INTERNATIONAL ISO
STANDARD 16966

First edition
2013-12-01

Nuclear energy — Nuclear-fuel
technology — Theoretical activation
calculation method to-evaluate the
radioactivity of activated waste
generated at nuclear reactors
Energie nucléaire — Techhologie du combustible nucléaiffe —

Méthode théorique de calcul de I'activation pour évaluer |a
radioactivité des déchets activés produits par les centrale§ nucléaires

-_— Reference number
=/ N— 1SO 16966:2013(E)

©1S0 2013


https://standardsiso.com/api/?name=7f17de190102e8adf7870c1b9523f23f

IS0 16966:2013(E)

COPYRIGHT PROTECTED DOCUMENT

© IS0 2013
All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized otherwise in any form
or by any means, electronic or mechanical, including photocopying, or posting on the internet or an intranet, without prior
written permission. Permission can be requested from either ISO at the address below or ISO’s member body in the country of
the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. + 41 22 749 01 11

Fax + 4122749 09 47

E-mail copyright@iso.org

Web www.iso.org

Published in Switzerland

ii © ISO 2013 - All rights reserved


https://standardsiso.com/api/?name=7f17de190102e8adf7870c1b9523f23f

IS0 16966:2013(E)

Contents Page
FFOT@WOTM ........oooccceeee st iv
IIUETOQUICEION......o.c st \%
1 SCOPI ...t 1
2 Terms and AefiNItiONS ... 1
3 Theoretical evaluation Method ... 2

3.1 General methodology......... 2

32 Pomtmethod———— 2

3.3 Range method...... 2
4 CALCUIATIOMIS.......oo e e

4.1 LT3 1<) - OSSN, g S

4.2 Selection and determination of input parameters and conditions

4.3 Activation calculations ... B e

4.4  Validation and UnCertainties ... oy s

4.5 RECOTAS - et
Anne¢x A (informative) Application and example of the theoretical-activation calculation method. 9
Annex B (informative) Suggested procedure for the point method for activation calculation............ 15
Annex C (informative) Suggested procedure for range method for setting input data for

activation CalCUlations . ... B s e 21
Annex D (informative) Dealing with uncertainties ..o ... e 39
Annex E (informative) Reporting of reSulEs. ... S e e 43
BIDIIOZTAPIY . ....oocc s o et 45

© 1S0 2013 - All rights reserved iii


https://standardsiso.com/api/?name=7f17de190102e8adf7870c1b9523f23f

ISO 16966

:2013(E)

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This International Standard presents guidelines on activation calculation methods for evaluating the

radionuclide content of activated waste generated at nuclear reactors.

This International Standard addresses the basic process of planning, executing, and reporting of results
for itemized component characterizations (point method) based on neutron source estimation and
component elemental compositions and physical parameters and usage in the reactor. This International
Standard also introduces the range method that extends the point method to define a radionuclide
distribution applicable to a collection of components of similar types and exposure histories that take
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INTERNATIONAL STANDARD ISO 16966:2013(E)

Nuclear energy — Nuclear fuel technology — Theoretical
activation calculation method to evaluate the radioactivity
of activated waste generated at nuclear reactors

1 Scope

This|International Standard gives guidelines for a common basic theoretical methodologyf to evaluate
the dctivity of radionuclides in activated waste generated at nuclear reactors using neutrgn activation
calcylations.

The gvaluation of any additional activity contributed by deposited contamination is not dddressed in
this International Standard.

2 Terms and definitions

For the purposes of this document, the following terms and defiditions apply.

2.1
activation calculation
metHod of theoretical calculation for determining the radioactivity induced by neutron irrddiation

2.2
activated waste
radigactive waste which contains radioactivity-induced by irradiation

EXANMPLE Control rod, channel box, burdable poison, core support structures, reactor interngl structures,
and materials in close proximity to the reactet core, etc.

Note [L to entry: It can also contain additional radioactivity in the form of surface contamination.

2.3
difficult-to-measure nuclide
nuclide whose radioactjvity is difficult to measure directly from the outside of the waste packages by
non-flestructive assay-means

[SOURCE: ISO 21238:2007, modified]

EXANPLE Alpha-emitting nuclides, pure beta-emitting nuclides, and characteristic X-ray-emitting nuclides.

24
contrélindex
index which has a constant relationship with the irradiation conditions atfecting the activity
concentration of the nuclide contained in the activated waste and enables the calculation of the activity
concentration of the target radionuclide by the use of a conversion factor

EXAMPLE Fuel burnup.

2.5

key nuclide

gamma-emitting nuclide whose radioactivity is correlated with that of difficult-to-measure nuclides
and can be readily measured directly by non-destructive assay means

[SOURCE: ISO 21238:2007, modified]
EXAMPLE 60Co.

© IS0 2013 - All rights reserved 1
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parent element
chemical element which produces a target radionuclide via neutron irradiation

2.7

target radionuclide
radionuclide of which the activity and/or concentration has to be declared for disposal or transportation
of waste packages

2.8

neutron fluence rate

at a given p

divided by t
[SOURCE: IS
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1g two methodologies can be applied for estimating the radieactivity of the activated w

bthod, a technique applicable to calculate the radioactivity/concentration in a represent]
specific point of an activated waste item;

hethod, a technique that is an extension of the pointdanethod applicable to a class of actiy
ent of similar property and exposure condition to-calculate the average radioactivity of
ction of activated wastes by evaluating the rgnge of its radioactivity concentrations tyj
et.
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utron flux and material spécification along with specific information on history of usage.

| can be used for the evaluation of all kinds of activated wastes, including in-core hard
internals. This method, in general, offers more precision on specific items and cg
| the situation where activated wastes are close to the disposal limits. This method is
d with correborative dose rate survey and normalization with dose-based key nu

e Annex-B.
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3.3 Rang

3.3.1 General

The neutron and irradiation conditions of the target activated waste vary depending on the neutron
fluence rate at its physical position in the reactor. The total radioactivity of the whole activated item(s)
can be estimated by repeating the activation calculation to cover all the necessary conditions of the
neutron irradiation among the whole activated item of the specified type. This provides typical or
average values and distribution.

The radioactivity concentration of some types of activated waste has a close relationship with the
fuel burnup (e.g. components associated with fuel elements). Once equilibrium has been reached, the
radionuclides produced in the same part of the same activated waste have constant composition ratios
because those parts have the same elemental composition and irradiation conditions.
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Where reactor components are installed at a fixed location in the reactor (e.g. reactor pressure vessel)
with a specified elemental composition, only the neutron fluence rates differ depending on the axial and
radial position of this location.

The following three theoretical evaluation methods are applicable as typical range methods:[1l

Conversion method;
Correlation method;

Distribution evaluation method.

NOTH

3.3.2

In ac
indu

See Annex C.

Conversion method

Livated waste such as channel boxes and burnable poison which are used ag{iel assemh
ced radioactivity can be closely correlated with some common reactor control paramg

fuel hurnup, since the cases where the items are of similar design and material, remain in th

the s
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the 3
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NOTH

3.3.3

The

obse
cons
neut

Ther
wast
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sevel
are (
the 4

ame length of time, and are subject to the same neutron fluence asthe’fuel.

s method, the relationship (conversion factor) between the control index (such as fuel

lations which cover the possible range of burnup variatiens. The radioactivity cong
ctivated waste can then be estimated by multiplying:the control index such as bur
brsion factor within its valid range.

See Annex C.

Correlation method

correlation method can be used if a,particular part or individual item of an activat
Fved to have composition ratios of rfadionuclides produced simultaneously by irradiat
Fant once equilibrium has been réaghed within a specified range because the elemental ¢
fon, and irradiation conditions’(times) of the particular part are very similar.

efore, the correlation between the difficult-to-measure (DTM) nuclides in the whole of
e and the key nuclides produced simultaneously is evaluated by a series of activation
h cover the elemental composition, neutron, and irradiation conditions of several spe
ral activated wagstes-of the same kind. The ratios between the key nuclides and the D
alculated by evaluating this correlation, and the radioactivity concentration of eac
ctivated waste can be calculated by multiplying the ratio between the key nuclides

nucli

es by the.radioactivity concentration of the key nuclide. Note that the post irradiatio

should be considered in this method since the ratio between the key nuclides and the D
chaniges over time due to the difference in decay half-life.

NOT
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decay time
T'M nuclides

See Annex C

3.3.4 Distribution evaluation method

Fixed reactor components are activated by direct neutron irradiation in the reactor. In the case of such
activated wastes, the elemental composition and irradiation conditions (time) can be considered to be
similar for all items of the group, and only the neutron fluence rate differs depending on their installation

locat

ions in the reactor.

