof the bias, and especially of

its uncertainty in the extended area (or areas), and tortrate consistency of the computed results.

An additional margin may be necessary to account for validatiorrtaimtees in this case. Sensitivity
and uncertainty analysis may be used to assess the applicatbilenchmark problems to the system
being analysed and to ensure an acceptable safety margin. An mbp@pact of this process is the

quality of the basic nuclear data and uncertainties in the data.

4.27. When computer codes are used in the analysis, the type of complatifogm, i.e. hardware
and software, along with relevant information on the contfolcade configuration should be
documented.
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4244.28. Quiality control of the input data and the calculatiosults is an important part of
criticality safety analysis. This includes, for exaeplerification that Monte Carlo calculations have

properly converged. Comment [JG109]: France comment
no 56. Text moved from Section dealing
with Criticality safety analysis, which is

Crenlerooicbonnles now redundant.

phenemena. Comment [i110]: France comment no

55. Deleted text moved above to section
covering criticality safety assessment.

converged. Comment [JG111]: France comment
no 56. Deleted text moved to the section
covering verification and validation
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5. CRITICALITY SAFETY FOR SPECIFIC PRACTICES

GENERAL

5.1. Criticality safety can be applied to many areashef tuclear fuel cycle, e.g. enrichment, fuel
fabrication, fuel handling, transport and storage, reprogess spent fuel, processing of radioactive

waste and its disposal.

5.2.  Fuel cycle facilities may be split into two group<tiliies for which a criticality hazard is not
credible, e.g. facilities for mining, processing andvagsion of natural uranium; and facilities for which
the criticality hazards may be credible, e.g. enrichnfantiities, uranium and mixed oxide fuel
fabrication facilities, fresh fuel storage facilitiespent fuel storage facilities, reprocessing fiéedj

waste processingeatment facilities and disposal facilities. Facilities in ghsecond group should be ~ comment [i112]: Germany comment

no 19.
designed and operated in a manner that ensurestmatlityiin operational states and in design basis
accidents (or the equivalent).
5.3. The scope and level of detail to be consideredtter criticality safety assessment can be
influenced by the type of facility and its operati@iExperimental-facilities-tend-to-have-lower-amounts
issile-material-and-flexible-werking-procedures—aadhuman-errors—may-be-meore—prevalent- Fuel
the proper-functioning of process-equipment. Comment [i113]: France comment no

58. Deleted text added as a footnote.

SPECIFIC PRACTICES

5.4.  This section provides guidance on specific issues thafisle taken into account to ensure

criticality safety in each of the main areas of the nudlezl cycle.

Conversion and uranium enrichment

5.5.  In conversion facilities typically natural uranium omncentrate is purified and converted to the
chemical forms required for the manufacture of nucleat, i.e. uranium metal, uranium oxgje

uranium tetrafluorid®r uranium hexafluoride, in preparation for enrichment. Comment [JG114]: ENISS comment
no 19.

10 Experimental facilities tend to have lower amouwftéssile material and flexible working procedsyand so human
errors may be more prevalent. Fuel production ifesl and fuel utilization facilities often haverg@ amounts of
fissile material and high production demands anel wsll-defined processes, which may depend on hathan
performance and the proper functioning of procegspenent.
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5.6. Because of the isotopic composition of natural wnami(i.e. ~0.7 atom %°U) in the
homogeneous processes of conversion, no criticaliégyshazards are encountered in the conversion of

natural uranium.

5.65.7.Uranium enrichment facilities have the potential ¢aticality accidents and as such criticality
safety measures, as described in the previous seafundd be applied. Further guidance on criticality
safety for conversion facilities and uranium enrichmaailifies is provided in Ref. [18].

5-75.8.Conversion facilities can also be used for the conmersf enriched or mrocessedjenerated

uranium, which has a higher enrichment than natural uranigrmaemeunder certairconditions can Comment [i115]: Germany comment
no 21 and USA comment 39..

achieve criticality.

Comment [i116]: UK comment no 6,
reordered the paras 5.7 & 5.8.

Fuel fabrication

5.9. Fuel fabrication facilities process powders, solutiogasesand metals of uranium and/or Comment [i117]: Germany comment

plutonium that may have different content in eithesilis material (e.g. if*U enrichment) or in o

absorber material (e.g. gadolinium).

5.10. Such facilities can be characterizésy the®*U content, for uranium fuel fabrication, or, for

facilities mixing powders of uranium and plutonium (i.e. MOXlffabrication facilities), by the isotopic

composition of the Pu in the mixture (principaf§Pu, >*®Pu and*'Pu) by the fissile fraction of

plutonium, i.e. the ratic?{®Pu +**Pu)/(total Pu) as a measure of Pu qualipd by thé>U content in Comment [i118]: Germany comment

the uranium.

5.11. A typical control parameter used in fuel fabricatisrmoderation. Where moderator control is
employed, the following should be considered in the afiticsafety assessment:

* Buildings containing fissile material should be protected from intiora® of water from
internal sources (e.g. from firefighting systems, leaks orrfaitdéi pipework) or ingress of

water from external sources (e.g. rainfall and flooding);

* In order to prevent water leakage and unexpected changes in condticnsicality
safety control, air rather than water should be used forrngeaticooling in facilities for
fissile material storage or processing. If this is not praktmeasures to limit the amount
of water that can leak should be considered;

« For firefighting, procedures should be provided to ensure the safd esénguishants
(e.g. control of materials and densities of materials to bd,sich as CQwater, foam,
dry powders and sand);
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The storage of fissile material should be designed to pregenaitivertent rearrangement

in events such as firefighting with high pressure water jets;

Powders may absorb moisture. The maximum powder moisturentcht could be
reached from contact with humid air should be taken into acéouhe criticality safety
analysis. If necessary, inert and dry glovebox atmospheres df®uidintained to ensure
safety and quality of packaged powders. Furthermore, the applicatibpdodgenated
materials, e.g. materials used as lubricants in the manufactpediets, should be applied
with safety factors consistent with the double contingenayciple. Criticality safety
analyses for these types of material may be difficularoycout on account of the limited
number of experimental benchmarks that can be used in validatifgutameodes. Care
should therefore be taken in the extrapolation of available benchdaaak for these

applications. Guidance for such situations is provided in paré#;4.2

The introduction and removal of moderating materi@, equipment or cleaning material,
within moderation controlled environments, such asvejloxes, packaging areas or
criticality controlled areas, should be monitoiedy. weighing moderating materiahd
controlled to avoid unsafe accumulations of moderassildimaterials.

5.12. Buildings and equipment (e.g. gloveboxes) should be medigp ensure the safe retention of

fissile material in the event of an earthquake or rothdéernal event. Similarly, multiple separated

systems relying on distance or neutron absorbers shouklitably fixed in place to ensure an

appropriate distance is maintained between them agwbtae the integrity of theeutronshielding.

5.13. The generation and collection of waste throughout the atesild be identified and evaluated

to ensure that the quantities of fissile nuclidesiyaaste remain within specified limits.

Material cross-over

5.14. Production operations may be intermittent. To ensuegj@te control during and between

production campaigns, the fundamental fissionable matpeaeameters that should be monitored

include: the mass per container; including the ideation of the container (e.g. in the case of

manipulated powders or pellets) and/or the identificatiofuef rods and fuel rod assemblies. This

identification should ensure that the movement and storagesaf items is traceable and ensure that the

containers and work stations remain sub-critical.

Machining, grinding and cutting

5-345.15.

The different steps in the manufacturing process megte accumulations of fissile

material that may or may not be readily visible. A médtfay periodic cleaning and for accountancy and

control of fissile material at the facility and atork stations should be defined that allows the

identification and recovery of the fissile materkdr credible accumulations of fissile material that a

not readily visible, a method for estimating and trackimgse residues should be developed to ensure
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that the work stations arahcillaryertifation systems remain subcritical. Such methods could belbase comment [i122]: France comment no
on quantification using spectral measurements, suchaasng spectrometry, or by a structured =

evaluation that estimates the volume, with account takéreafontents and the densities of the material.

These methods should take into account operating erperiprevious interventions and recording of

information. Consideration should be given to the pdggitnf entrainment of fissile materials in

process equipment ancillaryentitation systems due to the velocity of the transport mediwerioéic Comment [i123]: France comment no

61.
inspection of equipment in which fissile material could aadate may be necessary.

5.455.16. Machining, grinding and cutting should ideally be uralesh without the use of
coolants. However it might not be possible to elimiratelants entirely from the process or to replace
them with non-moderating coolants. The collection of accaradlresidues and/or coolant is likely to

necessitate control of other parameters, particulaglgdimtrol of favourable geometry.

5.465.17. Further guidance on criticality safety for uraniuml fiadorication facilities and uranium

and plutonium mixed oxide fuel fabrication facilitieslso provided in Refs [19] and [20], respectively.
Handling and storage of fresh fuel

5475.18. The storage area for fresh fuel should meet the mmeints specified in theriticality Comment [JG124]: ENISS comment
no 21.
designsafety assessment and should be such that the storetl&esfil remain subcritical at all times,

Comment [i125]: France comment no
even in the event of credible internal or extermabding or any other event considered credible in the 6%
design safety assessment. Engineered and/or adminestragasures should be taken to ensure that fuel

is handled and stored only in authorized locations inrot@erevent a critical configuration from

occurring. It should be verified that the fuel's enrieminlevel complies with theriticality design Comment [JG126]: ENISS comment
limitations of the storage area. —

5485.19. For wet and dry storage systems that use fixed selidron absorbers, a surveillance

programme should be put in place to ensure that thertsdys are installed aritldegradation of the

absorbers is predicted, to monitor their effectiversssto ensureverify-that they have ndbst-their

effectiveness-doecome displaced. (fgmment [3G127]: Japan comment no

5495.20. Drains in dry storage areas for fresh fuel shouldropesly kept clear for the efficient
removal of any water that may enter so that such draimoteonstitute a possible cause of flooding.

