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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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procedures used to develop this document and those intended for its further maint
cribed in the ISO/IEC Directives, Part 1. In particular the different approval criteria‘meé
brent types of ISO documents should be noted. This document was drafted in accordan
orial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

bntion is drawn to the possibility that some of the elements of this documentmay be the
ent rights. ISO shall not be held responsible for identifying any or all such-patent rightg
patent rights identified during the development of the document will.be'in the Introduct
he ISO list of patent declarations received (see www.iso.org/patents}):

trade name used in this document is information given for the,eonvenience of users ar
Stitute an endorsement.

an explanation on the voluntary nature of standards;. the meaning of ISO specific
ressions related to conformity assessment, as well.as information about ISO's adherg
[ld Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see th
L: www.iso.org/iso/foreword.html.

5 document was prepared by Technical Commmittee [ISO/TC 85, Nuclear energy, nuclear té
radiological protection, Subcommittee SC2y Radiological protection.

5 third edition of ISO 11929-4 cancelsland replaces the second edition (ISO 11929-4:202
nstitutes a minor revision.

main changes are as follows
Editorial changes were-dene in text and formulae
bt of all parts of ISO-11929 can be found on the ISO website.

feedback or questions on this document should be directed to the user’s national standa
plete listing/of'these bodies can be found at www.iso.org/members.html.

enance are

ded for the
e with the

 subject of
. Details of
ion and/or

d does not

terms and
nce to the
e following

chnologies,

), of which

rds body. A

02022 - All rights reserved

vii


https://www.iso.org/directives-and-policies.html
https://www.iso.org/patents
https://www.iso.org/iso/foreword.html
https://www.iso.org/members.html
https://standardsiso.com/api/?name=d1ed94f66c25eaa0b92c9667b9bed720

1SO 11929-4:2022(E)

Introduction

Measurement uncertainties and characteristic values, i.e. characteristic limits such as the decision
threshold, the detection limit and limits of the coverage interval for measurements as well as the best
estimate and its associated standard measurement uncertainty, are of importance in metrology, in
general, and for radiological protection, in particular. The quantification of the uncertainty associated
with a measurement result provides a basis for the trust an individual can have in a measurement
result.

NOTE 1
into accoun

Conformity with regulatory limits, constraints or reference values can only be demonstrated taking
F and quantifying all sources of uncertainty. Characteristic limits provide - in the end - the basi§ for

deciding ac

ISO 11929
It is applic

epting results under uncertainty.

(all parts) provides characteristic values of a non-negative measurand of ionizing radiaf
able for a wide range of measuring methods extending beyond measurements of ioni

ion.
ring

radiation.

ons
| by

The limits fo be provided according to ISO 11929 (all parts) for specified probabilities of wrong decis
allow deteftion possibilities to be assessed for a measurand and for the physical effect quantifieg
this measufrand as follows:

— the “dq fied

by the

the “d
detect
or not
intend

cision threshold” allows a decision to be made on whether or notthe physical effect quanti
measurand is present;

btection limit” indicates the smallest true quantity value of the measurand that can stilll be
bd with the applied measurement procedure; this gives and allows for a decision on whether
the measurement procedure satisfies the requitéments and is therefore suitable for|the
ed measurement purpose;

the “limits of the coverage interval” enclose, in the'case of the physical effect recognized as present,
a coverage interval containing the true quantityyalue of the measurand with a specified probabillity.

Hereinaftel, the limits mentioned are jointly called “characteristic limits”.

NOTE 2
here instea
conventiond

ccording to ISO/IEC Guide 99 updated by JCGM 200:2012, the term “coverage interval” is yised
of “confidence interval” in order to distinguish the wording of Bayesian terminology from that of
1 statistics.

All the chafracteristic values are based on Bayesian statistics and on the ISO/IEC Guide 98-3 as well as
on the ISOJIEC Guide 98-3:2008/Suppl.1 and ISO/IEC Guide 98-3:2008/Suppl.2. As explained in detajil in
ISO 119292, the characteristic values are mathematically defined by means of moments and quantiles

of probabiliity distributions’of the possible measurand values.

h of
pral

Since meaj
measurem

urement yhcertainty plays an important role in all parts of ISO 11929, the evaluatio
bnts and-the treatment of measurement uncertainties are carried out by means of the gen
procedures ac€ording to the ISO/IEC Guide 98-3 and to the ISO/IEC Guide 98-3:2008/Suppl.1; see also
Referenceq [21] to [25]. This enables the strict separation of the evaluation of the measurements,
on the one hand, and the provision and calculation of the characteristic values, on the other hand.
1SO 11929 (all parts) makes use of a theory of uncertainty in measurementl26] to [28] hased on Bayesian
statistics (e.g. References [29] to [36]) in order to allow taking into account also those uncertainties
that cannot be derived from repeated or counting measurements. The latter uncertainties cannot be
handled by frequentist statistics.

Because of developments in metrology concerning measurement uncertainty, laid down in the
ISO/IEC Guide 98-3, ISO 11929:2010 was drawn up on the basis of ISO/IEC Guide 98-3, but using
Bayesian statistics and the Bayesian theory of measurement uncertainty. This theory provides a
Bayesian foundation for the ISO/IEC Guide 98-3. Moreover, ISO 11929:2010 was based on the definitions
of the characteristic valuesl2l], the standard proposall22], and the introducing articlel23]. It unified
and replaced all earlier parts of ISO 11929 and was applicable not only to a large variety of particular
measurements of ionizing radiation but also, in analogy, to other measurement procedures. Some
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explanatory material about the basics of ISO 11929 (all parts), in general, and its application in has been
published elsewherel42]143],

Since the ISO/IEC Guide 98-3:2008/Suppl.1 has been published, the Monte Carlo method has been
used to deal comprehensively with a more general treatment of measurement uncertainty in complex
measurement evaluations. This development provided an incentive for writing a corresponding
Monte Carlo supplementl24] to 1ISO 11929:2010. The revised ISO 11929 (all parts) is also essentially
founded on Bayesian statistics and can serve as a bridge between documents 1SO 11929:2010 and
the ISO/IEC Guide 98-3:2008/Suppl.1. Moreover, more general definitions of the characteristic values
(ISO 11929-2) and the Monte Carlo computation of the characteristic values make it possible to go a step
bey izati i i : i ili istributions
rather than uncertainties can be propagated. It is thus more comprehensive and extending)the range of
applications.