In this method, the radioactivity concentration distribution and range of each radionuclide in all
activated wastes can be calculated by a series of activation calculations which completely cover the
neutron fluence rate at the installation location of the activated waste. The average radioactivity
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concentration of each nuclide in the waste can then be calculated based on the resulting radioactivity
concentration distribution.

NOTE

See Annex C.

4 Calculations

4.1 General

The basic process for performing activation calculations for the purpose of estimating radionuclide

concentrati¢ns i activated wastes INVoIVes several steps.

a) Establigh the context. This defines the purpose of the calculation, the radionuclides _gf\intgrest,
the accyracy and precision required, the basic geometry, and the overall scope of-the required
calculatfions. This is an important first step for selecting an appropriate calculation;method¢logy
and input parameters (e.g. involved materials, quantity of items, similarity of items, target waste
form, adcessibility of sampling, etc.).

b) Selectthe calculation methodology, e.g. point or range method. The selectiondepends on the coptext
of the cglculation and the availability of input data.

c) Select gnd determine the input parameters. The input parameters and calculation boundary
conditigns depend on the chosen calculation methodology. Contersely, the availability of data can
influenge the selection of calculation methodology.

d) Perforn) the calculation(s) using the selected methodologyx

e) Process|the raw results of the calculation(s) to determine correlation factors, conversion fagtors,
etc., dejending on the chosen methodology.

4.2 Selection and determination of inputparameters and conditions

4.2.1 Inpuyt parameters

A general pfocedure for setting input parameters and conditions can be established to allow goint-

based or range-based calculation méthodologies. Activation calculations require a number of pasic

input paranmjeters and conditionsias listed below:

— elementjal composition;

— neutror] fluence rates;

— irradiatjion history (integrated exposure/decay time).

4.2.2 Elemental composition

Parent chemical elements are selected based on the context and scope of the calculation and the
component materials involved (e.g. steel alloys). Elemental composition data on those parent elements

can then be

a) Selectio

collected from a variety of sources for use in the subsequent activation calculations.

n of parent elements

The list of parent elements is selected for each kind of activated waste using one or more of the following

concepts.

— The initial list of parent elements is assembled from the known basic chemical composition of the
material being evaluated (e.g. steel alloys), along with elements which are known or suspected to be

present

as contaminants or in trace amounts.

© ISO 2013 - All rights reserved
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— The elements which produce radionuclides that are significant in the safety assessment (including

those used as key nuclides for scaling other nuclides) should be specifically included

in the list of

parent elements. Consideration should be given to key nuclides with a sufficiently long half-life, such

that the half-life does not significantly affect the ratio between the nuclides over th
timeframe.

The parent elements can be screened out using one or more of the following steps.

Radioisotopes can be screened out from the original list of parent elements to be
activation calculations.

jcreened out from the list of parent elements.

radionuclides of short half-life can normally be screenedlout from the list of pare

management purposes) or a sample ofithe same kind of material;

[(

kind or similar materials;

¢ollection of elemental .composition data given in the material specifications for
aterial. (If original material specifications are not available, it would be acceptabl

Ftional standard material specification or other recognized standard applicable to
eing evaluated.)

$election of ifiput elemental composition

c)
The ¢

$etfepresentative values. The representative (or best estimate) values of the chem

¢oncentrations are set based on the chemical element data collected on the parent ele

lements which are demonstrated to be removed during the material refining pro
4creened out from the list of parent elements. However, often the elemént cannot bg

lements which result in only a very small contribution to the short-term or long-term 1

ollection of literature data and mill sheets which show the results of element analysis

lementakcomposition for the material to be evaluated can be set using one of the followi

e evaluation

used in the

ition can be

cess can be
completely
calculation,

isk or result
nt elements,
ng methods,
hnd scope of
d for quality

of the same

the original
b to use the
he material

Ing methods.

cal element
ments of the

radionuclides to be evaluated. This is normally used for the point method.

Set a concentration range. The minimum and maximum chemical element concentrations are set in

consideration of the concentration distribution based on the chemical element data collected on the
parent elements of the radionuclides to be evaluated. This is normally used for the range method.

Set a concentration distribution. The representative chemical element concentration di

stribution is

set in consideration of the concentration distribution based on the chemical element data collected
on the parent elements of the radionuclides to be evaluated. This is normally used for the range

method.

NOTE See C.5.
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4.2.3 Neutron fluence rates

The neutron flux and energy spectrum shall be determined using a suitable neutron transport computer
code for the activated material accounting for its position relative to the reactor core. The code should
be suitably matched to the requirements of the calculation in context of modelling detail and overall
accuracy. Alternative methods including Monte Carlo simulation of the transport process can be justified
in instances where additional detail or corroboration is required.

NOTE See C.6.
4.2.4 Irradiation history
The irradiation time and non-irradiation time during the calculation timeframe under considerption
(e.g. reactor| operating time and post-irradiation decay time) can be set in either of the follewing two
methods forjthe activated waste to be evaluated. The overall calculation timeframe could involve seyeral
cycles of irradiation and non-irradiation time.
a) Setting p detailed irradiation history individually for each waste
The irradiation history is set in detail for each activated hardware itenfi“based on its indivjdual
history.|This is normally used for the point method.
b) Setting p representative irradiation history
Irradiatfion history, which is considered to be adequate or conservative for a group of actiyated
materials, are set based on the irradiation history of a repréesentative or limiting item of the giroup.
When the irradiation history is used as input to further'calculations by the Conversion method,
Correlation [method, or Distribution evaluation method, a\range of the irradiation conditions cgn be
set which are representative of several activated materdals, instead of setting detailed conditions for
individual npaterials.
This is normally used for range method.
NOTE Sde C.7.
4.3 Activation calculations
4.3.1 Calqulation code
The activation calculation{code should be verified in accordance with the user’s quality management
system. Usef's should undéerstand and be familiar with the methodology and appropriately trained in the
use of the pfogram and'its limitations.
EXAMPLE ORIGEN code, etc.
4.3.2 Setupinmputdata

The input data for activation calculation listed below (for point or range method) are required for each
theoretical calculation method to be applied. In accordance with 4.2, these data are set for each kind of
activated waste to be evaluated:

elemental composition;
— neutron fluence rates;
— irradiation history (integrated exposure/decay time).

When the range method is applied, input data for each individual calculation and condition can be
selected at random within the range of the input data distribution in 4.2 and can be set as the input

© ISO 2013 - All rights reserved
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conditions for the activation calculation. Alternatively, input data representative of each condition can
be set as the input conditions for the activation calculation.

4.3.3 Determining the number of calculations

The number of calculations can be determined by one of two methods:

a) Point method

The required calculation number should be determined case by case.

4.4

4.4.1
Valid
its in
appr
appr

Valid

Vhen the range method is applied, the number of activation calculation,results obtaing

idequate for their use as evaluation data for determining the radioactivity concentratio
heir number is adequate or not can be judged in consideration gf\the number of th
alculations made and the changes in the stability of the statistical values obtained
ictivation calculation results.

Validation and uncertainties

Validation

ation involves determining the accuracy and applicability of the software results wit]
tended application. Only validation can evaluate such things as the level of accuracy
bximations, the applicability of physical correlations, the appropriateness of numer]
bximations, etc.

ation should be performed using-seftware that is under configuration management an

version number. It is normally perforimmed by the user of the software for a specific applicat

Valid

ation confirms that a calculation can be consistently and correctly conducted by de

(with objective and documénted evidence) that the calculation code and calculation ro

theo
exan
an al

NOTH
the s
softw

NOTH

retical calculation méethod produce the expected results for a given input. This can
iple, by applying thevalculation code to known test cases, or by comparing the results y
ternate calculation method that has been previously validated or has a known analyti

1 Itis important to make a distinction between software “verification” and “validation”. \
ep where'the software is checked against its specifications. This is normally done by the det
are priorito delivery to the user.

2> “SeeA4.

calculations
in different

bd should be

ins. Whether

e activation
from these

h respect to
r of physical
ical method

d has a clear
on.

monstrating
utine of the
be done, for
vith those of
tal solution.

[erification is
reloper of the

4.4.2 Dealing with uncertainties

The allowable level of uncertainty depends on the particular radionuclides and how the waste is
ultimately treated in disposal. An estimation of accuracy and uncertainty of the calculation result should
be performed in order to quantify the representativeness of the theoretical calculation carried out.
Accuracy represents how close the theoretical calculated value is to the real value. As such, itis a measure
of the bias, and many times a degree of conservativeness is established to safely guarantee of the limits
involved (Waste Acceptance Criteria, radiological protection, transport processes, etc.). Uncertainty
represents the variability around the consigned value. A highly precise value is characterized by a low
uncertainty and vice versa.
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Representativenesscanbeconsideredtobeaparameterwhichaccountsforboththeconservativeness/bias
and the uncertainty around a value. It gives an image of distance and variability of the theoretical
calculated value to the actual value.