5.205.21. Fire risks in the fuel storage area should be minimimedreventing the accumulation
of combustible material in the storage area. Instrustimm firefighting and firefighting equipment
suitable for use in of the event of a fire involving fuebsld be readily available.

5:215.22. Further guidance for ensuring criticality safetythe handling and storage of fresh fuel
at nuclear power plants is provided in Ref. [21].
Spent fuel operations (prior to reprocessing, longerm storage or disposal)

5.225.23. Spent fuel operations are generally characterizeal hged to handle large throughputs

and retain large inventories of fissile material ia facility. In contrast to criticality safety assegents
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for operations earlier in the fuel cycle, credit mayvrme taken for the effects of fuel irradiation. In

determining the criticality safety measures, the followangdrs should be noted:

* At this stage in the fuel cycle, the material is highly sadtive and will generally need to be

handled remotely in shielded facilities or shielded packages;

¢ Much of the material will need cooling for several yeaboWang its removal from the

reactor €.g.in spent fuel pondgerexamply Comment [3G128]: Japan comment no
31

¢ The isotopic, physical and chemical composition of the éissiaterial will have changed

during irradiation in the reactor and subsequent radioactive decay;
¢ The fuel assemblies will have undergone physical changes during irradiatio
Handling accidents

5.235.24. The need for remote handling and the presence of heaelgish necessary for
radiation protection necessitates consideration eétaof design basis accidents in which there is a
potential for damage of fuel elements (e.g. leading toss of geometry control) or damage of other
structures (e.g. leading to a loss of fixed absoyb8afety measures associated with prevention of such
events should include robust design of supporting stestengineered or administrative limits on the
range of movement of fuel elements and other objedtsei vicinity of fuel elements, and regular testing

and/or maintenance of handling equipment.
Maintaining fuel geometry

5:245.25. The geometry of spent fuel has to be maintained dutargge and handling operations

to ensure subcriticality and this should be assessedllfaperational states and for design basis

accidents (or the equivalent). This recommendationldradso apply to the handling and storage of any

degraded fuel, e.g. fuel with failed cladding, that bagn stored in canisters. The potential for

dispersion of fuel due to degradation of fuel claddindue to failures of fuel cladding or fuel assembly

structures should be assessed and included in the lityitisafety assessment. Control over fuel

geometry may also be affected by corrosion of structnadérials and by embrittlemeswtd creef the Comment [JG129]: USA comment no

38.
fuel as a result of irradiation.

5.255.26. For stored fuel there is sometimes a need to remowepair fuel pins or rods, which
can change the moderation ratio of the fuel elemamd thus potentially increase its reactivity.

Criticality safety assessments should be performedrtsider the impact of such operations.
Loss of soluble or fixed absorbers

5.265.27. In some storage ponds for spent fuel eaponent-otriticality safetymeasureentrol Comment [G130]: Canada comment no
2.
may be the inclusion of a soluble neutron absorhgr f®ron) in the storage pond water. In this case,

the potential for accidental dilution of the soluble neutatnsorber by unplanned additions of un-
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poisoned water should be considered in the criticalifiety assessment. Further guidance on safety of

spent nuclear fuel storage is provided in Ref. [22].

5.275.28. In some facilities, the presence of high radiatietds can lead to detrimental changes
in the physical and chemical form of the fixed absonmeterials usedhs afor—criticality safety
measureontrol For example, Boraflex sheets (a material composetoofn carbide, silica and
polydimethyl siloxane polymer) used in some storagedpdor PWR and BWR spent fuel have been
found to shrink as a result of exposure to radiatioeattyg gaps in the material and reducing the
effectiveness of the neutron absorbers. For certaiident scenarios, such as a drop of a fuel assembly,

limited credit for soluble neutron absorbers may henaid.

5.285.29. The potential for degradation of criticality safetheasures involving soluble or fixed
absorbers should be included in the criticality safassessment. Safety measures associated with events
of this type may include restrictions on the volumdresh water available to cause dilution, periodic
sampling of levels of soluble neutron absorbers antbgierinspection and/or surveillance of fixed
absorber materials. Sampling of soluble boron in the paidr should be carried out in a manner so as
to verify that the level of boron is homogeneous actiesgpond. Where soluble boron is usedafer
criticality safety measureentrel operational controls should be implemented to maintadter
conditions in accordance with specified values ofgterature, pH, redox, activity, and other applicable
chemical and physical characteristics, so as to prevent tiution. Additionally, appropriate measures

to ensure boron mixing by e.g. thermal convection cabgetecay heat in the storage pond should be

taken into account.
Changes in storage arrangements within a spent fuel facility

5.295.30. Spent fuel is often stored in pond facilities forese¥ years following its removal from
the reactor core. During that time changes may be need torieel cart to the storage configuration. For
example, in some nuclear power plants it has been foeoessary to re-position the spent fuel in the
storage pond, i.e. to ‘re-rack’ the spent fuel, in ordeincrease the storage capacity of the pond.
Increasing the density of fuel storage may have samifi effects on the level of neutron absorbers
necessary to ensure subcriticality. A reduction in theusmtnof interstitial water between spent fuel
assemblies in a storage rack may also cause a redirctice effectiveness of fixed absorbers (see Ref.
[10]). These effects should be taken into account in tliticality safety assessment for such

modifications.

5.31. Consideration should also be given to the potential for clsangbe storage arrangement due to

accidents involving fuel movements (e.g. a flask being drdgmto the storage array).

5.305.32. For spent fuel facilities on a single reactor siteewthe facility may contain more than
one type of fuel element and/or have storage are&sdiffering requirements for acceptable storage
within the same facility, the possibility of misloading a fuel element into a wrong storage location

should also be considered in the criticality safetysassent.
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Misloading accidents

5.315.33. Some spent fuel storage facilities accept mater@hfa range of reactor sites. To

accommodate the different types of fuel, the faciltyisually divided into areas with distinct design

features and requiring different degrees of criticadifety measuressntrol In these situations, the Comment [G135]: Canada comment no
potential for misloading of spent fuel into the wrosiprage location should be considered in the =

criticality safety assessment. Safety measuresciagsd with events of this type should include

engineered features to preclude misloading (e.g. basetieophysical differences in fuel assembly

design); alternatively administrative controls amdification of the fuel assembly markings should be

applied.
Taking account of changesin spent fuel composition as a result of irradiation

5:325.34. Usually, in criticality safety assessments for opiena involving spent fuel, the spent

fuel is conservativelyassumed to have the same composition as fresh flietnatively, it may be

possible to take credit for reductions i Rs a result of changes in the spent fuel compoditiento

irradiation. Thismore realisticapproach is commonly known as ‘burnup credit’, and can beeappli = Comment [i136]: Germany comment
instead of the ‘peakk approach’(i.e. peak reactivity achieved during irradiatiofdr which an _—

assessment is required whenevgrcould increase due to irradiation. The application of burnegiitas

covered in more detail in pards375 to 53240.

5.335.35. Taking credit for the burnup of individual fuel asseiebill increase the potential for
misloading accidents of these fuel assemblies. Consthyguprotection against misloading accidents,
mentioned in para. 533, should form one of the key considerations in the clittjcaafety assessment

for spent fuel operations.

5:345.36. Further guidance on criticality safety at spent &terage facilities is provided in Ref.
[22] and guidance for ensuring subcriticality during t@adling and storage of spent fuel at nuclear

power plants is provided in Ref. [21].

Burnup credit

5.355.37. The changes in the composition of spent fuel duriragliation will eventually result in
a reduction in l . The application of burnup credit in the criticality sgfassessment may present

several advantages, as follows:

¢ Increased flexibility of operationsnd—simplification—of—administrative—reguiremer(eg. Comment [i137]: France comment no
66.

acceptance of a wider range of spent fuel types);

« Verified properties of thsufficiently irradiated fuel could result in an inherently subcritical ~ Comment [3G138]: Japan comment no
17.

material;

o Improved-efficiency{e-glncreased loading densities in spent fuel storagejareas Comment [i139]: France comment no
67.
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5.365.38. On the other hand, the application of burnup credit mgyifeantly increase the
complexity, uncertainty and difficulty in demonstrating adequate margin of subcriticality. The
criticality safety assessment and supporting analysigldhtetermine reliably thegk for the system,
accounting for the changes to the fuel compositiomdurradiation and due to radioactive decay after
irradiation. Spatial variations in the spent fuel conts should be taken into account in calculating
ket for the relevant configuration of the spent fuel.eTimcrease in complexity presents several
challenges for the criticality safety assessmend ¢niticality safety assessment carried out on tlsesba

of burnup credit, the following should be addressed:

* Validation of the calculation methods used to predict the spmhtcbmposition using the
guidelines presented in pards2019 to 4.284;

* Validation of the calculation methods used to predigtfar the spent fuel configurations
using the guidelines presented in pasi2019 to 4.84 (note that calculations for spent fuel
may now include many more isotopes than are present for fresh fuel tafs)la

» Specification and demonstration of a suitably conservatipeesentation of the irradiation
conditions; for example, the amount of burnup, the presence of soluble ahsheoeresence
of burnable poisons, coolant temperature and density, fuel temgerpower history and
cooling time. For fuel assemblies with burnable poisons, the dcitijicsdfety assessment
should take account of the depletion of burnable poisons and shodidierothe possibility
that the most reactive condition may not be for the fresh fuel;

« Justification of any modelling assumptions, for example, the regetsen of smoothly
varying changes in composition (i.e. as a result of radial and d@tions in burnup) as

discrete zones of materials in the calculation model;

« Justification of the inclusion or exclusion of specific isotpach as fission products, of the

in-growth of fissile nuclides, and of the loss of neutron absorbers.