The revised ISO 11929 (all parts), moreover, is more explicit on the calculation gfithe characteristic
valyes. Reference [25] gives a survey on the basis of the revision. Further, ig iSO 119293, it gives
detjiled advice how to calculate characteristic values in the case of multivariaté measurenpents using
unfplding methods. For such measurements, the ISO/IEC Guide 98-3:2008/Suppl.2 provides the basis of
the [uncertainty evaluation.

Formulae are provided for the calculation of the characteristic values of an ionizing radiation jneasurand
via [the “standard measurement uncertainty” of the measurand (hereinafter “standard unfertainty”)
derjved according to the ISO/IEC Guide 98-3 as well as via prebability density functions (PDFs) of the
measurand derived on the basis of the ISO/IEC Guide 98-3{2008/Suppl.1. The standard urfcertainties
or grobability density functions take into account the uncertainties of the actual measurenjent as well
as fhose of sample treatment, calibration of the meastring system and other influences.| The latter
uncertainties are assumed to be known from previousanvestigations.
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Determination of the characteristic limits (decision
threshold, detection limit and limits of the coverage
interval) for measurements of ionizing radiation —
Fundamentals and application —

Part4-

Guidelines to applications

1

Thi
the
ioni
car
furt
cou
asa
oth

ISO

Scope

5 document specifies a procedure, in the field of ionizing radiation metrology, for the ca
‘decision threshold”, the “detection limit” and the “limits of the coverage interval” for a nd
zing radiation measurand when counting measurements with,preselection of time or
[ied out. The measurand results from a gross count rate and a background count rate as
her quantities on the basis of a model of the evaluation. In patticular, the measurand car
ht rate as the difference of the gross count rate and the background count rate, or the net
mple. It can also be influenced by calibration of the measuring system, by sample treatn|
er factors.

11929 has been divided into four parts covering'elementary applications in ISO 11929-1

applications on the basis of the ISO/IEC Guidet98-3:2008/Suppl.1 in ISO 11929-2, appl

unf

ISO
rad
bas
cou
wit

ISO
ISO
asp

ISO
spe

blding methods in ISO 11929-3, and guidangeg-to the application in ISO 11929-4.

11929-1 covers basic applications of counting measurements frequently used in the field
ation metrology. It is restricted to applications for which the uncertainties can be evalu
s of the ISO/IEC Guide 98-3 (JCGM2008). In ISO 11929-1:2019, Annex A the special case

hting measurements with random influences and in ISO 11929-1:2019, Annex B, med
n linear analogous ratemetersare covered.

IEC Guide 98-3:2008/Suppl.1. ISO 11929-2 also presents some explanatory notes regard
bcts of counting measurements and Bayesian statistics in measurements.

11929-3 deals/with the evaluation of measurements using unfolding methods an
Ctrometricmulti-channel measurements if evaluated by unfolding methods, in particular,

ganmima-speétpometric measurements. Further, it provides some advice how to deal with c

and|

ISO

covariarnces.

14929-4 gives guidance to the application of ISO 11929 (all parts), summarizing shortly

culation of
n-negative
counts are
rell as from
be the net
activity of
ent and by

, advanced
ications to

of ionizing
hted on the
frepeated
surements

11929-2 extends ISO 11929-1 to the evaluation of measurement uncertainties accordling to the

ng general

| counting
alpha- and
prrelations

the general

procedure and then presenting a wide range of numerical examples. The examples cover elementary

app

©IS

lications according to ISO 11929-1 and ISO 11929-2.
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The ISO 11929 (all parts) also applies analogously to other measurements of any kind if a similar model
of the evaluation is involved. Further practical examples can be found in other International Standards,
for example, see References [1 to 20].

NOTE A code system, named UncertRadio, is available allowing for calculations according to ISO 11929-1
to I1SO 11929-3. UncertRadiol#9[41] can be downloaded for free from https://www.thuenen.de/en/fi/fields-of
-activity/marine-environment/coordination-centre-of-radioactivity/uncertradio/. The download contains a
setup installation file that copies all files and folders into a folder specified by the user. After installation one
has to add information to the PATH of Windows as indicated by a pop-up window during installation. English
language can be chosen and extensive “help” information is available. Another tool is the package ‘metRology’[44]
which is available for programming in R. It contains the two R functions ‘uncert’ and ‘uncertMC’ which perform

the GUM-cq
Covariancey
decision thi
possible to

mathematid

2 Norm

The followj
constitutey
undated reg

ISO 3534-1
probability

ISO 11929
the coverag
Elementary

ISO 11929
the coverag
Advanced d

[SO 80000
ISO 80000

ISO/IEC Guide 98-3, Uncertainty~of measurement — Part 3: Guide to the expression of uncertaint]

measuremsgq

ISO/IEC Gy
expression
JCGM 101:2

ISO/IEC Gy
expression

TH{OTTIT UTICeT taiTty propagation,erther—amaty ticatty or—by—theMomte—€artorethod; Tespectt
/correlations of input quantities are included. Applying these two functions within iterations
eshold and the detection limit calculations simplifies the programming effort significantly:\tis
mplement this document in a spreadsheet containing a Monte Carlo add-in or into other.comme
s software.

ative references

ing documents are referred to in the text in such a way that some-or all of their con
requirements of this document. For dated references, only the“edition cited applies.