NOTE See Annex D.

4.5 Records

Reports should be presented in such a way as to provide a traceable account of the work performed with
data sources and assumptions clearly identified. This allows the calculation to be easily reproduced by
others for validation purposes.

Results shalll be reported in a concise, easy to interpret, manner that allows the result to be undergtood
without additional manipulation. Reporting units should be specified in the record and in‘any ¢vent
should be in| International System of Units unless specifically directed to use alternative units.

NOTE Sde Annex E.

8 © IS0 2013 - All rights reserved
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Annex A
(informative)

Application and example of the theoretical activation calculation

method

x A provides explanatory notes and gives examples and practices to assist the|under

A.2,

Actiy

empirical evaluation methods, relying on waste sampling andradiochemical analysis, are d

for si

The
meth
irrad
aret

Perfd
and 1§
from|

Figu
steps

A.2.]

The(
This
accu

The
knov

General
f this International Standard.

Basic application of the theoretical activation calculation method

| General

ated radioactive waste from reactor core areas generally has'significant levels of radio

ich waste by potentially high radiation exposures to invelved labour.

theoretical evaluation method using activation-galculations provides a reasonable
od for determining the concentrations of radionticlides produced as aresult of activatio
iation inside and near the reactor core. In thissmethod, the types and amounts of the r
heoretically determined by the use of activation calculations.

standing or

hctivity. The
ften limited

alternative
h by neutron
hdionuclides

rmance of theoretical evaluation depends on the neutron fluence rates local to the subject material

rradiation history of exposure. Thé radioactivity concentrations of the materials are
the calculated results or the evaluation factors determined from those results.

e A.1 shows a basic step bysstep procedure for applying the theoretical evaluation mg
are discussed in more detail below.

A

STEP 1: Setting the basis for the calculation

ontext, scope,andpurpose of the calculation need to be established prior to starting the
assists in détermining the radionuclides of interest, the irradiation geometry, parer
Facy and precision required, etc.

theoretical evaluation of the radioactivity concentrations of activated waste is dg

determined

thod. These

ralculations.
It materials,

pendent on

(phy

ledge of the reactor operating conditions (irradiation conditions) and the characteristic properties
mnmmmmmmﬂmwmmmmdng principal

parameters:

— elemental composition of the exposed material;

— neutron fluence rates (including flux and spectrum);

— i

rradiation history (including irradiation and decay times).

Once the context, scope, and purpose have been determined, the relevant data should be collected. This
process is further described in Annex C.
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A.2.3 STEP 2: Selecting the evaluation method

In the theoretical evaluation method, the radioactivity concentrations of the activated waste are
determined by performing one or more activation calculations based on the characteristic properties,
irradiation history, and other conditions of the waste to be evaluated. It is desirable that the most
appropriate evaluation method should be selected from among the point method and the range methods,
according to the context of the calculation determined in STEP 1.

In STEP 2, a validated evaluation method is selected by technical judgment based on the property
evaluation methods that are described in 3.2 and 3.3 for the conditions of the activated waste being
evaluated and the properties of the irradiation source:

— installafion conditions of the base material being irradiated (e.g. radial and axial positions,To¢ated
inside ofr outside the reactor);

— irradiatfion history data of the component [including both irradiation time and nofi-irradigtion,
(decay) [time];

— operatipn history data of the reactor;

— informdtion on a non-destructive evaluation plan for gamma-emitting nuclides in the actiyated
waste apd other conditions.

The selectign could be based on availability and completeness of data: For example, the range mgthod
would be gdnerally preferable when condition information cannot be specifically determined fof the
material or location of interest.

A.2.4 STEP 3: Implementing the calculation process

Setting of ijput data for activation calculations can be g¥ouped into two types:
— input dqta for point method;

— input data for range methods.

In the case ¢f the point method, input data are defined to reflect the representative input conditigns at
the specifieql point by the use of the database of calculation input data collected in STEP 1.

When settinlg input data for the range methods, it is necessary to prepare multiple sets of input|data
which cover|the whole range ofthe input conditions regarding the activated waste being evaluated, by
means of rahdom sampling frem the database of calculation input data collected in STEP 1.

A.2.5 STEP 4: Presentation of results

Using the input conditions set in STEP 3, the radioactivity concentrations of the target materials are
directly caldqulated by a verified and validated calculation code or evaluation factors such as compogition
ratios of corrélation and conversion factors are calculated.

If evaluation factors are calculated, the radioactivity concentrations of the activated waste contained
in waste packages are determined by the control index data stored as waste management operation
data or the measured or calculated concentrations of key nuclides such as 60Co being multiplied by the
evaluation factors calculated.

NOTE For an exhaustive declaration of activity of the wastes, surface contamination of components in contact
with radioactive fluids has to be added if it is non-negligible in comparison with activation.
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Study and Collecting calculation
condition
— Property of reactor and activated
waste, etc.
— Elemental composition
— Meutron fluence rates
— Irradiation conditions
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(As specifiedin4.1)

[STEPZ]

(A5 specifiedin 3.3)
(Examples are shownin
Annex C.)

| [STEP3]

Range estimation methods

Selection of Evaluation method
— Point estimation method
— Fange estimation methods

Setting calculation condition
— BEvaluation of collecting data (database)
— Setting interval/distribution condition

(A5 specified in3.1)

Puoint_dstimation method

(A5 specifiedin

Annex B.)

(Exampleis shjwn

32)

showninAnnex C.) o

Evaluated represented conditi
— Evaluation of collecting data
— Fixing represented input conditio

h

(A5 specifiedin4.2)

Sampling and fixed input candition
— Random sampling from database
— Fixing input data for caltulation

| (As specifiedin4.3.2)

(Basicproced

[
[
il
[
[
[
[
il
!
E (Basicprocedure is
[
[
[
[
il
[
[
[
[

n
—
m
e
B

=

i eyiindex [ key nuclide
'—Bufnup record data
\“Hey nuclide concentration

Activation Calculation
— Select verified calculation code
—Calculation (concentration/coefficient)

(As specifieding.3)

showninAnnax B.)

|

I

|

|

|

|

|

|

—
ireis |
|

|

|

|

|

I

|

I

|

|

____________ e

}

Evaluation of activity

— Multiply key index and evaluated coefficient
— Concentration of waste packages

Figure A.1 — Basic flow of application for theoretical activation calculation method
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A.3 Example of the theoretical calculation method

A.3.1 General

The following two theoretical methods are available for calculating the radioactivity concentrations of
the activated waste:

kind of activated waste;

Point method, a method for evaluating the radioactivity concentrations of a specific part of a specific

Range method, a method for determining the average or other concentrations of the activated waste

by evaly

A.3.2 Poil

This is a bas
concentrati
radionuclidg
neutron flud

As a feature
generated i1
itrequires a
which are d
fluence, irrg
maximum v
It is appropt

This method

. 1 . Ll 1 1
(dllllg LT CONCCILI AdUOITN TdIIZES O LIIE WdsLle a5 d WITOIC,

nt method

ic method employing activation calculations, which is intended to evaluate the radioact
ns of a specific position of the activated waste. In this method, thecconcentratio
s produced by irradiation are determined by activation calculations based on the det]
nce rates and irradiation conditions of the waste.

of this method, it is suited for the evaluation of special kinds of-activated wastes whic
small quantities, or which have very uniform properties and/irradiation histories. How
very large number of activation calculations when appliedto hon-uniform activated w
enerated in large quantities and have various irradiation patterns in terms of net
diation history, and other conditions. It can also be used where a single conservati
hlue can be used for a family of wastes, as defined inthe context and scope of the calculg
iate that the applicability should be judged throtigh sufficient studies in this respect.

| is also applied to each individual activatiomrealculation in the range methods.

ivity
hs of
hiled

h are
ever,
hstes
itron
Ve or
tion.

NOTE Sde Annex B.

A.3.3 Range methods

The radioactivity of some activated wastes-is closely correlated with reactor parameters, such as fuel
burnup. The radionuclides produced atthe same position in the activated waste installed in the reactor
have constant production ratios bécause they have the same elemental composition and irradiption
conditions. [The same kind of activated waste installed and irradiated in the reactor has the fame
elemental cpmposition and irfadiation conditions and is different only in the neutron fluence fates
which depend on the positiémin the waste. The following three evaluation methods are applicablle as
the typical jange method-for evaluating the concentration distribution in the waste:

— Converdion method;

— Correlationymethod;

— Distributioh evaluation method

NOTE

See Annex C.