5:375.39. Generally, the operational limits and conditions fieswging subcriticality in spent fuel
storage on the basis of an assessment of burnup areditased on a conservative combination of the
fuel's initial enrichment and the burnup history (in whittte amount of burnup is an important
parameter). This approach is commonly known as the Isading curve’ approach(see Ref. [23]). In
such circumstances, the criticality safety assessrabould determine the operational measures
necessary to ensure compliance with this curve duoperation, e.g. the measurements that are
necessary to verify the initial enrichment and burnlipe criticality safety assessment should also
consider the potential for misloading of fuel from alasthe limits and conditions specified in the safe

loading curve.

1 The safe loading curve joins pairs of initial ehrment and burnup that have been demonstrated wafety
subcritical.
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5.385.40. Further information and guidance on the application afilqu credit is available in Ref.
[23].

Reprocessing

5.395.41. Spent fuel reprocessing involves operations to recdwerutanium and plutonium

isetopedrom waste products (e.qg. fission products, minomatgsinandfuel assemblies) after the fuel Comment [JG140]: Japan comment no
32.
has been irradiated.

5.405.42. Reprocessing operations can also include the treainhdresh fuel or low burnup fuel.
Consideration should be given to specific criticality safe¢asures for controlling the dissolution phase,
as fresh fuel or low burnup fuel can be more difficultiigsolve than spent fuel. In addition, uranium
and plutonium mixed oxide fuels tend to be more difficuttissolve than Uofuels.

5:415.43. The following issues are of particular importance andulshde considered for

criticality safetyeentretin reprocessing facilities: Comment [G141]: Canada comment no
6.

« Reprocessing involves a wide range of forms of fissile nahtnd the use of multiple control

parameters may be necessary;
* The mobility of solutions containing fissile nuclides and the potertighkir misdirection;
e The need for chemistry control in order to prevent:
= Precipitation, colloid formation and increases of concentration itiGoju
= Unplanned separation and extraction of fissile nuclides;

e The possibility for hold-up and accumulations of fissile eriat, owing to incomplete
dissolution of materials, accumulations fifsile materialfines-in process equipment (e.g.

conditioning and vacuum vessets ventilation systemer chronic leaks (including leaks of Comment [JG142]: Japan comment no
18.
liquors onto hot surfaces);

« The need for moderator control during furnace operatmmssingcondensation in powders
Wide range of forms of fissile materials
5.425.44. The forms of fissile materials involved in reprocessirgdiverse and could include:

* Fuel assembilies;

¢ Fuel rods;

e Sheared fuel;

¢ Fines or swarf;

¢ Solutions of uranium and/or plutonium;

¢ Oxides of uranium, plutonium or mixed uranium and plutonium;
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¢ Plutonium oxalate or mixed uranium and plutonium oxalate;

¢ Uranium or plutonium metals;

¢ Other compositions (e.g. materials containing minor actinides).
Mobility of solutions and the potential for their misdirection

5.435.45. Many fissile materials are in a liquid form and, owitg the existence of many
connections between items of equipment, the possibsiitynfsdirection of the fissile material should be
considered in the criticality safety assessment. drtieality safety assessment should be such as to
identify the safety measures necessary to avoid teisilglity, e.g. the use of overflow lines and siphon
breaksMisdirection can lead to uncontrolled chemical phenomemga €oncentration or precipitation of
plutonium or dilution of neutron absorbers in solution) asdinection of fissile material to systems of

unfavourable geometry.

5.445.46. The criticality safety assessment should give particcdasideration to the impact of
interruptions to normal operations (e.g. owing to céiveanaintenance work), which have the potential
to create unplanned changes to the flow of fissiléerizh. The possibility that external connections
could be added in an &c manner to approved pipework and vessels should alsm&idered.

5.455.47. Operational experience has shown that misdirectibfissiie material can occur owing
to unexpected pressure differentials in the systegn dee to sparging operations during clean-up). The

criticality safety assessment should include congiideraf these effects.

5.465.48. In any facility employing chemical processes, leaksaconstant hazard. Leaks may
occur as a result of faulty welds, joints, seals, Ageing of the facility may also contribute to Isak
through corrosion, vibration and erosion effects. In gindrains, drip trays, recovery pans and vessels
of favourable geometry should be provided to ensure idsef materials that could leak will be safely
contained. Consideration should also be given to tliglon of monitored sumps of favourable
geometry for the detection of leaks. It should not be assuraeb#tks will be detected in sumps as they
may evaporate and form solid accumulations over temsideration should be given to carrying out
inspections to prevent any long term build-up of léseiaterial, especially in areas where personnel are
not present (see Ref. [24]).

Maintaining chemistry control

5:475.49. Particular consideration should be given to chemistry closhiiing reprocessing. Some

of the most important process parameters that cougttaéfiticality include: acidity, concentration
and/or density, purity of additives, temperature, @cinarea (i.e. during mixing of materials), flow rates
and quantities of reagents. Loss of control of anthe§e process parameters could lead to a range of

unfavourable changes, for example:

* Increased concentration of fissile nuclides (by precipitatidigiddormation or extraction);
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¢ Unplanned separation of plutonium and uranium;
« Carry-over of uranium and plutonium into the raffinate stréam
¢ Incomplete dissolution of fissile material.

5-485.50. The potential for such changes to affect criticasifety should be considered in the
criticality safety assessment. The selection dable safety measures will vary depending on thelgetai

of the process and may include:

« Monitoring of the concentration of fissile nuclides (e.g. in-linatran monitoring, chemical

sampling);
¢ Monitoring of flow rates and temperatures;
¢ Testing of acidity and quality control of additives.

5.495.51. The effectiveness and reliability of these safegasures should be considered as part

of the criticality safety assessment. A process flbee$’ should-be-used-thelps in determining the Comment [i143]: France comment no
response and sensitivity of the facility to changeshe process, control or safety parameters. This =

information should be used to ensure that the safetyumesaare able to respond quickly enough to

detect, correct or terminate unsafe conditions irerotd prevent a criticality accident. Time lags in

process control should be considered in maintaining chgrosttrol.

5.505.52. Particular consideration should be given to the comtfok-start operations following
interruptions to normal operating conditions. Some changg®eimical characteristics may occur during
any period of shutdown (e.g. changes in the valence aitgieitonium leading to reduction in acidity,
which could result in formation of colloids) and these effdutailsl be accounted for in re-establishing a

safe operating state.
Hold-up and accumulation of material

5.545.53. In a reprocessing facility there are many sites wheaierial may credibly accumulate
and many mechanisms (both physical and chemical) by wisgite fmaterial could be diverted from the
intended process flow. In addition, owing to the high throughepuotaterial, these losses may be hard to

detect solely on the basis of material accountancy.

| 5.525.54. The start of the reprocessing operation usually iresmechanical operations, such as
shearing and/or sawing of the fuel to facilitateditssolution. Such operations are usually conducted in a

dry environment, and so the risk of criticalisrwill often be lower than in a wet environmiemt. Comment [i144]: UK comment no 7.

However, particular consideration should be given tothssibility of accumulations of fissile nuclides

12 A liquid stream that remains after the solutesrfrthe original liquid are removed through contadthwan
immiscible liquid.

13 A process flow sheet depicts a chemical or opamatiengineering process and describes materatkss of flow,
volumes, concentrations, enrichments, and massessery to attain intended results or products.
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in swarf, fines and other debris becoming moderatedighrentrainment during subsequent parts of the
process where wet chemistry conditions are preseot. this reason, regular inspections and
housekeeping should be carried out. See also pata.

5.535.55. The next mechanism by which accumulation could occur isngludissolution.
Incomplete dissolution may occur as a result afrange of fault conditions, e.g. low acidity, low
temperature, short dissolution time, overloading of fuellawdacid volume. Criticality safety measures
to be considered should include, but should not be limitetédollowing:

¢ Pre-dissolution control on the conditioning of acids;
¢ Monitoring of temperature and dissolution time;

e Post-dissolution monitoring for gamma radiation (e.g. to detect rekidudissolved fuel in
hulls);

« Controls on material balance;
¢ Density measurements.

5.545.56. The effectiveness, reliability and accuracy of thesmsures should be considered as
part of the criticality safety assessment. In paricuthe possibility that sampling may not be
representative should be considered. Similarly, thential for settling of fines in the bottom of velsse

throughout subsequent processes should also be consilletkdse cases, neutron monitoring of the

lower parts of vessels and periodic emptying and flushinvgsgels may be necessary.

5.555.57. The potential for fissile nuclides to remain attathe cladding following dissolution
should be considered. For example, in some casesakpldtonium has bonded to the inside surface of

cladding as a result of polymerization.