, Statistics — Vocabulary and symbols — Part 1: Generalstatistical terms and terms use|

1, Determination of the characteristic limits (decisign’ threshold, detection limit and limil
e interval) for measurements of ionizing radiatiott~— Fundamentals and application — Pa
applications

2, Determination of the characteristic limits (decision threshold, detection limit and limi{
e interval) for measurements of ionizing.radiation — Fundamentals and application — Pa
pplications

1, Quantities and units — Part 1:'General

10, Quantities and units —Rart 10: Atomic and nuclear physics

nt (GUM:1995)

ide 98-3:2008/Suppl.1, Evaluation of measurement data — Supplement 1 to the “Guide to
pf uncertainty-in measurement” — a Propagation of distributions using a Monte Carlo met
008

ide 98-3:2008/Suppl.2, Evaluation of measurement data — Supplement 2 to the “Guide to
pfuncertainty in measurement” — Extension to any number of output quantities, JCGM 102:4

ferences, the latest edition of the referenced document including any amendments appligs.

yely.
for
hlso
cial

fent
For

[ in

s of
it 1:

s of
't 2:

y in

the
hod,

the
011

ISO/IEC Guide 99, International vocabulary of metrology — Basic and general concepts and associated
terms (VIM)

[IEC/TR 62461, Radiation protection instrumentation — Determination of uncertainty in measurement,
Ed. 2.0, 1EC 23.1.2015

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 80000-1, ISO 80000-10,
ISO/IEC Guide 98-3, ISO/IEC Guide 98-3:2008/Suppl.1, ISO/IEC Guide 98-3:2008/Suppl.2,
ISO/IEC Guide 99, 1SO 3534-1, ISO 11929-1, and ISO 11929-2 apply.
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[SO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform available at https://www.iso.org/obp

— IEC Electropedia available at https://www.electropedia.org/

4 Quantities and symbols

The quantities and symbols below are used throughout this document. Additional quantities and
symbols are listed - if necessary - in the respective examples.

number of input quantities, also used for the mass of the test sample
number of Monte Carlo trials performed

input quantity (i=1,..,m)

measurand, quantity of interest

model of evaluation connecting the input quantities withthe measurand: Y =
measured value of the input quantity X;, estimate of the true value %; of
possible or assumed true values of the input/quantity X;

standard uncertainty of the input quantity X; associated with the estim
width of the region of the possiblewvalues of the input quantity X;
relative standard uncertainty;of a quantity W associated with the estima

possible or assumed truéwvalues of the measurand; if the physical effect o
not present, then y=0._otherwise, y>0

determined value of the measurand Y, estimate of the measurand, primar
ment result of the measurand

values yArom different measurements (j=0,1,2, ...)

standard uncertainty of the measurand associated with the primary me
result y

Standard uncertainty of an estimator of the measurand Y as a function of 3
true value y of the measurand

best estimate of the measurand

(X e Xy

X.

1

ite X;

tew

finterestis

y measure-

asurement

nassumed

standard uncertainty of the measurand associated with the best estimat

decision threshold of the measurand
detection limit of the measurand
guideline value of the measurand

lower and upper limit of the symmetric coverage interval, respectively, of the

measurand

lower and upper limit of the shortest coverage interval, respectively, of the measurand
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f(1y)
f(¥yly,Y>0)
f(y|y=0)

fly=y")

posterior probability density function (PDF) for a true value y given the estimate y

taking NOT into account the condition that the measurand Y is non-negative

posterior probability density function (PDF) for a true value y given the estimate y

taking into account the condition that the measurand Y is non-negative

predictive probability density function (PDF) to obtain a measured value y if a true

value y=0 of the measurand Yis assumed

predictive probability density function (PDF) to obtain a measured value y if a true

Ga(r;n,1/t

N(X;x,u(x)

R()?,XL ,XU]

T(X;a,b)

~ # iz . . . H# .
vatue =y of the measurand Yequat to the detectiom timmit s assumnmed

Gamma distribution as the probability density function (PDF) of the true value
a countrate R given n counts obtained during a counting time ¢; see ISO 11929-2:2
Annex A, for details.

Normal or Gaussian distribution as the probability density function)(PDF) of the
value % of a quantity X given an estimate x with its associated $tandard uncerta

u(x)

Rectangular distribution as the probability density funetion (PDF) of the true v
% of a quantity X given the lower and upper limits ¥, and xy

Triangular distribution as the probability density function (PDF) of the true valy
of a quantity X being the sum of two quantities,»Aand B being assigned rectang
probability distributions with the lower and\upper limits g and b, respectively

and b;, and with a=q; + b and b=ay + by

x<0

0
Heaviside step function: H(x) :{ for {
I x20

estimate of the gross count.ate and of the background count rate, respectively
estimate of the net count rate
number of counted:piilses obtained from the measurement of the count rate R;

number of couhtéd pulses of the gross measurement and of the background m
urement, peSpectively

measurement duration of the measurement of the count rate R,
dugation of the gross and the background measurement, respectively

eStimate of the countrate R;

F of
D19,

rue
nty

hlue

ex
1lar
ay

PasS-

activity

estimate of the activity A

calibration factor

activity per unit mass

activity per unit surface

probability of a false positive and false negative decision, respectively
probability for the coverage interval of the measurand

quantile of a distribution for the probability p
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distribution function of the standard normal distribution

w=®[y /u(y)], value of the distribution function of the standard normal distribution

at y/u(y)

Summary of this document

Procedures according to ISO 11929 (all parts)

5.2

Thi
The
alsd
und

NOT
the

tob
assi

A ci
It rd
the
mol
i.e.
alsa

Thd
Inl

ts of coverage intervals) on the basis of the ISO/IEC Guide 98-3. However, importantexce
iwhich the procedures do not provide reliable results and other procedures need.to’be ag
hose described in ISO/IEC Guide 98-3:2008/Suppl.1. Such procedures are dealtWwith in IS
h the aspects of the procedure and the tools to ascertain whether ISO 11929-1 or ISO
ifable or not for the specific application are described in ISO 11929-1.

bence of a radiation background, which has to be subtracted from-a gross measuremer]
vever, the procedures described in this document likewise areapplicable to any med
re a background or blank contribution has to be subtracted‘from a gross quantity.

Survey on the examples

5 document gives numerical examples of elementady applications of ISO 11929-1 and IS

be reconsidered and verified with higher aecuracy, in particular for testing computej
er development.

E1 The Monte Carlo calculations were performed in this guide with 1 000 000 trials. Asa c

Fesults for the characteristic values refmain uncertain in the third significant digit. In addition,
e aware that the necessary number(ofjtrials depends significantly on the model of evaluation and

iterion whether ISO 1192941 or ISO 11929-2 is to be preferred in practice is given in IEC
bcommends “the results.of both methods should be given in order to display their differe
95 % coverage intervals of the Monte Carlo method and of the analytical method do not
e than 10 %, then'the analytical one may be used for the uncertainty determination in siy

ISO 11929-1;2019, 5.3.
examplés,)the models, and the data are exemplary and not normative.