A.4 Example of validation

A.4.1 General

Itis important to make a distinction between software “verification” and “validation”. Verification is the
step where the software is checked against its specifications. This is normally done by the developer of
the software prior to delivery to the user.

Validation involves determining the accuracy and applicability of the software results with respect to
its intended application. Only validation can evaluate such things as the level of accuracy of physical
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approximations, the applicability of physical correlations, the appropriateness of numerical method
approximations, etc.

Validation should be performed using software that is under configuration management and has a clear
version number. It is normally performed by the user of the software for a specific application.

To confirm that a calculation can be conducted in such a way that it produces consistent and correct
results, a process of validation of the computer code and calculation methods through benchmarking
and comparisons with objective evidence is conducted and documented.

The calculation process can be divided into the stages of preparation, execution, and recording results.
Appropriate confirmation and documentation thereof is made fhrmlgh each stage of the process. The

resu
the |

ts of the calculations are then validated against the expected results. Validation ©ff
se of alternate calculations against a known benchmark to check the validitycef‘th

comparison with measured results. (For example, dose rate measurements can be ised to

or to
basi{

validate calculated results and to reassess the validity of input data or bequ$ed as ar
for activity estimation.)

en requires
e results or
cross-check
alternative

A.4.2 Preparation for the calculation

This|stage is to prepare appropriate documents such as procedures necessary to pfoperly and

cons|stently conduct radioactivity calculations using verified and validated radioactivity calculation

metHods and computer codes.

— Insure applicability of principal equations and computer programs (verified calculatipn code: e.g.
DRIGEN).

— (Check suitability of the method employed (e.g. the method has been used previously and validated
through comparisons with actual measurements).

— IProvide or reference the documentationef the calculation procedure.

A.4.3 Execution of the calculation

This|stage is to clarify necessary calculation conditions according to the documented rfadioactivity

calcylation method, to clarify an@é-record the input data so that such data can be verified by third parties

as required, and to clearly determine the method of consideration of conservativeness.

|
|

q
)i

q

\

nclude a reference for the input data to allow traceability by third parties.

List references,aiid/or calculation practices for determining input data for calculation.

$pecify theprocessing method (such as how to set the applied concentration distributio

andom.sampling from input database) when the input data processed based on the act

dppliediand consider condition of conservativeness.

/dlidate the output record (e.g. number, format of result, etc.).

n or conduct
ual data are

NOTE

of data.

Methods can be applied that demonstrate appropriate maintainability depending on the amount

The range method involves performing a series of calculations. The number of activation calculation
results obtained should be adequate for their use as evaluation data for determining the radioactivity
concentrations. The case of the Correlation method is taken as an example. Figure A.2 shows an example
of evaluation of the stability of the correlation coefficient (average value, 95 % lower confidence limit
value) between difficult-to-measure nuclide concentration and key nuclide concentration when the
number of activation calculations increases.
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r Correlation coefficient SNif°Co
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AboppBaabs pAD-a-0a
oy :
it

A-p Dty

) n Numbér of dataw

Key
-O- average
-A- 95 % lo

r

n numbe]

Figure Al
95 % low

A.4.4 Rec

This stage i
calculation 1

Provid¢
Describ

Assess
calculat

Validatd

Clarify{
and exp|

value of correlation coefficient
wer confidence limit value of correlation coefficient

correlation coefficient

of data

.2 — Image of changes in the stability of the correlation coefficient (average valy
pr confidence limit value) with an increase in the number of activation calculatig

prding of the results

5 to record and evaluate the output of calculation(i.e. the results) based on the claj
nput conditions, according to the documented radioactivity calculation method.

a listing of the calculation results (output)\
e the method used and bases for validating the results.

the calculation results (e.g. sufficiency of the number of calculations, statistic stabilj
ion results, etc.).

the record of output (e.gf{.compare calculation result and measurement).

he factors that could have influenced the results, explicitly specify the purpose of calcul
ectations of the calciilation results.

e,
ns

ified

ty of

htion
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Annex B
(informative)

Suggested procedure for the point method for activati
calculation

expo

string

spec

typid
coup

For 1
ofter
The
and
itself
irrad
matd

B.2

B.2.

The
cons

term point method is used in the context of this International Standatd in the brq

sure history. For items used within the reactor core such as fuel asseémbly hardware

led with other information including dates of usage and fe€actor operating history.

General

x B provides explanatory notes and gives examples and practices to assist the|under
f this International Standard.

rming typical activation calculations as it could be applied to a single-object or asseml

s, fuel channels, etc., it is usually sufficient to use average core*neutron flux rates
f'ra which are generally well known and managed. For these’items, integrated ex
ally tracked by nuclear power plant (NPP) engineering staffand can provide a sufficien

haterial outside of the reactor core, including structural components, a particle trang
required in order to calculate the neutron fluencésrate (flux and spectrum) at the tar
ralculation needs to be based on all relevant information concerning the source, md
blemental compositions, densities, geometry;-and dimensions between the source an
. At the target’s position (ideally a represéntative point), the neutron fluence rate ald
iation condition is used by an ensuing(@ctivation code to determine the activation ¢
rial.

Sequence of performing an activation calculation

| General

hforementioned caleulation sequence is described below in more detail by dividing
bcutive steps whieh constitute a general complete (neutron) activation calculation (seg

on

standing or

ad sense of
ly of known
instrument
and energy
posures are
[ basis when

port code is
cet location.
terial types
d the target
ng with the
f the target

t into three
Figure B.1).

© ISO

2013 - All rights reserved

15


https://standardsiso.com/api/?name=7f17de190102e8adf7870c1b9523f23f

IS0 16966:2013(E)

Material composition

Source / Shield / Target

(for Transport calculations)

Geometry / Dimensions
Source / Shield / Target

Source definition
(Initial neutron fluence rate:
Flux and spectrum)

[STEP

Transport model

1]

’ Trangport Code

erministic ]

Transport Cross section library

or calculation (for Transport calctlations)

Mohte Carlo ]

y

Target neutron fluence rate
(Flux and spectrum)

i Activation / Decay code l— —| Target Irradiation history

: Activation

i calculation

; Crops section library Target material composition
H (for Agtivation calculation) (for Activation calculation)
i y

I

i Resuit

i [STER3] Target nuclide activity

\

Higure B.1 — Three-step approach for performing an activation calculation

B.2.2 STEP 1: Determining the neutron fluence rate basis/setting up the transport

model

B.2.2.1 Exjpendable in<core or near core assemblies

This includds reactorinstrumentation, control assemblies, etc.

— Use rec
baselin

brded'neutron fluence rate value used for tracking the service life of the component.

e neutron fluence rate from operating history (start and end of exposure) and fluence

during exposure.

Re-
ates

— The total activity distribution is most strongly impacted by the maximally exposed portion of the
component. This distribution would conservatively serve as basis for the entire component.

B.2.2.2 Reactor internals, vessel, and adjacent structural material

A transport

model has to be set up preparing all required information.

— Source definition

— neutron fluence rate distribution, or

16
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— reactor core material compositions including distribution of fissionable isotopes.

— Material and geometry setup for the transport problem, including intervening structures, coolant,
etc.

— material compositions and densities (including isotopic information being relevant for the

transport calculation), and

— geometry description for the transport problem.

Ideally the transport model is three-dimensional, although simpler cases for a given transport problem
can be approximated with only two or even one-dimensional models, without additional shielding

and

Inth
deta
over
radia
weig|
for a
of th
Vess
coold

Key

pr with simplified source setup (up to a mono-energetic point source).

b case of two- and three-dimensional transport models, there is often limited capabilit
led modelling of ex-core structures and simplifications can be required. A represent
1l flux distribution can be created using a one-dimensional model withtwo cases 1
| and axial profiles. While not ideal, it should provide sufficient detail foractivation g
hting the flux in off-centre locations. Figures B.2 and B.3 show radial and axial neutron
typical PWR generated with the ANISN computer code. The radial.trace extends fro
e core into the biological shield. The axial trace extends from the bottom to the top o
l. Each zone is characterized on the basis of its material mix including fuel, fuel assemb
nt (including poisons), control hardware, structural materials, etc.
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Figure B.3 — Example of PWR axial neutron flux trace

ology for this analysis is generally described intwo reports prepared by Battelle P
Laboratories.[2] [3] A third Battelle report foctuses more directly on non-fuel asse
[4]

letailed three-dimensional transport medels (Monte Carlo or Deterministic) can be us
he required neutron spectrum information.[3] [6]

B.2.3 ST

jP
The transp

rt calculation serves to détermine the neutron fluence rate (flux and spectrum) aft the

location of

2: Performing the transport calculation

he target (e.g. at a representative “point” within the target, therefore point method).

point information for the neutrop-flirx and spectrum can also be applied through an averaging pr

over the vol
To perform
the tran

aD

ime of the target.
Lhe transport c¢alctlation the following components are required:

sport modelsetup (STEP 1) as an input data set;

an adequate nuclear transport code, which can handle the transport model setup either

btepministic code (e.g. ANISN, etc.), or

hcific
mbly

ed to

This
hcess

aM

onte Carlo code (e.g. MCNP, etc.);

the transport code.

a cross-section library (e.g. ENDF/B, etc.), either in group or continuous energy structure, linked to

The result of the transport calculation is the required neutron flux/spectrum at the reference point
being used by the following activation calculation for the target.