5.565.58. Recommendations to trap leakseiguipmententainerawith favourable geometry and Comment [i145]: France comment no
to provide monitored sumps to detect such leaks are pbirideara. 5.48. However, it is possible that =

very slow leaks or leaks onto hot surfaces, where titerial crystallizes before reaching the measuring

point, may occur. These types of loss of material loa very difficult to detect. Safety measures for

events of this type may includbut not limited toperiodic inspections of the areas below vessels and comment [3G146]: USA comment no
pipework and the review of operational records tmidly such chronic loss of material. The criticality =

safety assessment should consider the timescales ower whsafe accumulations of fissile material

could occur so that suitable inspection frequencies cantbamined.
Moderator control in furnace operations

5.575.59. For most furnace operations carried out as parthef d¢onversion process (e.g.
precipitation, drying and oxidation), it may be pradticause vessels with favourable geometry. It may
also be practical to ensure that the internal volufrtbeofurnace has a favourable geometry. However,
the oxide powders produced in subsequent operations mayeregpderation control to allow feasible
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storage arrangements. The conversion process shouldeatbttd the production of material with
excessive moderator content. The criticality safetgsasaent should therefore consider mechanisms by
which moderator might be carried over (e.g. incomplegg)y or introduced (e.g. condensation during

cooling)**

Waste management and decommissioning

5.585.60. The collection and storage of unconditioneddioactive waste before its
processingeatment should be made subject to the same considerationseincriticality safety
assessment as the processes from which the wastgewesated. Additionally special considerations
may be necessary if such waste streams are mixbdothier radioactiveme/orren-radicactivaste
streams of different origin, which is frequently thesean research centres. Although the inventory of
fissile material may generally be small, significantwamulations of such material may occur in the

subsequent waste collection and wasteEessingeatmenprocedures. Comment [G147]: Germany comment
no 30.

5.595.61. Waste management operations cover a very wide rahdecibties, processes and

materials. The following recommendations apply to padkgdnterim storage and disposal operations.

The recommendations are intended to cover the lang neanagement and disposal of waste arising

from operations involving fissile material (e.g. ‘legagaste’}>. Waste management operations may be  Comment [i148]: Germany comment
shielded or un-shielded and may involve remote or niahamadling operations. Generally, waste ks

management operations, particularly in a disposalitigcihvolve large inventories of fissile material

from a wide range of sources. In the case of legacyeywthstre may also be considerable variation and

uncertainty in the material properties (e.g. in thesgal form and chemical composition of the non-

fissile and fissile components of the waste materalfontrast, decommissioning operations typically

involve small inventories of fissile material.

5.605.62. Waste is commonly wrapped in materials that camsichore effective moderators than

water, e.g. polyethylene, PVC, and this should be takerag@ount in the criticality safety assessment.

5.615.63. Criticality safetyeentrelfor waste operations should be based on the applicafion

appropriate limits on the waste package contéhtserCriticality safetymeasuressntrelsmay include Comment [G149]: Canada comment no
the design of the packages and the arrangements foirttarebring and disposing of many packages =

within a single facility. Where practicable, package ténshould be applicable to all operations along the

waste management route, including operations at sequbnt disposal facility, so that subsequent re-

packing, with its associated hazards, may be avaittes future transport of the waste packages should

also be considered to avoid potential repackagingefnaste to meet the criticality safety and other

transport requirements, see Ref [6]. Comment [JG150]: USA comment no
44,

14 A Safety Guide on the safety of reprocessingitigslis in preparation.

15 Legacy waste is radioactive waste that may corfiséile materials that have remained from histéigsile material
facilities and past activities that (a) were nesebject to regulatory control or (b) were subjectegulatory control
but not in accordance with the requirements ofiternational Basic Safety Standards.
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5.625.64. For the storage of waste containing fissile nuclides,ideration should be given to the
possible consequences of a change in configuration afidbte, the introduction of a moderator or the
removal of material (such as neutron absorbers)@msequence of an internal or external event (e.g.
movement of the waste, precipitation of solid phés@a liquid waste, loss of confinement of the waste
or a seismic event) [25].

5.635.65. Assessment of criticality safety for the period aftébosure for a disposal facility
presents particular challenges. Among these are tlyelareg time scales that need to be considered.
Following closure of a disposal facility, engineered kasrprovided by the package design and the form
of the waste will tend to degrade, allowing the pogsihilf separation, relocation and accumulation of
fissile nuclides (as well as the possible removahl$orbers from fissile material). In addition, a
previously dry environment may be replaced by a wateratad environment. Consideration of the
consequences of criticality after closure of a dispdacility will differ from that for, for examplepél
stores or reprocessing plants, where a criticality antigiey have immediatecognisable effedistal
conseguencedn the case of a disposal faciligffects ondisruption of protective barriers aréfects-on
transport mechanisnf radionuclidesare likely to be more significant than the immedidfecats of
direct radiation from a criticalitgvent because the radiation would be shielded by the surrounding
host rock formation and/or backfill materials.

5.645.66. In the criticality safety assessment for waste memamt operations, consideration
should be given to the specific details of the indigidacilities and processes involved. Consideration
should be given to the following particular chardstes of waste management operations with respect
to criticality safety:

* The radiological, physical and chemical properties of thetevas parameters for waste

classification;
¢ Variation and uncertainty in the form and composition of the waste;

¢ The need to address the degradation of engindenerseaturesand the evolution of waste

packagesifter emplacemeraver long time scales.
¢ Criticality safety and other transport requirements to facilit#tieré transport of the waste.
Variation and uncertainty in waste forms

5.655.67. Variation and uncertainty in waste forfsisis a particular challenge for some types of
legacy waste for which the accuracy and completerfasistorical records may be limited@herefore,
criticality safety assessments for legacy waste to beposésl of should be performed in a
comprehensive and detailed mannkrconservative deterministic methods are applied, hickv
bounding values are applied to each material parameter, thingealits on packages may prove to be
very restrictive. This might then lead to an increastéhe number of packages produced, resulting in

more handling and transport moves and higher storage @sjugach of which is associated with a
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degree of risk (e.g. radiation doses to operating persaoael or rail accidents, construction accidents).
Therefore particular consideration should be givemptmization of the margins to be used in the
criticality safety assessment. If an integrated rigr@ach is used, consideration should be given to the

balance of risk between the criticality hazard andehéer hazards. Comment [JG157]: Belgium comment
no 6.

Degradation of engineered barriersfeatures over long time scales Comment [i158]: Germany comment
no 35.

5.66—The fissile inventory of spent fuel mainly consiststiwé remaining®U and the plutonium

isotopes,>**Pu and*'Pu. Over the very long time scales considered in-glostire criticality safety

assessments, some reduci#om changén the fissile inventory of the nuclear waste wilcoc due to

radioactive decay. However, such assessments shaolda#e account of credible degradation of the

engineeredarrierseaturesof waste packages, with consequential relocatioraandmulation of fissile Comment [i159]: Germany comment

L no 36.
and non-fissile components.

Comment [JG160]: France comment
no 69.

Decommissioning

5.69. To account for criticality safety during decommissioning algdaapproach should be applied
to consider the type of facility and therefore the fissilentory present. Generally this Safety Guide
should be applied as long as fissile material in relevant am@uhtndled, so that criticality safety
needs to be considered. Additional guidance and recommendations ondherigsioning of nuclear

fuel cycle facilities are given in Ref. [35]. Comment [JG161]: USA comment no
51.

5.685.70. Before beginning decommissioning operations, accurounktiof fissile materials

should be identified in order to assess the posg@hkilfor recovery of these materials. Consideration

should be given to the potential for sites with unaoted accumulations of fissile material (e.g. active

lathe sumps). A method for estimating and tracking accumulasidissile materials that are not readily

visible should be developed to ensure that work statiamsimesubcritical during decommissioning

operations. This should take into account operating experi@ny earlier interventions to remove fissile

materia) -ardrecorded informatiomf physical inventory differences, process losses andured hold

up. The estimation of such accumulations of fissile emal could be based on quantification using 4C;)mment [3G162]: USA comment no

spectral measurements (e.g. gamma spectrometry) or tyicused evaluation of the volume of
material, with account taken of the contents and densttithe material.

5.695.71. The approach used to ensure subcriticality in decssiariing may be similar to that
used for research laboratory facilities (see p&aB86é to 5.812), where setting a low limit on allowable
masses of fissile material provides the basislfowing other parameters (e.g. geometry, concentration
moderation, absorbers) to take any value. In accoedaitb the requirements on decommissioning of
facilities established in Ref. [5hrthe initial decommissioning plan for a facility is reqed to be
developedduring facility design and construction and it should dsel-maintainedduring facility

operation. When a facility approaches shutdown, a fik@tommissioning plan needs to be
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preparethroughout—thetifetime—of—thefacilityln facilities handling significant amounts of fissile
material,consistent with the graded approach, all decommissionang ris—planshould be supported

by criticality safety assessments, in order to enthaepractices carried out in the operating lifetiofie

the facility do not create avoidable problems later god@missioning.

Transport

5765.72. Movement or transfer of radioactivérangort within a licensed site should be
considered as other on-site operations. Requirernartse safe transport of radioactive material off the
site (i.e. in the public domain), including consideratifrthe criticality hazard, are established in Ref

[6], -and recommendations are provided in Refs [15, 26, 27].