0 £1929-1, a quite general model is specified as follows:

bned to the input quantities. In practical applications, a number of 10 000 trials is often sufficient.

plied, such
0 11929-2.
11929-2 is

i§ a characteristic of measurements of ionizing radiation that they. have to be perforined in the

t quantity.
surements

0 11929-2.

data in the tables are often given with more digits than are meaningful, so that the calcullations can

programs

bnsequence,
he user has
on the PDFs

TR 62461.
nce. When
deviate by
hilar cases,

h similar modelHunction and similar or smaller values of the uncertainty of the input quantities”. See

X Xg

Y=(x1—Xy-X3—X4) =(xq —XpX3 —X4 )W €3]
XS . X7 “en
with
X . X e
w=6"%8 (2)
XS . X7 “en
where xi =r, is the gross count rate and x, =ry is the background count rate. The other input

quantities, x;, are calibration, correction or influence quantities, or conversion factors, for instance the
emission or response probability. In particular, x5 is a shielding factor and x, anadditional background
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correction quantity. If some of the input quantities are not involved, x; =1 (i=3;i>4), x4, =0 and
u(x;)=0 shall be set for them.

NOTE 2  Generally, physical quantities are denoted by uppercase letters and have to be carefully distinguished
from their values, denoted by the corresponding lowercase letters. However, for sake of simplicity no distinction

is made between uppercase letters for quantities and lowercase letters for values throughout this document.
Only lowercase letters are used because the examples deal with values rather than with quantities.

In this document, the simplest form of Formula (1) used for most examples for ease of understanding is:

y=(x

—Xp)w=(r,—rp)-w

(3)

This simpl
relative u
Clause 6.

Small cou
about the 4

Clause 8 gi
uncertaint
uncertaint

Clause 9 gi
are genera
denominatj

Clause 10 i
the case of]

Clause 11 4
measurem
natural rag

Clause 12
of 235U wit

Clause 13
unknown
of ISO 1197
of a device

The partic
treatment

e model according to Formula (3) of a counting measurement with small or modey
hcertainties below 25 % such as in the majority of laboratory experiments is dealt wit

ht numbers provide a particular problem in counting measurements sincéthe informa

ves an example of a counting measurement with uncertain coanting geometry where
es of the calibration factor are generally large and wherey in“consequence, a domina
y exists for a quantity in the numerator of the calibration facter of Formula (2).

Illy large and where, in particular, a dominating ufieertainty exists for a quantity in
pr of the calibration factor of Formula (2).

s an example where large uncertainties occur due to shielding of the background a
measurements with a portal monitor.

bxemplifies also the general model according to Formula (1) by dealing with the cleard
bnt of bulk samples of concrete witha special counting device and with consideratio
ioactivity in the background.

xemplifies the general model according to Formula (1) by dealing with the y-spectrom
h an interference from 226R3:

deals with the case(of measurements of ambient dose rates with a measuring devic
functionality and.\algorithm, i.e. a so-called black box measurement according to
9-1 where no technical details about the measuring procedure are known and only read
are available:

hccording to [SO 11929-1:2019, A.2 are dealt with in Clause 14.

ate
h in

fion

ssociated count rates is scarce. An example describing the measurement of alpha-particles
with low cpunt numbers according to ISO 11929-2:2019, A.1 is given in Clause 7

the
[ing

ves an example of a counting measurement in form of'a wipe test where the uncertainties

the

nce
h of

L1y

b of
A4
ngs

hlar cases of counting measurements with unknown random influences from the sample

The case ¢

fcounting measurements with known random influences from the sample treatnent

according

0 of IS0 11929-172019, A3 1S dealt witlT I Clause 15.

The examples in Clause 16 and Clause 17 demonstrate the applicability of ISO 11929-1 and ISO 11929-2
to non-counting measurements. The case of an active personal dosemeter is treated according
[SO 11929-1 and ISO 11929-2 in Clause 16. The particlular feature of this example is that the standard
uncertainty associated with the gross quantity is constant, thereby allowing to calculate the standard
uncertainty as a function of an assumed true value of the measurand.

The case of a dose rate measurement using a neutron area monitor treated according to [SO 11929-1
and ISO 11929-2 is dealt with in Clause 17. In this example it is known that the measurement is a
counting measurement. However, the actual gross and background count numbers are unknown. In
spite of that, the standard uncertainty as a function of an assumed true value of the measurand can be
calculated using a general feature of the relative uncertainty of the gross indication.
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A simple example of the calculation of the calibration factor w is given in Annex A.

The examples are generic and are not intended to standardize measurement procedures for the
respective applications. They shall only serve as explanations for the application of ISO 11929-1
and ISO 11929-2.

Calculations are performed according to ISO 11929-1 and ISO 11929-2 for each example in order to
allow the reader to judge the appropriateness of both methods. In all examples, the probabilistically
symmetric coverage intervals as well as the shortest coverage intervals are calculated. The limits of the
coverage intervals and the best estimate and its associated standard uncertainty are also calculated
in cases where the primary measurement result is below the decision threshold, in spite of the fact
thaf ISO 11929 (all parts) requires only to calculate the coverage intervals if the primary mgasurement
restilt exceeds the decision threshold.

Sma N be due to
factor. The
calibration

tion factor

11 y/u(y)-values, i.e. large relative uncertainties of the primary measurement result, ca
smgll count numbers (example in Clause 7) or to large relative uncertainties of thezgdlibration
lattpr ones can be due to relatively large uncertainty of a component in the numerator of the
factor (example in Clause 8) or due to such a component in the denominator "of the calibra
(exqmple in Clause 9).

Ag
Sm43
i.e.

sho
and

he case of
stic limits,
ric and the
discussing

eneral assessment regarding the relevance of the choice of the\coverage interval in {
Il y/u(y)-values given the decision threshold is not possible.cTherefore, all characteri
the decision threshold, the detection limit and the limits of the probabilistically symmet
'test coverage interval, are calculated in this document foryeach example in order to allow]
judging about the relevance of the different coverage intervals given the actual data.