B.2.4 STE

P 3: Performing the activation calculation

The activation calculation serves to determine the nuclide vector for the reference point of the target,
again either as a representative point value within the target or as an average value over the target

volume.
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erform the activation calculation the following components are required:
an inventory program to calculate activation and decay products (e.g. ORIGEN, etc.);

a neutron reaction cross-section library linked to the activation code, either with pr

e-processed

isotopic cross sections, or with the flexibility of the activation code to condense problem-dependent

cross sections for the neutron spectrum at the reference point;

a target material composition containing all primary constituents, along with important impurities

and trace elements;

the irradiation history of the target (e.g. information about changes of the neutron flux/spectrum

¢ver the exposure time including possible decay in between and at the end of the expos

fesult of the activity calculation is the nuclide vector at the reference point of the target. I
ide activities can be suppressed by choosing a corresponding cut-off value. The-Cut-off v
|d account for important long half-life radionuclides which typically have yety low act
rtant for long-term disposal safety.

Dose rate survey

]
1

‘esult of an activation calculation is based on the knowledgelof all relevant informatio
ransport/activation problem, i.e. characteristics of soukrce, material, densities, an
hermore, the nuclear codes employed as well as the related cross-section libraries invo

ke rate survey of an activated target, if properly~undertaken, can provide confirmat

Hose rate survey of the activated target to validate or even partly scale the nuclide vec
ation calculation with the proper dose rate‘survey data.

Example for an activation-calculation by the point method

lypical standard example for an activation calculation based on the pointmethodisthe de
e nuclide inventory for angdrradiated small component (e.g. jet pump support pin, bolt,

ctive zone of a reactor coné (e.g. in the vicinity of the core barrel).

the activation calculation, the neutron fluence rate (flux and spectrum), at least opg
ion of the component, has to be defined. If there is no other previously established
port calculatfon has to be performed to develop this information (covering the rg

the locatien‘of the component and any moderating water, and/or other shielding cof

ht its location is likely small enough to be represented as a point value.

the spectrum is defined, it can be used with an activation code and a linked cross-secti

ure).

nsignificant
alue(s) used
vity but are

n describing
l geometry.
ved and any

ion that the

lation matches the actual target activation condition. Therefore, it is preferable to additionally rely

tor from the

termination
etc.) outside

osite to the
flux basis, a
blevant core
mponents in

een). If they)component is small relative to the height of the core, the gradient of the neuftron fluence

bn library to

e theactivity of the compoment materiat-The base compoment materiatspecification includes

trace constituents generally found in the material that can be important for disposal such as the chemical
elements of cobalt and niobium. If the irradiation of the component has been more or less constant over
its lifetime before it has been removed, only the decay during its storage time has to be additionally
taken into account. Decay can be managed within the activation code in two ways:

adjust the flux rate to account system availability and power levels;
— perform a multistep analysis to follow the operating and idle periods of the plant.

The dose rate survey of the component determines one or more dose rate values at defined distances
from the component. Where the component is measured with shielding in place (e.g. under water or in a
shielded cask), a transport simulation (basically a shielding-type calculation) can be set up to estimate
the dose rate for comparison with the dose rate survey values. The difference between the calculated
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and measured dose rates can serve to adjust the initial activity estimate to conform to the dose rate.
A similar result can be achieved using direct gamma spectrum analysis and scaling to the measured
gamma concentrations. For small items, a point kernel shielding program should provide an adequate
simulation. Larger items could require multiple measurements and some additional calculations
(sometimes with more complex transport codes) to estimate overall content of the leading gamma
emitters. If the measured gamma radiation dose rate is mainly caused by the 60Co inventory of the
component (which is generally the case for activated steel components of reactors), the dose rate value
can be related to the corresponding 60Co concentration. In this case, the theoretical activation result is
scaled to the estimated total cobalt determined from conversion of the dose rate.

Further, if the knowledge of the 59Co impurity concentration for the component material is reliable, then

the activati¢m calculation can be lSllg“Elyl Scaled to the °9Co 1nvenEory laefermlnea [)y the dosq rate

survey infofmation) to derive the total nuclide inventory of the component (i.e. all relevant actiyated
nuclides including those not contributing to the gamma dose rate of the dose rate survey scatedto 4°Co).
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Annex C
(informative)

Suggested procedure for range method for setting input data for
activation calculations

C.1 | General

Anngx C provides explanatory notes and gives examples and practices to assist the|undegstanding or
use df this International Standard.

C.2 | Range method

C.2.1 Types of range methods

The radioactivity of some activated wastes is closely correlatedi\with reactor parameters,|such as fuel
burnup. The radionuclides produced at the same position in the dctivated waste installed ir the reactor
hav:[Jconstant production ratios because they have the samne elemental composition and irradiation
condjiitions. The same kind of the activated waste installed’and irradiated in the reactor hlas the same
elemgntal composition and irradiation conditions and“is different only in the neutron fluence rates
which depend on the position in the waste. The following three evaluation methods shown|in Table C.1,
in which these features are considered, are applicable as the typical range method for evpluating the
concentration distribution in the waste:

— (onversion method;
— (orrelation method;

— Distribution evaluation methaod.

C.2.2 Conversion method

The ¢oncept of the Conversion method is based on the assumption that the production of radionuclides
is digectly proportional to the cumulative neutron exposure of the activated waste.

The [radioactivity- concentrations in the material can be determined by using a convefsion factor
propprtionakto’the cumulative exposure (irradiance itself or fuel burnup, reactor operating|period, etc.)
as a ¢ontro}indices.

Through activation calculations using representative or conservative calculation conditions, the
relationship between the control index value and the radioactivity concentrations is evaluated as a
conversion factor, and the radioactivity concentrations can be determined for future members of the
target waste family from the multiplication of the conversion factor by the applicable control index value.

This method is applied on the condition that the factors proportional to the cumulative exposure of the
activated waste is managed by nuclear power plants and would be applicable as control indexes and that
representative or conservative neutron fluence rates can be set for the target radioactive waste.

The following can be listed as examples of control indices:

— the cumulative exposure time for control rods, reactor vessels, or other core components which
remain in place for more than one refuelling cycle;
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— the fuel burnup for BWR channel boxes or other fuel assembly components which are replaced with
each refuelling cycle.

When the half-life is short relative to the irradiation time, the radioactivity of a nuclide produced by
activation at equilibrium can be expressed approximately (simplified with one condensed neutron
energy group) by Formula (C.1):

a=f(o N, @t A (C.1)

where

a isthe radioactivity concentration of the target radioactive waste (Bq/cm3);

o isthe activation cross section of the parent nuclide (cm?2);

N s tlhe atom number density of the parent nuclide before irradiation (cm-3);
@ s the neutron fluence rate (cm-2-sec-1);

A s the decay constant of the product nuclide (s-1);

t istheirradiation time (s).

When the radioactivity concentration at a position in the targétradioactive waste is considered, the
activation cyoss section (o) and the atom number density (N) can be regarded as constant and the decay
constant (A)is also constant. Therefore, the radioactivity conecentration is in proportion to the irradjance
as shown by Formula (C.2):

a=flc, &t 2
where

¢ iscpnstant (o x N x 7).

When the falctor proportional to-the irradiance (@ x t) on the target radioactive waste is assumed as the
control index (fx), the radiodetivity concentration can be expressed by Formula (C.3) as proportional to
the control index.

a =f(C, if)
(C.3)

where

C isthe conversion factor;

ik is the control index (e.g. fuel burnup).
As described above, the radioactivity concentration can be expressed as the product of the conversion
factor (C) and the control index value (ix). Therefore, if the conversion factor (C) is evaluated in advance,

the radioactivity concentration of the activated waste to be evaluated can be determined from the
control index value.
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C.2.3 Correlation method

The concept of the Correlation method is similar to that of the Scaling factor method which is applied to
contaminated radioactive waste. The Scaling factor method is an empirical approach which is based on
the results of radiochemical analysis of actually contaminated wastes. On the other hand, the Correlation
method is a theoretical approach in which the composition ratios of difficult-to-measure nuclides and
key nuclides are determined based on the results of activation calculations which cover the whole range
of the elemental composition, the neutron fluence rate and the irradiation conditions of the activated
waste being evaluated.