5745.73. The requirements for criticality safety assessmemt off-site transport differ
considerably from the requirements for criticalitfesp assessments for facilities and other activities.
Principally owing to the potential for closer contadth the public, the criticality safety assessment for

transport is more stringent and is required to be cordiusitdely on the basis of a deterministic

approachystem

5725.74. The state of a transport package before, during and after thepestBed in Ref. [6]
(e.g. water spray and immersion, drops and thermal tests) prahaléssis for the criticality safety
assessment and analysis of the design. Additional safetyamseds required for the actual transport

operation (see para. B4).

5.735.75. Although the regulations established in Ref. [6] provide a prescrigtgeem for
assessment, they are not entirely free of engineering judgedféan, especially for determining the
behaviour of a package under accident conditions, considerable engireqrargse is required to
interpret test results and incorporate these into a dityicsafety assessment. The criticality safety
assessment for transport should therefore only be carried/ @grons with suitable knowledge and

experience of the transport requirements.

5.745.76. The assessment for the package design referred to in5@a.provides asafety

basisfor-the-eriticality-safety-assessmebut the finaleriticality-safetyis assured by confirming that
the 3 1 N ¥ as 1

materials—packaging,loading;—tabelling—aedl transport conditiongomply with the requirements

set forth in the package design approvkference [6] states that “Fissile matéfiathall be

0 he-time—o port—withricmkenof the ile

transported so as to maintain subcriticality during normal aswident conditions of transport; in
particular, the following contingencies shall be considered:

« “Leakage of water into or out of packages;

¢ “Loss of efficiency of built-in neutron absorbers or moderators;

18 In the context of the Transport Regulations, lésshaterial includes onl?®U, 2%, 2*%u and®*Pu subject to a
number of exceptions [6].
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¢ “Rearrangement of the contents either within the package orrasuét of loss from the

package;
« “Reduction of spaces within or between packages;
« “Packages becoming immersed in water or buried in snow; and
*« “Temperature changes.”

5755.77. Hazards to be considered for on-site tfamsrt should include, but not be limited to, Comment [JG167]: USA comment no
50.
the following:

« Provisions to ensure that packages of fissile material remaiblyefixed to vehicles;
¢ Vehicular speeds and road conditions;

* Potential for transport accidents (e.g. collisions with other vehicles);

+ Releases of fissile material out of the confinement sy$t@ny. into storm drains)

¢ Interaction with other fissile materials that may come clogeimsit. Comment [i168]: UK comment no 8.

Research and developmernitiaboratories

5.765.78. Research and developmentaboratories are dedicated to the research and Comment[JG169]: ENISS comment
development of systems and products that utilize fissileeniats. These facilities are generally o

characterized by the need for high flexibility in their operat and processes, but typically have low

inventories of fissile materials and can include hands-on amdfoote handling operations. The

general assumption of low inventories of fissile materiay mat be applicable for laboratories that

are used for fuel examinations or experiments or their respective tnestment facilities.
Access to a wide range of fissile and non-fissile materials

5F#5.79. Owing to the research and development nature of laborafmmsations, laboratories
can use a wide range of fissile and non-fissile materialssapdrated isotopes, typically including
low, intermediate, and high enriched uranium, plutonium that is higtRa content (e.g. >15 w/o),
plutonium that is low i**®Pu content (e.g. <5w/o), graphite, boron, gadolinium, hafnium, heavy
water, zirconium, pore form®&r aluminium and various metal alloys. Examples of specidlefiasd
non-fissile materials sometimes encountered incféitle 2"Np, 2*?Pu, ?**Am, 2*2™Am, enriched boron
(e.g.'B) and enriched lithium (e.dLi). These materials have diverse energy dependent nuclear
reaction properties (e.g. neutron fission, neutron absorption, nestattering, gamma neutron
reaction and gamma fission properties), which can result ininearland seemingly incongruent

" The term ‘confinement system’ is used in Ref. {#lyering transport safety, to mean the assembiigsife material
and packaging components specified by the desmmiagreed to by the competent authority as intetal@reserve
criticality safety.

18 pore former is an additive that is used in thedlileg of nuclear fuel oxides for the purpose ofatirgy randomly
distributed closed pores in the blended oxide poguelletizing and sintering for the purpose ajfgarcing pre-sintered
fuel pellets free of flaws that have improved sgtbn Pore former has a neutron moderating effect.
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variations of critical mass. Such materials should thezefeceive specific consideration in the
criticality safety assessments and analyses. Useful referéaragetermining the properties of some of
these materials include Refs [28] and [29].

Overlap of operating areas and interfaces between materials

5.785.80. Owing to the significant flexibility in operations, criticaligafetymeasuressntrels
on the location and movement of fissile material within the ritboy are important in ensuring
subcriticality. Any associated limits and conditions should beciipe in the criticality safety
assessment. The criticality safety assessment should dzfiivality controlled areas and should
specify their limiting content and boundaries.

5.795.81. Particular consideration should therefore be given to the paltéatian overlap of
these controlled areas and interfaces between materialsch overlaps. The management system
should ensure that the combining of material from another citicantrolled area or the movement
of moderators into an area is restricted and such movemesubjected to a criticality safety

assessment before it is carried out.
Inadvertent consolidation of fissile materials

5.805.82. Frequently, activities in a specific laboratory area maynierrupted to perform a
different operation. In such cases, laboratory operating persshaeld exercise particular care to
avoid any unanalysed or unauthorized accumulation of fissile matératl could occur as a result of
housekeeping or consolidation of materials, prior to admitting meséefiand non-fissile materials

into the laboratory area.
Fecialized education and training of operating personnel

5.8145.83. Because of the diverse characteristics of materials abdrdtory operations,
laboratory operating personnel and management should be appropriatete@duthtrained about
the seemingly anomalous characteristics of typical and $pgmsige and non-fissile materials under

differing degrees of neutron moderation.
Additional information

5.825.84. Particular challenges will be encountered in determining thieatrmass of unusual
materials, such as some of those listed in.[@&@7 and other exotic trans-plutonium materials (e.g.
23Cm, 2*°Cm), because there are frequently no criticality experinmtchmarks with which

criticality computations with these materials can be validated.
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6. PLANNING FOR EMERGENCY RESPONSE TO A
CRITICALITY ACCIDENT

GENERAL

6.1. This section provides recommendations on emergency response foarnémbdities.
Recommendations on planning and preparing for emergency response to a traossot iavolving

fissile material are provided in Ref. [30].

6.2.  Priority should always be given to the prevention of critigaditcidents by means of defence
in depth. Despite all the precautions that are taken in the handichgse of fissile material, there

remains a possibilitywhile—very-small that a failure (i.e. of instrumentation and controls, ©r a  Comment [i171]: France comment no

71.
electrical, mechanical or operational error) or an event mayrgie to a criticality accident. In some
cases, this may give rise to exposure of persons or aeebdéaadioactive material within the facility
and/or into the environment, which may necessitate emergerspong actions. Adequate
preparations are required to be established and maintainedabtaled national levels and, where
agreed between States, at the international level formespo a nuclear or radiological emergency
[8].
CAUSES AND CONSEQUENCES OF A CRITICALITY ACCIDENT
6.3. In demonstrating the adequacy of the emergency arrangements, thieéwmeker dose and
if relevant to a person from the publéiye to external exposure should be calculated. Comment [i172]: France comment no
72.
6.4. Of the 22 criticality accident® have occurred in fuel processing facilitreported in Ref. Comment [i173]: UK comment no 10.
[16], all but one involved fissile material in solutions turses. In these events, the key physical
parameters affecting the fission yielde( the total number of fissionsin a nuclear criticality
excursion were the following: Comment [i174]: Germany comment
no 39.
* Volume of fissile region (particularly for systems with figsiluclides in solution);
« Reactivity insertion mechanism and reactivity insertion rate;
¢ Parameters relating to reactivity feedback mechanisms, for éecamp
o Doppler feedbaé% Comment [i175]: Germany comment
no 39.

19 A phenomenon whereby the thermal motion of fisaitel non-fissile material nuclei changes the ‘redatenergy
between the nuclei and interacting neutrons, thecalising an effective broadening of neutron reactross sections
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6.5. Guidance on estimating the magnitude of the fission yield may be found ir8BRef. [

6.6.  Typically criticality accidents in solution systems haverbeharacterized by one or several
fission excursion spiké% particularly at the start of the transient, followed by a sitsgeady state’ or

plateau phase in which fission rates fluctuate much more slowly.

6.7. An assessment of these 22 criticality accidents identifiednamon theme in terms of the
reactivity excursion mechanism: the majority of the accidemtse caused by an increase in
concentration of fissile nuclides, which resulted from movemefissile material by gravity or by
flow through pipework. A detailed description of the dynamic behavibthese criticality accidents

Duration time and time constant of reaction;
Degree of confinement of the fissile material;
Neutron spectral shifts;

Degree of voiding;

Change offtemperature;

Density changes.

can be found in Ref. [16].

EMERGENCY PREPAREDNESS AND RESPONSE

6.8. Each facility in which fissile material is handled and fdnieh the need for a criticality
detection and alarm system has been determined (see pa&@- 6.5) should have in place an
emergency response plan, programme and capabilities to resporatlitile criticality accidents. In
some circumstances where a criticality detection and atastem is not installed (e.g. shielded

facilities), analyses should still be conducted to determiaa #mergency response plan is necessary

for the facility.