In models of evaluation with x5 = 1, u(x3) = 0 and x, = Oz/(x,) = 0, the decision threshold does
on the uncertainty of the calibration factor. Thexdecision threshold depends on the un
of x; and x, in case of x3 # 1 or x, > 0. The example of a portal monitor is one of the cases{where the
decjsion threshold depends on the uncertainty.gf the shielding factor. Also, the example for the general
modlel (gamma-spectrometry of 235U with jnterference by 226Ra) is such a case as well as the example
regarding the clearance measurement with-consideration of natural radioactivity.

hot depend
certainties

Fro
and|

n the didactic point of view one/has to distinguish four cases that often lead to misunde
therefore, need clarification.

rstandings

Thi

obt
low]
mes:

bshold was
ion limit is
ble for the

5 case is characterized by_y* < y and y# <Y, . A primary result above the decision thr

hined. One decides to-cariclude that an effect of the sample was recognized. The detect]
er than the guideline’ value. One concludes that the measurement method is suital
jsurement purpese:

See

A frequent'misunderstanding results from comparison of the primary measurement resullt with the

det
cha

bction-Jlimit. Such a comparison is not according to the stipulations of ISO 11929 (all part:
Facteristic limit to be compared with the primary measurement result is the decision thy

). The only
eshold, not

the

detection limit. If the primary measurement result exceeds the decision threshold one

decides to

conclude that an effect of the sample was recognized.

This decision to be made does not depend on whether the primary measurement result is below or
above the detection limit. The only purpose of the detection limit is to characterize the quality of the
measurement procedure by comparison with a guideline value. If the detection limit is lower than the
guideline value, one concludes that the measurement method is suitable for the measurement purpose.

This case is characterized by y<y" and y# <y, .Aresult below the decision threshold was obtained.

One decides to conclude that no effect of the sample was recognized, though it might be present. The
detection limit is lower than the guideline value. One concludes that the measurement method is
suitable for the measurement purpose.
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See Clause 7 for an example.

NOTE3 Also in case that the primary measurement result is smaller than the decision threshold all
characteristic values are calculated and presented in the examples.

This case is characterized by y* <y and yr < y# . A result above the decision threshold was obtained.

One decides to conclude that an effect of the sample was recognized. However, the detection limit is
higher than the guideline value. Consequently, the measurement method is not suitable for the
measurement purpose in principle.

Neverthel cc’ }7 }7 1S 2 prlmary measurement result with its assaociated standard nnr‘nvfalnfy’ JAL lch

needs no justification regarding to the suitability of the procedure.

See Clause|14 for an example.

This case i characterized by y<y™ and Vr < y# . A primary result below the decision threshold was

obtained. One decides to conclude that no effect of the sample was recognized. The detection limit is
higher thah the guideline value. One concludes that the measurement method.is'not suitable for|the
measuremgnt purpose and does not satisfy the measurement purpose. In tetal) the procedure is[not
suitable and the measurement was not successful.

There is nd example of such a pathological case in this document.

NOTE 4  In this document, the guideline value, y,, in comparison withthe detection limit, y#, simply sefves
to demonstyrate the decision whether or not the measuring procedure.is suitable for the measurement purpgose.
This documgnt does not provide stipulations whether or not a measurement result, y, conforms to requirerhent

from legal Jor other sources. Such assessments are beyond the" scope of this document. An applicatioh of
SO 11929-1 to such conformity assessments can be found elsewherel431.

5.3 General stipulations

The measurand and the characteristic values.ape calculated according to ISO 11929-1 and ISO 119209-2.
First, the l:Inodel of evaluation is given; then'the input data as well as their PDFs are specified. [The
evaluation|of the measurement and the calculation of the characteristic limits according ISO 11929-1
are preserted in detail. The standard*uncertainties are calculated according to the mathematical
formalism jof the ISO/IEC Guide 98¢3;

—

The Monte|Carlo calculationsaccording to ISO 11929-2 were performed with the code UncertRadi¢4%]
[41], The regults of both evaluations (according to ISO 11929-1 and ISO 11929-2) are summarized. Finflly,
a compariqdon of the results-obtained by application of ISO 11929-1 and ISO 11929-2 is given together
with a docimentation 6fthe results and an assessment of the measurement.

For the puifpose of ‘comparison, both the probabilistically symmetric coverage interval and the shorfest
coverage iaTterval are calculated. In a real case the regulator or customer has to decide which coverage

interval hals to be calculated.

Unless otherwise stated the following stipulations are valid throughout this document.

— The probabilities a« and S for the calculation of the decision threshold and the detection limit are
chosen a = =5 %. A coverage probability 1 - y =95 % is assumed for the coverage interval.

— The standard uncertainties of the durations of the measurements are neglected.
— The nuclear data used in the examples are in Reference [38].

— Before the measurement of a sample the background effect has to be measured. It is assumed that
the background effect as well as the calibration factor and its standard uncertainty were determined
by independent experiments. The standard uncertainty associated with the calibration factor is
evaluated by applying the ISO/IEC Guide 98-3. See Annex A for an example of the determination of a
calibration factor.
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6 Counting measurements with small or moderate uncertainties

6.1 Definition of the task and general aspects

The activity of a radionuclide in a sample is investigated by a counting measurement. This is a simplified

example according to the general model of ISO 11929-1.

The comparison between the primary measurement result and the decision threshold provides
information on whether or not an activity of the sample is observed. If the primary measurement result
is larger than the decision threshold, it is concluded that an activity of the sample has been observed.

Ag
tha
pur

6.2

Thd
the
the

Thd

6.3

Thd
dat

pose.

counting times:

g to

u? (a)=r? -u?® (w)+w?

() =w?-

a:(:_g_”_OJ w=(ry =1 Jw=r, -w

2

t

n n

—& 40y g2
2 2
g 0

Model of evaluation and standard uncertainty

2
“Upgl (W)

Available information, input data, and specifications

standard uncertainty u(a) associated with the primaty result a is calculated by:

Table 1 — Input quantities and data

hideline value a. =3 Bq is to be compared with the detection limit. If the detection limif is smaller
h the guide value, it is concluded that the measuring method is suitable for theé)mdasurement

measurand is the activity in the sample. The primary result a of the measurement as an pstimate of
true quantity value of the measurand is calculated by the model of-evaluation using pregelection of

(4)

(5)

input data and their associated.uncertainties are given in Table 1. The PDFs assigned tp the input
h and used in the application«of SO 11929-2 are also given in Table 1.