The Correlation method is based on the concept that, in the case of the activated waste, even if the

radi
irra
each

condji

eval
shou
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Int

apply
C.2.4

In th
(for

radid
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The
conc
is po
wast]
that
a cor

In th
diffe

Base
varis
conc
calcu

iation, the chemical composition ratios of the produced nuclides are kept basically const
position of the waste has the same elemental composition, neutron fluence ratés,anc
tions. When the average composition ratios of the produced nuclides in the activate
ated by activation calculations, it is therefore necessary that the activation.calculatio
d be set in consideration of the ranges of the irradiation conditions of the material
ion and reactor operating conditions).

is method, the average nuclide composition ratio between difficult-to-measure nucl

ide is evaluated in consideration of the irradiation history (including post-irradiati

ctivated waste being evaluated. Even if detailed information is not available for the
ry of each waste, this method is applicable by measuring the concentrations of the key
ing the appropriate ratios for the difficult-to-measureadionuclides of interest.

L. Distribution evaluation method

e Distribution evaluation method, similar target activated waste is classified intc
nstance, all graphite blocks from a given xeactor are classified into one group), and
activity concentration is determined for“each group, instead of determining the 1
entrations of individual items.

activation calculation in this method is basically equivalent to the case where 1
entrations are calculated for individual items, but this method is applied on the prg
ssible to ensure that the radioactivity concentration calculated is representative of t
e group being evaluated (forinstance, average radioactivity concentration). Itis therefo

stant defined range efapplicability for the calculation.

is case representative or conservative values can be set for each condition without sef
Fent values.

d on thisiconcept, the activation calculations are made using different values in conside
bility 6f the calculation conditions for the activated waste groups, and the average 1
entrations are determined based on the concentration distribution obtained thj

) the end of
antbecause
| irradiation
d waste are
n conditions
(irradiation

ide and key
n decay) of
irradiation
huclides and

one group
the average
adioactivity

adioactivity
mise that it
he activated
'e necessary

fhe calculation condition(neutron fluence rates) for the waste in the same group shoulld be within

ting several

ration of the
adioactivity
ough those

lations. In determining the average radioactivity concentrations of the waste group by the use

of this method, it is appropriate to judge whether the results of activation calculations using several
different values have a stable distribution within a constant range.
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C.3 Basic flow of input data setting in activation calculations

The following two methods are available for setting input conditions in activation calculations necessary
to evaluate the radioactivity of target radioactive wastes:

— Point method, a method in which input conditions are set using the representative values (average
values, conservative values, etc.) of the chemical element concentration, neutron fluence rate, and

irradiation condition of the target radioactive waste;

Range method, a method in which a sufficient number of input data sets are prepared so as to cover

gitthedataasTequiTedomrone ormore of the chemnmicat element concentratiom distributt
fluence rate, and irradiation condition of the target radioactive waste.

A basic flow of the range method is shown in Figure C.1, which requires the preparation o
number of input data sets which cover all items of the chemical element conceiitration
neutron fluence rate, and exposure time history of the target radioactive wagte) Through t
of copditions in the following steps, it is possible to set two or more sets of input condition
apprppriately cover the irradiation condition of the target radioactive wadste.

a)

b)

d)

f)

g)

© IS0 2013 - All rights reserved

$elect the target radioactive waste and identify its characteristi¢iproperties.

As a first step, the characteristic properties (e.g. shape, mdterial, etc.) of the radioa

irradiation history and element analysis data, are collected.

$elect the evaluation points in the target radioactivé waste (irradiation points).

.

iIs set with consideration given to the shapé’of the target radioactive waste and its
dlirection in the reactor. The irradiation peint(s) to be set as an input condition is selecte
gampling from this probability distribution. (See C.4)

$et the elemental compositions.

Necessary element analysis.data (chemical element concentration data) on the target
waste are collected in advance, and the distribution of chemical element concentrj
hrough an assessment using this database. A chemical element concentration to be se
ondition is selected by)random sampling from the set distribution. (See C.5)

P S Ry e

$et the installatiormpositions in the reactor operation cycles.

Typical rotation patterns are evaluated and set for the installation position of activatg
the reactOry A rotation pattern to be set as an input condition is selected by random sa
¢onsidération given to the probability of each typical rotation pattern. (See C.4.)

$etthe irradiation times.

bns, neutron

Fa sufficient
Histribution,
he selection
s which can

ctive waste

gelected are identified, and basic data necessary for 4aput condition setting, such as in-core

[he probability distribution of the irradiation.peint in the target radioactive waste being evaluated

installation
by random

radioactive
itions is set
[ as an input

bd wastes in
mpling with

Concerningtherangeofirradiation time of the targetradioactive wasteinthereactor, the distribution
of irradiation time is evaluated considering the actual reactor operation data (operation and idle
time) and other data. The irradiation time to be set as an input condition is selected by random
sampling from the irradiation time distribution. (See C.7)

Set the neutron fluence rates.

The neutron fluence rate distribution in the reactor is evaluated using a verified and validated
calculation code. As a next step, the neutron fluence rate to be set as an input condition is selected
fromthe neutron fluencerate distribution during the evaluated irradiation period with consideration
given to the irradiation point selected in step b) and the rotation pattern selected in step d). (See
C.6)

Set the activation cross sections.

25
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h)

NOTE

26

The activation cross section of the target element is selected as an input condition with consideration
given to the neutron fluence rate selected in step f). (See C.6) These are normally included as a

standard library connected to the calculation code.

Prepare input data sets for calculation.

The input conditions evaluated and selected in the process from step b) to step g) are regarded
as one set of input data for activation calculations. When the selected number of input data sets is
insufficient, it is necessary to return to step b) and carry out additional input data evaluation and
selection for subsequent activation calculations. However, when the number of input data sets is
judged to be sufficient, activation calculations are carried out using these data sets as a database for

input c

Ly
IITUICtIUILS.

The method for evaluating the sufficiency of the number of data sets is specified in 4.3.3.

© ISO 2013 - All rights reserved
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Selection and study activated waste
— Property of target waste

— lIrradiation history

— Collection of basic data, etc.

¥

Selection of evaluation point
~.. .| — Confirm the waste shape and
(‘ “|  loading direction in the reactor
— Solort h:.lx random n::lmpling {Basicprocedurets-showriC.4)

l

Selection of concentration of

' Cpllection of chemical i

i - . chemical elements (Basic procedire’is shownin £.5)
| pralysis data. efc. || ggjony by random sampling
¥
Selection of loading position in Selection of
operation cycles irradiation time efc.
(Basic procedure is shown | — Evaluate representative loading # — Collect operation pragtices
in C.4) patterns — Select by random
— Select by random sampling sampling, etc.
l (Basicprocedure is shown in C.7)
Fixing neutronfluence rate Fixing activation crpss
— Ewaluate neutrgr fluence rate in the section
(Hasicprocedure is shown reactor +—» — Evaluate cross secfion
in C.6) | — Select pedtron fluence rate by — Select by neutron
loading“position and selected part fluence rate
¥
Setup input data for calculation

Y

— One input dataset is fixed
(selected part and loading position)

Mo valuate

sufficiency

w:ata
l Yes

Input database for calculation
— Select calculation method
— Activation calculation

Figure C.1 — Basic setting flow for range method of input data for activation calculation
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C.4 Selecting the evaluation point for the target radioactive waste

C.4.1 Setting of the irradiation position on the basis of the configuration and installa-
tion direction of the target radioactive waste

To set the neutron fluence rates such as the neutron flux and neutron spectrum, it is necessary to select
the irradiation position for the target radioactive waste and identify the neutron fluence rates at the
selected position in the reactor. As a first step, the irradiation position is selected with consideration
given to the configuration of the target radioactive waste and its installation direction and location in
the reactor. Next, appropriate neutron fluence rates are set for each irradiation position selected.

Table C.2 shpws a basic philosophy for setting the irradiation position for use in activation calculagions,
consideringfthe configuration and installation direction of the target radioactive waste.
Table C.2|— Basic philosophy in setting the irradiation position to be evaluated inthe target
radioactive waste
Shape of target radio- Probability distributjon
active wapte and an Conditions should be Example of activated | ofitheirradiation position
installing diirection in consideredb wastec of the target radioactjve
the refactora waste

Axial directi

Axial installation position
of target radioactive waste
in the reactor

Channel box, contrelod,

on of reactor
core shroud;eté.