6.9. Experience has shown that the main risk in a criticalityd&etiis to operating personnel in

the immediate vicinity of the event. Generally, radiation das@pérating personnel more than a few
tens of metres away are not life threatening. On the other ihaaccommon for some types of

systems, particularly fissile nuclides in solution, to digmacillatory behaviour with multiple bursts

of radiation continuing over hours or even days. Because of tkéy, @ement in emergency planning
should be to ensure prompt evacuation of persons to a safe didtatiowing this, sufficient

information should be gathered to enable a planned re-entry to the facility.

of the materials. Depending upon the enrichmentasnposition of the materials, this phenomenon canease or

decrease theffectiveneutron multiplication factofkes) of a system.

20 A fission spike is the initial power pulse of actear criticality excursion, limited by quenchingeamanisms and

mechanical damage, Ref. [16].
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6.10. However, the radiation dose from a criticality accident may stiligmificant, even for people

located at some distance from the accid@htus—and-seca mechanism for identifying appropriate ~ Comment [G178]: Germany comment

no 41.
evacuation and assemhbpintsareasshould be developedippropriate—safe—evacuation—+outes-and
assembly pointsareas should be defined (see paras 6.323 to 6.367). Comment [i179]: Germany comment
no 38.
6.11. The design should provide a diversity of communication systems taeensliability of Comment [3G180]: JJapan comment
no 24.
communication under operational states and accident conditions.
6.12. The provisionfor additional means fef shielding should also be considered in minimizing
theradiologicalconsequences of a criticality accident. In employing shieldingoastective measure,
the implications that penetrations through the shielding may hawveafliiation dose should be
evaluated.When planning additional shielding measures (e.g. walls) for emergaseg, priority
should be given to safe escape routes for operating personnel. Comment [i181]: Germany comment
no 43.
Emergency response plan
6.13. In generalthe emergency response plgpecific to a criticality acciderghould include the Comment [G182]: Germany comment
no 44.
following:
« Definition of the responsibilities of the management teamergeney—coerdinat@nd the
technicabperating personnel, including the criteria for notifying the relevant loaad Comment [JG183]: Japan comment no
25.
national authorities;
« Evaluation of locations in which a criticality accident cooédreasonably foreseealstedibly
eecdrand the expected or possible characteristics of such an accident; Comment [G184]: Canada comment no
10.
* Specification of appropriate equipment for use in a critigatcident, including protective
clothing and radiation detection and monitoring equipment;
¢ Provision of individual personal dosimet@apable of measuring radiations emitted during a
criticality accident Comment [i185]: France comment no
73.
* Consideration of the need for appropriate medical treatment anchikshlity;
« Details of the actions to be taken on evacuation of thétyathe evacuation routes and the
use of assemblgointsareas Comment [i186]: Germany comment
no 38.
¢ A description of arrangements and activities associatedreAgmtry to the facility, the rescue
of persons and stabilization of the facility;
¢ Training, exercises and evacuation dxills
¢« Assess and manage the physical protection interface withafititi safety in a manner to
ensure that they do not adversely affect each other andatthe degree possible, they are
mutually supportive. Comment [JG187]: USA comment no
53.

Responsibilities
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6.14. Emergency procedures should be established and made subject to apmowatdance with

the management systenManagement should review and update the emergency response plan on

regular basis (e.g. due to modifications in the facility op@mat due to changes in the organization,

etc.).

6.15. Management should ensure that personnel with relevant exparéisavailable during an
emergency.

6.16. Management should ensure that organizations, including the emegm@mmes, both on-site
and off-site, that are expected to provide assistance in argenty are informed of conditions that
might be encountered and are offered training as appropriate. Tigesézations should be assisted

by technical experts in preparing suitable emergency response procedures.

6.17. Management should conduct emergency exercises regular basito ensure that personnel
are aware of the emergency procedures and should conduct amessapogramme for local
residents.

6.18. Management, in consultation with criticality safety staffpidd specify the conditions and
criteria under which an emergency is declared, and should speeifyetsons with the authority to

declare such an emergency.

6.19. During an emergency response, the criticality safety steffild be available to advise and

assist the nominated emergency coordinator in responding to the criticaiitgrac

6.20. The operating organization should have the capability of conduetifgive conducteder

should—engage—external-experts—to—econdact, assessment ofradiation doses appropriate for a

criticality accident.
Evaluation of reasonably foreseeabl e eredible-accidents

6.21. Locations at which a criticality accident coldd reasonably foreseealsledibh-ecewishould
be identified and documented, together with an appropriate descrfttbe facility. The predicted
accident characteristics should be evaluated and documented aiestffietail to assist emergency
planning. Such an evaluation of credible criticality accidentsldhiaclude an estimate of the fission
yield and the likelihood of occurrence of the criticality.

6.22. In the design and operation stages and as part of perefdty seview, consideration should
be given to identifying measures farther prevent a criticality accident and toitigate the
consequences of a criticality accident, e.g. for intervention in aadstop the criticality. Possible
approaches include the installation of isolation valves, reemt&ol systems, e.g. for ensuring the
availability of neutron absorbers and the meanstobducingirjectingthem into thesystenmaterials
where the criticality has occurred, portable shielding or otheans of safely altering the process

conditions to achieve a safe state.
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6.23. The process of calculating tmadiationdose from a criticality accident is subject to various
uncertainties. The final dose estimate will therefore ailstude uncertainty. The acceptable level of
uncertainty (or the level of confidence that the dose is nattegréhan predicted) will be a decisive

factor in determining the method to be used or the assumptionsahabe made to produce the

estimate. The methodology for determining the dose from a dititieacident is complex, but should

follow the following basic steps:

6.24.

Decision on the location of the criticality accident;

Decision on thepowesize of the criticality accident (i.e. the number of fissionst thave
occurred);

If desired,Ccalculation-of the effect of any shielding (including the source of thecetity

itself) between théocation of thecriticality systenaceidentand those likely to be affected, i.e.

operating personnel;
Calculation of the dose received by those likely to be affected, i.e tiogeparsonnel.

The determination of the doses should be conservative (but nobrservative that it

endangers personnel through measures such as unnecessary evacuation).

6-246.25. The emergency response plan should be implemented, consistent wittitittie

evaluation of the criticality accident.

Initial evaluation of the criticality accident

6-256.26. Information on the event will come from a number of sources (adiation monitors,

eye-witness accounts and facility records) and it is postillea clear picture of the location and

cause of the accident may not emerge for several hours. The key piecesudtiofomill be:

.

team on possible options for terminating the criticality atdrning the system to a safe subcritical

state.

| 6:276.28.
made with details available from other criticality acciddete Refs [16, 32 and 33]). This will help

6:266.27.

prediction as to the likely evolution of the system with time dmlikl advise the emergency response

The location of the event, including details of the items of equipment involved;
Theradiological,physical and chemical properties of the fissile material, including gieantit
The reactivity insertion mechanism that caused the system tovadhigcality;

Feedback and quenching mechanfSmpeesent (such as venting).

2L A quenching mechanism is a physical process dtier mechanical damage that limits a fission syikeng a
nuclear criticality excursion, e.g. thermal expansir micro bubble formation in solutions, Ref. 16
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with predictions of the likely evolution of the current evantd may also provide information as to
possible methods to terminate the power excursion. In some teas®sation may be achieved by

reversing the reactivity insertion mechanism that initiated theaityr accident.

6-286.29. In some accidents there have been instances vilmpr@peri-planned actions of Comment [i200]: Germany comment
operating personnel have inadvertently initiated a further powamrson after the initial criticality o

accident. It should be borne in mind that following the initialidisspike(s), the system might return

to a state at or very close to critical but with a contigubw fission rate. This typically occurs in

solution systems in which inherent negative reactivity feeldledfects will tend to balance out the

excess reactivity inserted in the initial stages of treneun such situations, very small additions of

reactivity could then be sufficient to initiate further fission spikes.
Instrumentation and equipment

6:296.30. On the basis of the accident evaluation, provision should be noadeppropriate
protective clothing and equipment for emergency response personrgkdilipment could include

respiratory protection equipment, anti-contamination suits as weérasnal monitoring devices.

6-306.31. Emergency equipment (and an inventory of all emergency equipmendjide kept

in readiness at specified locations.

6-316.32. Appropriate monitoring equipment, to determine if further evacuatioreidateand to

identify exposed individuals, should be provided at personnel asspoibtgreas Comment [i201]: Germany comment
no 38.

Evacuation

6.326.33. Emergency procedures should designate evacuation routes, which shalédrbe

indicated. Evacuation should follow the quickest and most diret¢gquacticable, with consideration

given to the need to minimize radiation exposure. Any changdésetdacility should not impede

evacuation or otherwise lengthen evacuation times.

6:336.34. The emergency procedures should stress the importance of speedstieveand

should prohibit return to the facility (re-entry) without forraathorization.

6-346.35. Personnel assembppointsareas located outside the areas to be evacuated, should be comment [i202]: Germany comment
no 38.

designated, with consideration given to the need to minimize radiation exposure

6-356.36. Means should be developed for ascertaining that all personnelbkaveevacuated

from the area in which the criticality event has occurred.

6-366.37. The emergency procedures should describe the means for aleniegyemcy

response personnel, the public and the relevant authorities.

Re-entry, rescue and stabilization
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6-376.38. An assessment of the state of the facility should be cordibgteominated, suitably
qualified and experienced criticality safety staff, with sugport of operating personnel, to determine
the actions to be taken on the site to limit radiation dose and the spreatbofication.

6-386.39. The emergency procedures should specify the criteria and radaleginditions on
the siteand-off-the-sitdhat would lead to evacuation of potentially affeatethhbouringareas and a
list of persons with the authority to declare such an evaxrudfithese areas could exceed the site
limits, relevant information should be provided to off-site emergeservices and appropriate

information should be included in the emergency procedures. Comment [i203]: France comment no
77.