Quantity Symbol X; u(x;) PDF Unit
Number of couiits of the gross ng 21670 — —
measurement
Count time of the gross meas- ty 1200 — —
urement
Numiber of counts of the back- n, 73150 — —
ground effect
Count time of the background [ 12000 — — S
effect
Calibration factor w 4,1 0,6 N(w;w,u(w)) Bgs

Intermediate values

Gross count rate rg 18,06 0,123 Ga(Fg g, 1/tg ) s1
Count rate of the background o 6,10 0,022 5 Ga(ry;ny,1/¢ty) s1
effect

The PDFs of the calibration factor and of the count rates were chosen according to the
ISO/IEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3 for a detailed description.
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6.4 Evaluation of the measurement and characteristic limits according to ISO 11929-1

6.4.1 Background effect

The background effect of the sample has been measured. The number of the counted pulses is
ng =73 150 . This gives a count rate of
rp =20 =6,0965" 6)
to

| . L4l - . 1
The standgrduncer tamty ot trecountrate s grvenroy:

u(ry )= /:—g =0,022 557! (7)
0

6.4.2 Prjmary result and its associated standard uncertainty

The activitly of the sample is calculated by using the Formula (4). This relation depends on the calibration
factor w, which needs to be evaluated first, as well as its standard uncertaintg-u(w).

w=4,1Bq-s , u(w)=0,6Bq:s , u, (w)=0,146 (8)
The activitly a of the sample is given by

n
a=r,-w=| & -r, |w=49,05Bq 9)
tg
with the sthndard uncertainty

Ny n
u(a)= rf-uz(w)+wz~ —§+—g =7,20Bq 10)
ts  t)

6.4.3 Standard uncertainty as a fune¢tion of an assumed true value

The standqrd uncertainty i(a)-as-a function of the true value a is needed to calculate the decigion

L . n
threshold 4nd the detectionlinit. For a true value a=r,w= [rg _t_OJW of the measurand, one expgcts
0
~ a ny . .
a gross coynt rate 7y =_+t_ and with Formula (5) one obtains
Wt
2 o | = - a n n - i
% (@) + 72t (w)+w?-u? (7)) =w? .| —+ 2+ 0 a2l (w) (11)
taw Loty tf

6.4.4 Decision threshold

The value of the quantile k;_, of the standardised normal distribution ®(k;_,)=1-0 is 1,645
assuming a probability o of 5 %. The decision threshold of the activity is calculated by:

0" =ky_o 0(0)=ky_+ [P "2+ |=0,504Bq (12)
tgto tO

The measurement result a exceeds the decision threshold a".
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5 Detection limit

The probability B issetto 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised

normal distribution is 1,645. The detection limit is calculated by iteration, which leads to

Sin

The

6.4

Thd
med
obt

kp

cov

Altg
For]

a’ =d* +ki_g -ﬁ(a#)

" 2 CI# n n (13)
=a +ky_g- a® i, (w)+w? | — —0+—g =1,08Bq
tew toty  t2
€ a=p, Ki_y =Ki_g =K . The detection IImit can also be calculated by The explicit Formpla (14):
i} 2-a +(k*-w)/t
a* =a" +ky_g -i(a")= ———>=1,08Bq (14)
1-k" -t (w)
guideline value a, exceeds the detection limit a*.
6 Limits of coverage intervals
lower and upper limits of the probabilistically symmetric coverage interval are calculatdd since the
jsurement result a exceeds the decision threshold a*. Withi@=®[a /u(a)]=1,00 and y|=0,05 one

and kq are equal to 1,960. Then the lower and upper limits of the probabilistically
brage interval are given by:

a“ =a—ky,-u(a)=34,94Bq and a” =a+k, -ufa)=63,15Bq

rnatively, the lower and upper limits ef the shortest coverage interval are calculated a
mula (16). With w=®[a/u(a)]=1,00, one obtains p=[1+w-(1-v)]/2=0,975, and

quantile k, is equal to 1,960. With this; the limits of the shortest coverage interval are

6.4

Thd
give

a® =a—k, -u(a)=34,94Bgsand a> =a+k,-u(a)=63,15Bq

7 The best estimate and its associated standard uncertainty

best estimate~g—of the activity of the sample and its associated standard uncertaint

u (a) -exp {—az/[Zuz (a)}}

o2

n by:

avt

= 49,05 Bq

a

hins the probabilities by p=w-(1-y/2)=0,975 and g=0V-w-y/2=0,975, and hence the quantiles

symmetric

(15)

rcording to
hence the

(16)

i u(&) are

(17)

and its associated standard uncertainty

6.5

The available information is a:{n

u(@) = \u? (a) - (a-a)-a =7,20 Bq

Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

g’tg’

characteristic limits are summarized in Table 2.
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nO,tO,W,u(W)}; see 6.3 and Table 1. The results and
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Applying ISO 11929-2 the marginal posterior for the true value of the measurand taking into account

that the measurand is non-negative is given by:

faldla)=

+oo
C-H(a)- JGa(Fg;ng,1/tg)-Ga(FO;nO,1/t0)-N[\/T/;w,u(w)]-5|:d—(Fg o)W |dF, diy dw

(19)

Analogous formulae are valid for the marginal posteriors of the other examples in this document if
the PDFs under the integrals are replaced by those indicated in the tables in the clauses “Available

informatio
each exam

The integr
exemplary
standard u|

to Formul4
The PDFs

uncertaint

The PDFs ¢

ble.

btained by the Monte Carlo simulations are presented in Figure 1.

Table 2 — Results and characteristic values

n, input data, and specifications.” Therefore, the respective posteriors are not repeated for

al is solved using Monte Carlo methods using the code UncertRadiol#9l. Annex B'give§ an
description of the procedure following ISO 11929-2. The best estimate and its. associgted
Incertainty are calculated as the mean and the square root of the variance of the PDF according
| (19); the limits of the coverage intervals are calculated as suitable quantiles of this
equired for the calculation of the primary measurement result and its.associated stand
 as well as for the decision threshold and the detection limit are alsp-given in Annex B.