Uniform distribution

Radial dired

Probability distributi

Radial installation position according to the area rat

tion of reac- of the target radioactive

Uppenrgrid, etc.

n
io of

direction of tH

b Special cq

C

Typical e
radial directid

reactor from fhe viewpoint of the neutron fluence rate/neutron spectrum.

tor . the evaluated parts of tqrget
waste in the reactor . .
radioactive waste
a  The shapp of evaluated waste and its installation direction inside/outside of the reactor (installation in the|axial

e reactor, installation in the radial direction of:the reactor, etc.).

nsideration should be given to the shape af the target radioactive waste and its installation direction

ramples of representative radioactive, wastes which have an installation position extending in the ax|
n of the reactor.

n the

ial or

C.4.2 Sett
considerat

The basic pl
whether its

This influenjces the part of the target radioactive waste which is most exposed to the neutron fly

and thus thd

ing of the irradiation position of the target radioactive waste in the reactol
ion of the rotation of its installation position

nstallation.posSition changes or rotates in each reactor operation cycle is shown in Tabl

uniformity of the radioactivity in the component.

" in

hilosophy in sétting the irradiation position of the target radioactive waste, depending on

b C.3.
ence,

28
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Table C.3 — Basic philosophy in setting the installation position of the target radioactive waste
inside/outside the reactor

Installation position Probability distribution

of tarset radioactive Conditions should be Example of activated to be considered regard-
was tegin the reactora considered waste ing irradiation point in the
reactor

Actual distribution or rep-

Installation position rotat- resentative patterns of the

o i b
ing in eagh reactor opera Channel boxb, etc. installation position in the
tion cycle ¢
|y DU e reactqr
;ULdLllls yUDlLlUll
Insert position changing in Control rod for PWRC, Actual d;strlbu Elon or rep-
the reactor for fuel burnup d resentative)patterns of the
BWRJ, etc. . ) Il ¢
control insert position ir} the reactor

Loading position fixed
Fixed position during the reactor opera-
tion period

Core shroud, upper grid,

ete.e Fixed v3lue

a  (londition setting regarding the rotation of the installation position in the reactof.

b (onsideration is required for the installation position rotating in each reactor operation cycle (ceftral position,
outerjmost position, etc.).

¢ Ih the case of PWR control rods, consideration is required for each axialjinstallation position during th¢ rated output
operdtion (the position of inserted control rods during the rated output,opération and the position of extracted control rods
during the rated output operation).

d  Ththe case of BWR control rods, consideration is required for the installation position in the reactor and the time during
which control rods are set at the insert position during the rated output operation.

e These radioactive wastes are irradiated at the fixed position in the reactor throughout the irradiation period.

f Ifradiation position setting is based on actual distribuition data such as the installation and inserting positions after
rotatjon, or sometimes based on representative patterns (for instance, a pattern which gives higher valyes in activity
concgntration evaluation).

C.5 | Setting the elemental coniposition

C.5.1 Selection of the method for setting the elemental composition

Congerning the method forsetting the elemental composition, it is considered that either of the following
two methods can be selected according to the elemental composition data collected and the type of the
activiity concentrationdetermining method selected:

— a method.iniwhich the elemental composition is set based on representative element analysis data
n the target radioactive waste (such as average value);

— a miethod in which the elemental composition is set by setting the concentration digtribution or
ange of element analysis data on the target radioactive waste.

C.5.2 Setting of the basic profile of the concentration distribution shape for each chemi-
cal element

Concerning the concentration distribution of each chemical element contained in each kind of material,
the basicprofile ofthe concentration distribution shape can be setby considering the control specification
and method for each chemical element in the material production process. A basic philosophy for setting
the distribution shape profile is shown in Table C.4.

In general, chemical elements contained in materials are divided broadly into three groups: “main
elements” whose contents are adjusted to the specified alloy composition control targets in the
material production process, “impurity elements” whose contents are controlled by a specified upper
limit for the alloy, and “trace elements” for which no control targets are specified. Therefore, either
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normal distribution or log-normal distribution can be selected for the basic profile of the concentration
distribution shape for each element, depending on whether control targets are specified for the elements
which require content adjustment in the material production process.

For the main elements, uniform distribution can be conservatively applied, in which concentration
data close to the upper limit of the distribution more frequently appear than in the case of normal
distribution. Additionally, it is considered that the basic profile of the concentration distribution shape
for each element can be set by considering the concentration distribution based on element analysis
data collected.

Table C.4 — Basic philosophy in setting basic type of distribution of chemical element

concentrations
) Main elements Impurity elements Trace elements
Chemical element c led X c led with
condition ontrolled in a certgm range o.ntr_o ed with an upper Non-cettrolled
of concentration limit of concentration

Main chemical elements of |Chemical elements which are | Chemical.elements which are
materials which are manu- |reduced or controlled in a not dontrolled. The content
factured in specific factories |certain manufacturing pro- |of'‘each element reflects fits
under lot-based quality cess as impurity elements concentration distributipn
control. Their contents are |contained in manufactured ‘dppearing in nature.
controlled within the target |materials. Their contents-dare

Basic philgsophy ranges specified by national |controlled below compara-
industrial standards of tively low control values, and
material, and their con- the concentratiorkdistribu-
centration ranges (concen- [tion of each element is able
tration distribution) are to reflect its’"Cencentration
comparatively narrow. distribution in the nature.

Reference doncen-

tration distyibution Normal distribution Log-rormal distribution Log-normal distribution|

of each ch¢mical
elemept

C.5.3 Setting of the concentration distribution condition according to the number of
element analysis data

In setting the distribution condition of chemical element concentrations, it is desirable that, [with
consideratign given to represéntativeness and conservativeness, the methods listed in cases a) fo d)
below should be applied according to the lot of material of the target radioactive waste and the number
of element analysis data values collected.

For standarfl deviations, appropriate values can be set with consideration given to conservativenegs. In
the case of ‘[impurity elements” and “trace elements”, it is also acceptable to set appropriate valugs for
standard deviations by reference to the distribution shape for the same element or an element siilar
in chemical pfoperties.

However, when reference is made to the distribution shape for the same element or an element similar
in chemical properties, it is necessary to collect data on the reference element and then verify that the
standard deviation has no concentration dependence in the case of the same element, and that there is
no difference in standard deviation between the target element and the reference element similar in
chemical properties.

a) When element analysis data are sufficient

When a sufficient number of element analysis data are collected for the target radioactive
waste (material) and this database is representative, there is no particular need to consider
conservativeness in setting the concentration distribution condition and it is possible to set it by
using the average values, standard deviation, minimum/maximum values, etc. of element analysis
data on the target radioactive waste.

30 © IS0 2013 - All rights reserved
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b) When element analysis data are comparatively few

In some cases, the number of element analysis data is not sufficient for the target radioactive waste
(material). In this case, the chemical element concentration distribution of the target radioactive
waste can be set by applying average values and standard deviations in which conservativeness is
considered by such a means as applying an upper limit to the confidence of element analysis data
distribution in consideration of the quantitative insufficiency of analysis data.

EXAMPLE Image of setting of concentration distribution when number of data are comparatively few.
Probability
density Average value

of detecteddata

/|
Actual distribution of :\ o : 95% upper
chemical analysis data ._ 7'\ . confidential limit of variance
SN

Estimated conservative
.-"distribution

Chemicalelement
2> concentration (%)

Average value
(settingvalue)

c) When element analysis data are very few

When most of the analysis data are below the detection limit (i.e. only one or two poinls are above
the detection limit), it is impossible to calculate standard deviations and other values. Either of the
following two methods is applicable to set average values and standard deviations.

— The concentration distribution can be estimatéd by using one or two detected values and/or
dpplying a conservative value of standard deviation using same element data.

— The concentration distribution is assumed‘in a range of lower concentrations than the minimum
dletection values in element analysis data-

Table C.5 shows the basic philosophiyin determining average values and standard devigtions which
dre necessary to set a distribution-of chemical element concentrations when the number of element
dnalysis data is very few.
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Table C.5 — Method for setting the chemical element concentration condition when chemical
element analysis data are very few

Method

Outline of method

Consideration of conservativeness

Assuming the aver-
age concentration
and standard devia-
tion from detected
values

The concentration distribution
is set by applying the following
values:

— average value: apply
detected value;

— standard deviation: apply

conservative standard devia-

As shown in the following figure.
Average concentration:

Conservativeness is considered by applying the average
of detected values.

Standard deviation of concentration:

tion.

Conservativeness is considered by applying a cofisgrva-
tive standard deviation derived from detected.values
(e.g. Set the standard deviation such that it include

90 % of the measured values above the detection limit).

Probability
density

Actualdistribution
of chemical ,
analysisdata, 7/

Average value
of detected data

O © Conservative standard deviation

Estimated/onsérvative
distribution

Chemicalelement

EXAMPLE 1

Image of applying the average.of detected data to the average of e

—> concentration (%)

bti-
mated distfibution.