6-396.40. Radiation levels should be monitored in occupied areas adjacéimé tonmediate
evacuation zone after initiation of the emergency responstatite levels should also be monitored

periodically at the assembppintsareas Comment [i204]: Germany comment
no 38.

6:406.41. Re-entry to the facility during the emergency should be chaig only by personnel
trained in emergency response and re-entry. Persons performamgryreshould be provided with

personal dosimeters.

6-416.42. Re-entry should be made only if radiological surveys indicatethiearadiation levels
are acceptable. Radiation monitoring should be carried out durimgryeusing monitors that have an

alarm capability.

6:426.43. The emergency response plan should describe the provisions forindediae
termination of an emergency, and the emergency procedures shouldsapidreedures for re-entry
and the make-up of response teams. Lines of authority and comtiamgaould be included in the
emergency procedures.

Medical care

6:436.44. Arrangements should be made in advance for the medical trgathéjured and
exposed persons in the event of a criticality accident. The pigsdficontamination of personnel
should be considered.

6-446.45. Emergency planning should also include a programme for ensuring thatredrace

provided with dosimeters and for the prompt identification of exposed indisidual

6:456.46. Planning and arrangements should provide for a central control poiobliecting

and assessing information useful for emergency response.
Training and exercises

6-466.47. References [16, 32 and 33] provide detailed descriptions of the dybahaviour of
criticality accidents that have occurred in the past. Thefeeences could be used to develop training

exercises.
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6-476.48. Criticality safety staff should familiarize themselweih publications on criticality
accidents to ensure that learning from past experiences isefhdétbo criticality safety analyses and

the emergency response plan.

CRITICALITY DETECTION AND ALARM SYSTEMS

6-486.49. The need for a criticality detection and alarm system shouldvbtiated for all

activitiesinvolving, or potentially-involving, irvehinrg-mere-thanr-a-minimuithe risk of exceeding a Comment [JG205]: USA comment no

55.
safe mass. In determining this safe mass for each typissie fmaterial, consideration should be
Comment [JG206]: France comment

given to all processes, including those in which neutron moderatoeflestors more effective than fIo)E:
water may be present.
6-496.50. In determining the need for a criticality detection and alarstesy, individual areas
of a facility may be considered unrelated if the boundariesach that there could be no inadvertent
interchange of material between areas and neutron coupling is negligible.
6-506.51. A criticality detection and alarm system should be providednitigate—the—risk
ineurred-ando minimize the total dose received by personnel from aaitiicaccidentand to initiate
mitigating actions Comment [i207]: France comment no
79.
6.516.52. Exceptions to the recommendation to provide a criticalityatiete and alarm system
may be justified irerethe following: Comment [i208]: France comment no
80.
*  Where a documented assessment concludes thezasonably foreseeableedibleset of Comment [G209]: Canada comment no
10.
circumstances can initiate a criticality accident or wtbe provision of a criticality detection
and alarm system would offer no reduction in the risk froariticality accident, or would
result in an increase in total risk, i.e. the overall risk to atpey personnel from all hazards,
including industrial hazards.
e Shielded facilities in which the potential for a criticali#ggcident is foreseeable but the
resulting radiation dose at the outer surface of the faweitityld be lower than the acceptable
level. Examples of such facilities might include hot cells afo$ed undergroundsteres
{elosedrepositories Comment [i210]: Germany comment
no 51.

« Licensed or certified transport packages for fissile nat@waiting shipment or during

shipment orawaiting unpacking-tr—such—cases—certain—conditions—should-be-met—e-g. the

an or-—ne on—inte on—with othe a m A dio ala a hould- be

Comment [i211]: France comment no

81

6.53. Where the potential for criticality exists, but no crititahlarm system is employed, a means

to detect the occurrence of a criticality event should still be prdvide Comment [JG212]: USA comment no
56.

Performance and testing of criticality detection an alarm systems
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Limitations and general recommendations

6.526.54. The criticality detection and alarm system should be based omletextion of
neutrons and/or gamma radiation. Consequently, consideration should beogthie deployment of

detectors that are sensitive to gamma radiation neutrons, or both.
Detection

6-536.55. In areas in which criticality alarm coverage is necessaegns should be provided to

detect excessive radiation doses or dose rates and to signal anienadfysrsonnel.
Alarm
6.546.56. The alarm signal should meet the following criteria:

¢ It should be unique, i.e. it should be immediately recognizable tompekas a criticality

alarm;

* It should actuate as soon as the criticality accident isctigt and continue even if the

radiation level falls below the alarm point until manually reset

e Systems to manually reset the alarm signal, with limitetss; should be provided outside

areas that require evacuation;
* |t should be audible in all areas to be evacuated;

e It should continue to alarrfor a time sufficient to allow a completerti-evacuationis

complete Comment [JG213]: ENISS comment
no 25.

« It should be supplemented with visual signals in areas with high background noise.

Dependability

6-556.57. Consideration should be given to the need to avoid false alarmexdmple by using
concurrent response of two or more detector channels to triggealdrm. In the evaluation of the
criticality detection and alarm system, consideration shoulgiven to other hazards that may result

from the triggering of a false alarm.

6.566.58. Criticality detection systems, without immediate evaamtalarms, should be
considered for special situations where it is demonstratednitigating actions could be executed to
automatically bring the system back to a safe state and reduceititeoredose to personnel.

6.576.59. Warning signals indicating a malfunction, but which do not actuatalém, should

also be provided.

Design criteria
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6-586.60. The design of the criticality detection and alarm system dhbal single failure
tolerant and should be as simple as is consistent with thetiobge of ensuring reliable actuation of

the alarm and avoiding false alarms.

6-596.61. The performance of the detectors should be carefully considtereier to avoid

issues such as omission of an alarm signal or saturation of signals.

6.606.62. Uninterruptible power supplies should be available for the ditiicdetection and
alarm system.

Trip point

6.616.63. The trip point for the criticality detection and alarm systhould be set sufficiently
low to detect the minimum accident of concern, but suffigiehigh to minimize false alarms.

Indications should be provided to show which detector channels have been tripped.
Positioning of the detectors

6.626.64. The location and spacing of detectors should be chosen to miningizeffect of
shielding by equipment or materials. The spacing of detectorddshe consistent with the selected

alarm trip point.

6-636.65. In the decommissioning of facilities it is common practicegtablish interim storage
areas for items such as waste drums or to position modularrcoaeta systems around items of
equipment requiring size reduction or dismantling. The implicatadrtde locating of such interim

storage areas on the continuing ability of the criticality detecto ‘see’ the minimum incident of

concern should be subject to prior evaluation.
Testing

6.646.66. The entire criticality detection and alarm system should bedtpstéodically. Testing
periods should be determined from experience and should be kept under review.

6-656.67. Each audible signal generator should be tested periodically. frialsl should be
carried out to verify that the signal is audible above background thuieaghout all areas to be
evacuated. All personnel in affected areas should be notified in advanasbbhthe alarm.

6.666.68. Where tests reveal inadequate performance of the crijicdditection and alarm
system, management should be notified immediately and ceogeattions should be agreed with
management and taken without deldyiobile detection systems may need to be installed to

compensate for the defective fixed systems. Comment [i214]: France comment no
82.

6-676.69. Management should be given advance notice of the testing of subsydtéhe alarm
system and of any periods of time during which the systembwillaken out of service. Operating

rules should define the compensatory measures to be taken when the sgsiieof $ervice.
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| 6-686.70. Records of the tests (e.g. of the response of instrumentsfatig @ntire alarm

system) should be maintained in accordance with approved qusdityamce plans as part of the
overall management system.

’ 6-696.71. Further guidance on criticality detection and alarm systems is provided ifBRef.
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Annex
Background supporting literature

Assessment Methodology

¢ IS0 27467, Nuclear criticality safety — Analysis of a postulatettality accident

¢« ANSI/ANS-8.9-1987;R1995;W2005 (R=Reaffirmed, W=Withdrawn): Nuclear
Criticality Safety Guide for Pipe Intersections Containinguéous Solutions of

Enriched Uranyl Nitrate

e HSE 2006 Safety Assessment Principles for Nuclear Fagilitiegsion 1

www.hse.gov.uk/nuclear/saps/saps2006.pdf

¢ HSE T/AST/041, Technical Assessment Guide Ciriticality Safedgue 2 2009

http://www.hse.gov.uk/foi/internalops/nsd/tech _asst guides/tast041.htm

¢ U.S. Nuclear Regulatory Commission, Guide for ValidatiorNatlear Criticality
Safety Calculational Methodology (NUREG/CR-6698), 2001. Comment [3G217]: USA comment no

62.
Standards
International Standards

e 1SO 1709, Nuclear energy — Fissile materials — Principlegib€ality safety in

storing, handling and processing
¢ ISO 27467, Nuclear criticality safety — Analysis of a postulatetitatity accident

¢ ISO 14943, Nuclear fuel technology — Administrative critegéated to nuclear

criticality safety
¢ CEI/IEC 860, Warning equipment for criticality accidents, 1987

e ISO 7753, Nuclear energy — Performance and testing requirementsiticality

detection and alarm systems

e 1SO 11311, Nuclear criticality safety — Critical values forogeneous plutonium-

uranium oxide fuel mixtures outside reactors

e IS0 27468, Nuclear criticality safety — Evaluation of systeorgaining PWR UOX

fuels — Bounding burnup credit approach
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ISO 11320, Nuclear criticality safety — Emergency preparedness and response