DF.
ard

age interval

Results Symbol Unit SO 11929-1 1SO 11929-2
Primary repult a Bq 49,05 49,05
Standard upcertainty associated u(a) Bq 7,20 7,19
with the primary result
Relative stgndard uncertainty as- Upe (a) 1 0,147 0,147
sociated with the primary result
Decision threshold a Bq 0,504 0,510
Detection limit a# Bq 1,08 1,05
Best estimdte a Bq 49,05 49,05
Standard uhcertainty associated u(a) Bq 7,20 7,19
with the bejst estimate
Relative uncertainty associated u_,(4) 1 0,147 0,147
with the bejst estimate rel
Lower limif of the probabilistical- a’ Bq 34,94 34,98
ly symmetific coverage interval
Upper limit] of the probabilistical- a> Bq 63,15 63,17
ly symmetific coverage interval
Lower limit of the shortest cover- as Bq 34,94 34,94
age interval
Upper limit of the shortest cover- @ Bq 63,15 63,13

12
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dla, A >0
- f(ala,420)

1,2
1,0
0,8
0,6
0,4
0,2
0,0

LB NN N LR R i

SN BRI BT AN ANEE

(x107)
1,5

e
=}

-1 0 1 2

NOTE The blue PDFs are the respective Gaussian approximations. The blue vertical lines indicpte the best
estifnate and the limits of the coverage interval (upper panel), the decision threshold (middle panel) and the
decision threshold and the detection limit (lower panel).

Figure 1 — PDFs calculatedby'Monte Carlo methods according to ISO 11929-2 in red colour

6.6 Assessment and éxplanations

Thd assessment according to ISO 11929-1 concludes the following:

— |The primagy>measurement result a=49,05Bq exceeds the decision threshold a =0,504 Bq.Itis
decidedto conclude that an effect from the sample was recognized.

— |THedetection limit a” =1,08 Bq is below the guideline values a. =3Bq. It is decided fo conclude

1 1 1 - : 1c 1
LII4dU LT HICdSUT CIIICIIU PpIroccudurc 15 SUItCU 101 LT HTICdSUT CIICIIU puUl postc.

— The lower and upper limits of the probabilistically symmetric coverage interval are a* =34,94 Bq

and a” =63,15Bq.

— The lower and upper limits of the shortest coverage interval are calculated as a* =34,94Bq and
a” =63,15Bq.
— The best estimate is a = 49,05 Bq with an associated standard uncertainty u(a) = 7,20 Bq.

Because the model of evaluation is linear and the relative uncertainty of the primary measurement
result is small, the results obtained by application of ISO 11929-2 are practically identical with those

©1S0 2022 - All rights reserved 13
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obtained by ISO 11929-1:2019, Table 2. The ISO/IEC Guide 98-3, approximations assuming normal PDFs
and using a Taylor expansion truncated after the linear term, hold.

The probabilistically symmetric coverage interval is equal to the shortest coverage interval. The best
estimate and its associated standard uncertainty equal the primary measurement result and its
associated standard uncertainty. According to Formula (B.3) in ISO 11929-2:2019, Annex B, this holds
of for all results of measurements with y/u(y)=4, i.e. for measurement procedures with relative

uncertainties u. (¥)<0,25.

For larger relative uncertainties of the primary measurement result deviations between the limits of

the two co
their respe
due to larg
according

verage intervals and between the primary measurement result and the best estimate

and

ctive standard uncertainties occur. This can be due to small count numbers (see Clause\7
e uncertainties of the calibration factor. With respect to uncertainties of the calibratien fa
o Formula (2), one has to distinguish whether they result from quantities in the numer

or the denpminator of Formula (2). These cases are dealt with in Clause 9 and Clause 10, reSpectiy

A further ¢
example.

7 Coun

7.1 Defi

This is an ¢
sample is i
as e.g. in

problem in
distributio

The comp
informatio|
is larger th

A guideling
than the g
purpose.

7.2 Mod

rigin of large uncertainties can be due to those of the shielding factor; see-Clause 11 fo

fing measurement with small count numbers

nition of the task and general aspects

example for the application of ISO 11929-2:2019, Annex A{ The activity of a radionuclide

some applications of counting of a-particles. Small count numbers provide a partic
counting measurements since the approximation-of the PDFs of the count rates by Gaus
s does no longer hold.

hrison between the primary measuremerit result and the decision threshold prov
n on whether or not an activity of the sample is observed. If the primary measurement re
an the decision threshold, it is concliided that an activity of the sample has been observe

value a. =0,1Bq is to be compared with the detection limit. If the detection limit is smg

el of evaluation and standard uncertainty

) or
Ctor
htor
rely.
" an

in a

hvestigated by a counting measurement in which only~yery low count numbers are obtained

1lar
bian

des
sult
.

ller

1ideline value, it is concluded.that the measuring method is suitable for the measurenent

The measurand is the activity in the sample. The primary result a of the measurement as an estinmpate

of the true

The associ

u? (a)=

quantity vale-of the measurand is calculated by the model of evaluation:

p

r,

g _ro)‘W:rn %%

20)

A | . | | b H 1 lodoaedl
attu staliudiua ulitcltdalility 15 tdit uidatcua uy.

w? .y (rn)+rf u? (w)=w?.| £

7.3 Available information, input data, and specifications

(21)

The input data and their associated uncertainties are given in Table 3. The PDFs assigned to the input

data and us

14

ed in the application of ISO 11929-2 are also given in Table 3.
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Table 3 — Input quantities and data

Quantity Symbol X; u(x;) PDF Unit
Number of counts of the gross — —
n 6 1
measurement 8
Count time of the gross meas- ¢ 1200 — — s
urement &
Number of counts of the back- n 3 — — 1
ground effect 0
Count time of the background . Y ann — — s
effdct i e
Caljbration factor w 4,1 0,6 N(w;w,u(w)) Bgs
Intermediate values
Grdss count rate re 5,00E-3 2,04E-3 Ga(Fg ng A/ tg) s
Coynt rate of the background ro 2 50E-3 144E-3 Ga(Fying,1/to) ol
effdct
Thg PDFs of the calibration factor and of the count rates Wwere chosen accordipg to the
ISOYIEC Guide 98-3:2008/Suppl.1; see also of ISO 11929-2:2019, 6.3 for'a detailed description.
7.4 Evaluation of the measurement and characteristi¢limits according to ISO 11929-1
7.4{1 Background effect
The background effect of the sample has been measured. The number of the counted pulsgs is ny =3.
Thip gives a count rate of
n _
ry=—2=0,00250s"" (22)
to
The standard uncertainty of the count rate is given by:
n
u(ro)= |= =0,001445" (23)
to