Assuming the con-
centration distribu-
tion in a range below
the detection limit

The concentration distribu-
tion is set in a range of lower
concentrations than the mini-
mum detected value in element
analysis data.

As shown in the following figure.
Average concentration:

The average is determined by assuming maximum
detected value located +20 value of concentration di
tribution.

Standard deviation of concentration:

Assume average standard deviation of distribution
from database (e.g. apply standard deviation evaluated
from same element data in the nature or from elemgnt

data which chemical property element).

Probability
density Maximum
/\ detected value
| Apply average
..+ standard deviation
o..
1
]
T
/ \ \‘ «_ Chemical element
Average value ~ concentration (%)
(setting value)
EXAMPLE 2 Image of setting distribution in the case of minimum detected value.

d) When element analysis data contain detection limit values only

When all element analysis data on the target radioactive waste (material) show detection limit
values only, the average values and standard deviations can be set using any of the following three

methods.

32

Detection limit values in element analysis data are used as average values.
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— Concentration distributions are set in a range of low concentrations which starts from detection
limit values in element analysis data.

— The concentrations of parent elements are estimated from activity concentration data on
radionuclides contained in a target radioactive waste of known irradiation history.

Table C.6 shows the philosophy in determining average values and standard deviations which are
necessary to set the concentration distribution of chemical elements when element analysis data
contain detection limit values only.

Table C.6 — Method for setting the concentration distributions of chemical elements when
dlement analysis data contain detection limit values only (1.e. all data are not detectable)

Method Outline of method Consideration of consérvatiyeness
Using detection limit |Detection limit values in element Sufficient conservativeness.is considlered by
valug¢s as they are analysis data are used as average con- |applying the minimum-détected valfies in ele-
centrations in activation calculations. |ment analysis data tdset the element concentra-
tions.
Assuming a concen- |Concentration distribution is setin As shown in thie-following figure.

tratipn distribution |arange of low concentrations below
from| detection limit |the detection limit values in element
valugs analysis data. The ayérage is determined conservdtively by

assuming detection limit is located +20 value of
concentration distribution.

Average coneentration:

Standard deviation of concentration|:

Assume average standard deviation|of distribu-
tion from database (e.g. apply standprd devia-
tion evaluated from same chemical ¢glement data
in the nature or from element data which chemi-
cal property element is similar with{evaluated
chemical).

Probability
density

N Detection limitvalue
Apply average
.+*" standard deviation

~_ Chemicalelement
~ concentratioh (%)

Average value
(settingvalue)

EXAMPLE Image of setting distribution under non-detectable yalue.

Estithatifigdfrom The concentrations of parent elements | Appropriate conservativeness is corfsidered, if
radigchemical analy- |are estimated from radiochemical necessary from the standpoint of rafliochemical
sis data amatysisdata o target Tadioactive amatysisdata:
waste whose irradiation condition is
known definitely.

C.6 Setting of neutron fluence rate

C.6.1 Basic considerations in setting the neutron fluence rate

The neutron fluence rate is divided broadly into two factors: “the neutron flux/neutron spectrum”
and “the activation cross section”. The neutron fluence rate varies depending on the reactor type/fuel
condition, the kind of the target radioactive waste, the evaluated part of the target radioactive waste,
etc. Therefore, in order to determine the neutron fluence rate by calculations, it is necessary to
create a calculation model reflecting the actual condition of the reactor and make calculations using
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computational codes and group constants suited for the purpose with consideration given to accuracy
requirements, the condition of the neutron field, etc.

Table C.7 shows basic considerations in setting the neutron fluence rate.

Table C.7 — Basic considerations in setting the neutron fluence rate

Consideration item

Main items that need to be considered

Fuel condition

— Enrichmenta
— Burnupa
— Fuel typeb

Position in {
reactorc

— Position of the target radioactive waste in axial direction of reactord

Axial direction| Insertion ratio of the target radioactive waste in axial direction pf rrea

rtore

he
— Position of the target radioactive waste in radial direction of-the/react

— Rotation of the target radioactive waste in the radial direction of the
reactore

Radial direc-
tion

— Void distribution (BWR)f

— Boron concentration (PWR)

— Temperature distribution

— Flux depression by self-shielding-effectss

Others

a  Enrichmd

b Fuel type

c Positions

behaviours of]

d  This cons
radioactive w|
reactor.

e This cons|

rate varies.

f This cons
falls with an i

g  When th
absorption eff
rate distribut

nt of the fuel and burnup used during the irradiation period of the targetfadioactive waste.

ideration applies not only to the case where the neutron fluence rate varies depending on parts of the
Aste but also to the case where the target radioactive.waste extends in the inside or to the outside

hcrease in the amount of vapour (void)genherated at the reactor core.

e target radioactive waste is a strong neutron absorber, consideration should be given to the ne

i.e. UOZ, MOX.

of the source of neutron generation, the target radioactive .waste, and other materials which affed
neutrons such as moderation, reflection, absorption, and leakage.

deration applies to the case where the target radioactive waste travels to a range where the neutron fl

deration applies to BWR plants. (In the case of BWR plants, the nuclear reaction is suppressed and the o

ect on the neutron fluence rate beeause such waste has a depression effect (distortion of the neutron fl
on).

t the

arget
f the

ence

Ltput

tron
ence

On the othe
cross-sectio|
result of ev
simplified c
activated an
especially w

When exist

" hand, the activatien.cross section is normally automatically determined using an exi
n library attached\te’an applicable activation calculation code. However, depending o
hluating the neutron fluence rate/neutron spectrum, it is sometimes possible to cre

Foss section‘with consideration given to the characteristics of the neutron spectrum (
ea. The use(of a simplified cross section can reduce computational resource requiremny

hen largeshumbers of calculations are performed.

ing ‘eross-section libraries are applied, normally the difference between the libr

sting
h the
ate a
f the
ents,

aries

s anly a slight effect on activation calculations as far as the target radioactive waste

S are

basically ha

similar in terms of the type of reactor and the chemical composition of fuel. In this case, it is necessary
to identify in advance the characteristics of the neutron spectrum which affect the creating of the one-
group effective cross section.

C.6.2 Setting procedure for the neutron fluence rate

In setting the neutron fluence rate, either of the following two methods can be applied according to the
method used for determining activity concentrations.

a) Setting

for each individual item

A method in which the neutron fluence rate is set in detail for each target radioactive waste on the
basis of its irradiation history. The appropriate values are set for the activation cross section after
confirming the representativeness of the neutron spectrum.
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Setting using representative values

A method in which the neutron fluence rate is set so as to appropriately represent two or
radioactive wastes or give a conservative evaluation result (i.e. higher activity con
when their irradiation histories are considered.

When the neutron fluence rate is determined using activity concentration ratios or

more target
centrations)

determined

from two or more calculation results, the neutron fluence rate range can be set to appropriately
represent two or more target radioactive wastes, instead of setting individual neutron fluence rates.

When the neutron fluence rate/neutron spectrum is evaluated for condition setting i

e applied to the calculations with due consideration given to their intended uses. A
dpproach to neutron calculations is to carry out nuclear reactor core performance
the nuclear physics parameters calculation code for fuel assembly units and a' three-
nuclear thermal-hydraulic analysis) and solve the Boltzmann neutron transportéquatios
¢alculation techniques are the Sn method (the differential neutron transpeit’equation|
[arlo method, the direct integration method, etc. In addition to these calculation tec
e¢xtrapolation approach method and other methods are applied according to the ch
features of each method.

EXAMPLE1 JENDL (Japan Atomic Energy Agency), ENDF/B (Brookhaven National Laborat
gvailable as cross-section libraries (nuclear data).

d

EXAMPLE 2 ANISN, DOT, and TORT (Oak Ridge National Laboratory) are available as transpo

odes using the Sn method,and MCNP (Los Alamos National-Laboratory) is available as a transpo
ode using the Monte Carlo method.

Setting procedure for the irradiation condition

1 Basic philosophy in setting the'irradiation condition

iation time and non-irradiation time during irradiation periods are set as the input conc
tradioactive waste. An irradiation history can include multiple periods of irradiation (
nd decay (neutron flux off).. Fer comparatively short half-life nuclides such as 60Co (n|
ife shorter than about five years), it is necessary to consider the effect of decay during

a

ic philosophy in setting irradiation time and non-irradiation time during irradiation p

n activation
ants should
ain current
calculations
Himensional
1. Applicable
), the Monte
hniques, the
)aracteristic

ory), etc. are

rt calculation
rt calculation

litions of the
neutron flux
uclides with
r irradiation

ds in the case of the target radioactive waste irradiated over a long period of time. Tabjle C.8 shows

eriods.
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