ANSI/ANS Standards

ANSI/ANS-8.1-1998; R2007 (R = Reaffirmed): Nuclear CritigaliBafety in
Operations with Fissionable Materials Outside Reactors

ANSI/ANS-8.3-1997;R2003 (R=Reaffirmed): Criticality Accident AlaBystem

ANSI/ANS-8.5-1996;R2002;R2007 (R=Reaffirmed): Use of Borosilicaless
Raschig Rings as a Neutron Absorber in Solutions of Fissile Material

ANSI/ANS-8.6-1983;R1988;R1995;R2001 (R=Reaffirmed): Safety in Conducting
Subcritical Neutron-Multiplication Measurements In Situ

ANSI/ANS-8.7-1998;R2007 (R=Reaffirmed): Guide for Nuclear Critigediafety in
the Storage of Fissile Materials

ANSI/ANS-8.9-1987;R1995;W2005 (R=Reaffirmed, W=Withdrawn): Nuclear
Criticality Safety Guide for Pipe Intersections Containinguéous Solutions of

Enriched Uranyl Nitrate

ANSI/ANS-8.10-1983;R1988;R1999;R2005 (R=Reaffirmed): Criteria for Nuclea
Criticality Safety Controls in Operations With Shielding and Comfieet

ANSI/ANS-8.12-1987;R2002 (R=Reaffirmed): Nuclear Ciriticality n®ol and

Safety of Plutonium-Uranium Fuel Mixtures Outside Reactors

ANSI/ANS-8.14-2004: Use of Soluble Neutron Absorbers in Nucleailifies
Outside Reactors

ANSI/ANS-8.15-1981;R1987;R1995;R2005 (R=Reaffirmed): Nuclear Critycalit

Control of Special Actinide Elements

ANSI/ANS-8.17-2004;R2009 (R=Reaffirmed): Criticality Safetyit€ria for the
Handling, Storage, and Transportation of LWR Fuel Outside Reactors

ANSI/ANS-8.19-2005: Administrative Practices for Nuclear Crittggbafety

ANSI/ANS-8.20-1991;R1999;R2005 (R=Reaffirmed): Nuclear Critical@gfety

Training

ANSI/ANS-8.21-1995;R2001 (R=Reaffirmed): Use of Fixed Neutron Aless in
Nuclear Facilities Outside Reactors

ANSI/ANS-8.22-1997;R2006 (R=Reaffirmed): Nuclear Criticalityfe®y Based on

Limiting and Controlling Moderators
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¢« ANSI/ANS-8.23-2007: Nuclear Criticality Accident Emergency Planniagd
Response

¢« ANSI/ANS-8.24-2007: Validation of Neutron Transport Methods for Naicl
Criticality Safety Calculations

¢ ANSI/ANS-8.27-2008 Burnup Credit for LWR Fuel

¢« ANSI/ANS-8.26-2007: Criticality Safety Engineer Training and Quaiiion
Program

British Standards

e BS 3598:1998, Fissile materials — Criticality safety in handéng processing -

Recommendations

Handbooks and guides

« ARH-600 Handbook

LA-10860-MS, Critical Dimensions of Systems Containing U235, Pu239, and U233, 1986.

+  ORNL/TM-2008/069, KENO-VI Primer: A Primer for CriticalityCalculations with
SCALE/KENO-VI Using GeeWiz, September 2008

- International Handbook of Evaluated Criticality Safety Benchmagxperiments,
NEA/NSC/DOC(95)03/I-IX, Organization for Economic Co-operatiord éDevelopment -
Nuclear Energy Agency (OECD-NEA), September 2009 Edition

+  ORNL/TM-2009/027, TSUNAMI Primer: A Primer for Sensitivityncertainty Calculations
with SCALE, January 2009

e TID-7016-Rev.2 (NUREG-CR-0095), Nuclear Safety Guide, June 1978.

« J. Anno, N. Leclaire, V. Rouyer, Valeurs minimales critigdesitrate d’uranyle et du nitrate
de plutonium utilisant les nouvelles lois de dilution isopiestigiisimum Critical Values of
Uranyl and Plutonium Nitrate Solutions using the New Isopiééitiate Density Law)/RSN

SEC/T/2003-41December 2003 Comment [i218]: France comment no
84.

« Reference Values for Nuclear Criticality Safety - Hommsmis and Uniform UO2, “UNH”,
PuO2 and “PuNH", Moderated and Reflected by H20. A demonstratioly iy an Expert
Group of the Working party on Nuclear Criticality Safety fine OECD/NEA Nuclear

Science Committee

« X. Knemp, J. Rannou, Updated rules for mass limitation in nuclaatgJIRSN SEC/T/2004- Comment [i219]: France comment no
8s.
14, January 2004
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S.Evo, Critical values for homogeneous mixed plutonium-uranium oxidés f{MOX) —

Cristal V1 resultslRSN SEC/T/2005-299, July 2005 Comment [i220]: France comment no
86.

C. Galet, I. Le Bars, Analysis guide — Nuclear criticaligksi and their prevention in plants
and laboratories|RSN DSU/SEC/T/2010-334September 20Xriticaliby—risks—and—their
prevention-in-plants-and laboratories Comment [i221]: France comment no

87.
U.S. Nuclear Regulatory Commission, Nuclear Fuel Cycle iBacfccident Analysis

Handbook (NUREG/CR-6410), 1998.

U.S. Nuclear Regulatory Commission, Criticality Benchmarkd@dor Light-Water-Reactor

Fuel in Transportation and Storage Packages, NUREG/CR-6361, 1997. Comment [JG222]: USA comment no
62.

Hand calculation methods

LA-14244-M, Hand Calculation Methods for Criticality SafetyA-Primer, by Douglas G.
Bowen and Robert D. Busch.

Computational Methods

.

SCALE (Standardized Computer Analyses for Licensing Evaluation),Modular Code System
for Performing Criticality and Shielding Analyses for Listng Evaluation with ORIGEN-
ARP, ORNL/TM-2005/39 Version 6.0, Vol. I-lll, January 2009, RSICC Codédrge C00-
750, Radiation Safety Information Computational Center, Post @Biax 2008, 1 Bethel
Valley Road, Oak Ridge, Tennessee 37831-6171.

MCNP (Monte Carlo N-Particle) Transport Code System Including MCNP5 1.51 and
MCNPX 2.6.0 and Data Libraries, RSICC Code Package CO00-740, Radigtfety
Information Computational Center, Post Office Box 2008, 1 Bataéity Road, Oak Ridge,
Tennessee 37831-6171.

VIM, Continuous Energy Neutron and Photon Transport Code System, Bf€l Release.
RSICC Code Package C00-754, Radiation Safety Information CotigmataCenter, Post
Office Box 2008, 1 Bethel Valley Road, Oak Ridge, Tennessee 37831-6171.

COG, Multiparticle Monte Carlo Code System for Shielding andicziity Use. RSICC Code
Package C00-724, Radiation Safety Information Computational CenteQffiostBox 2008,
1 Bethel Valley Road, Oak Ridge, Tennessee 37831-6171.

MONK — A Monte Carlo Program for Nuclear Criticality Safeiypd Reactor Physics
Analyses. ANSWERS/MONK.
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¢ CRISTAL (The French Criticality Safety Package), http://www.cristal
package.eu/GB/presentation.htm

Training and education

¢« U.S. Department of Energy Nuclear Criticality Safety PaagrNuclear Criticality Safety

Engineer Traininghttp://ncsp.linl.gov/trainingMain.html

o

o

Module 1:Introductory Nuclear Criticality Physics (PDF)

Module 2:Neutron Interactions (PDF)

Module 3:The Fission Chain Reaction (PDF)

Module 4:Neutron Scattering and Moderation (PDF)

Module 5:Criticality Safety Limits (PDF)

Module 6:Introduction to Diffusion Theory (PDF)

Module 7:Introduction to the Monte Carlo Method (PDF)

Module 8:Hand Calculation Methods - Part | (PDF)

Module 9:Hand Calculation Methods - Part 2

Module 10:Criticality Safety in Material Processing Operations - PartDH)P

Module 11:Criticality Safety in Material Processing Operations - Part 2 {PDF

Module 12:Preparation of Nuclear Criticality Safety Evaluations (PDF)

Module 13:Measurement and Development of Cross Section Sets (PDF)

Module 14: A Review of Criticality Accidents by Thomas MclLaughlvideo
presentation taped 10 Dec. 1999;

Module 15:Fundamentals of Criticality Safety for Non-material Harslléveb-based

interactive training course)

e U.S. Department of Energy Nuclear Criticality Safety Program Oak RidgeaCExperiment

Facility History Videos

o

o

Chapter 1: Early History of Criticality Experiments

Chapter 2: Purposes of Early Critical Experiment Campaigns

Chapter 3: Early ORCEF Line Organizations and Facilities

Chapter 4: Facility Description

Chapter 5: Characteristic Experimental Programs
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o Chapter 6: Polonium - Beryllium Neutron Source Experience

o Chapter 7: Operational Safety Experiments and Analysis

o Chapter 8: Additional ORCEF Experimentalists

0 Chapter 9: Solution Sphere Experiment

o Chapter 10: Sponsor and Credit

Operational experiences/accidents and incidents

¢ LA-13638 A Review of Criticality Accidents, 2000 Revision

« DOE/NCT-04, A Review of Criticality Accidents, March 1989.
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