7.4{2 Primary result’and its associated standard uncertainty
The activity of<the sample is calculated by using the Formula (20). This relation depepds on the
calipration faetor w, which needs to be evaluated first, as well as its standard uncertainty u(p).
© IS0 2022 - All rights reserved 15
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The calibration factor is given by:

w=4,1 Bq-s with u(w)=0,6 Bq-sand u,, (w)=0,146 (24)
The activity a of the sample is given by:

n
a=rn~w=[t—g—r0]~W=0,0103Bq (25)
g

with the standard uncertainty

n
u(a)=|r2 -u? (w)+w? | £+ 1-0,0104Bq 26)

n

and

Uy (a)=u(a)/a=1,01 27)

7.4.3 Standard uncertainty as a function of an assumed true value

The standgrd uncertainty @(a) as a function of the true value a isneeded to calculate the deciion
threshold gnd the detection limit. For a true value a=r,, -w of the measurand, one expects a gross cqunt

. a n . .
rate fg =— +-9 and with Formula (21) one obtains
Wt
2 o | ~ - a n n -
uz(a)::rnz-u2 (w)+w2-u2(rn):W2- L ERINL VD +a2-ufe1 (w) 28)
gW  tgto

7.4.4 Decision threshold

The value [of the quantile k;_, of the standardised normal distribution @(k{_,)=1-a is 1,645
assuming 4 probability a of 5 %. The decision threshold of the activity is calculated by:

a" =kyf , @(0)=ky_o- Wi {2+ 10 1-0,0138Bq 29)
tgto  th

The measufrement result ‘@/is below the decision threshold a*.

7.4.5 Ddtectionlimit

The probability. S is set to 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised
normal distributionis1;64-5- i i : okl
#_ 42 2 2 [a*  mg g
a’ =a +ky_g-, @ Uy (W)+w” | —+——+—"1=0,039Bq (30)
taw Loty £l

Since o=, ki_, =k1_g =k . The detection limit can also be calculated by the explicit Formula (31):

2.a" +(k%-w)/t
a#=a*+k1_ﬂ-&(a#)= 2( 5 )/ g
1-k* upg (w)

=0,039Bq (31)

The guideline value a, exceeds the detection limit a®.
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6 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage interval are calculated

exemplarily though the measurement result a is below the decision threshold a".

With

w=P(a/u(a))=0,837 and 7y=0,05 one obtains the probabilities p=w-(1-y/2)=0,816 and
q=1-w-y/2=0,979, and hence the quantiles k,and k, are equal to 0,908 and 2,034, respectively.

Then the lower and upper limits of the probabilistically symmetric coverage interval are given by:

a“= a-k,-u(a)=0,000854Bq and a” =a+k, -u(a)=0,0313Bq (32)
Altgrnatively, the lower and upper limits of the shortest coverage interval are calculpted. With
w=P(a/u(a))=0,837, one obtains p=(1+w-(1-y))/2=0,897 and hence the quantile” K, is equal
to 1|, 27. With this, the limits of the shortest coverage interval according to Formula (33) are

a“ =-0,002 91Bq and a> =a+kp-u(a)=0,0234Bq (33)
Singe the lower limit of the shortest coverage interval according to Formula (33) is negative| one has to
profeed according to Formula (34) and obtains with g=1-®-y =0,958/the quantile kq =1,}28

a“=0Bq and a” =a+k, -u(a)=0,0282Bq (34)
7.4{7 The best estimate and its associated standard-uncertainty
The best estimate a of the activity of the sample is:given by:

u (a)-exp (—az/(2u2 (a)))
a=a+ =0,013 3 Bq (35)
V2w
with its associated standard uncertainty u (d)

u(d)z\/uz (a)-(a-a)- 40,008 20 Bq (36)
7.5 Documentationof the results obtained by ISO 11929-1 and ISO 11929-2
The results and characteristic limits are summarized in Table 4 and the PDFs obtained by|the Monte
Car]o simulations are presented in Figure 2.

Table 4 — Result and characteristic values

Results Symbol Unit 1SO 11929-1 1S0(11929-2
Primary result a Bq 1,03E-2 1,02E-2
Standard uncertainty associated with u(a) Bq 1,04E-2 1,05E-2
the primary result
Relative standard uncertainty associ- U.op (@) 1 1,01 1,03
ated with the primary result
Decision threshold a Bq 1,38E-2 1,38E-2
Detection limit a* Bq 3,90E-2 3,58E-2
Best estimate a Bq 1,33E-2 1,29E-2
Standard uncertainty associated with u(a) Bq 8,20E-3 8,75E-3
the best estimate
©1S0 2022 - All rights reserved 17
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Table 4 (continued)
Results Symbol Unit IS0 11929-1 IS0 11929-2
Relative uncertainty associated with u_, (a) 1 0,62 0,68
the best estimate rel
Lower limit of the probabilistically al Bq 8,54E-4 8,24E-4
symmetric coverage interval
Upper limit of the probabilistically & Bq 3,13E-2 3,38E-2
symmetric coverage interval
Lower limit of the shortest coverage a< Bq 0 0
interval
Upper limit| of the shortest coverage & Bq 2,82E-2 2,93EL2
interval
f(dla, A>0)
60 _I | T T T |: T T : IA | T :I | T _
[ , ,a , ]
_ | | ]
40 I I 3
[ ! ]
0 | | .
¥ ! ]
0
0,02 0,00 0,02 0,04 0,06
f(ala=0)
60 _—l LI L | L L L AL L |—_
40 | . 3
X a ]
20 |- .
0 NI R R B
-0,02 0,00 0,02 004 006 008 010
flala=a")
30 -_I T I T T T I T L I T IV U I T T T I T T T I T T T '__
N | = ]
i ! ]
207 ol E
C a ]
10 | ! 3
0 - P i PRI B T N L1 el I:
-0,02 0,00 002 004 006 008 010
NOTE THe-plue PDFs are the respective Gaussian approximations. The blue vertical lines indicate the pest
estimate andthetmmitsof the toverage mtervat{upper panet); the decisiom threstotd—{middte panetamd the

decision threshold and the detection limit (lower panel).

Figure 2 — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in red colour

7.6 Assessment and explanations

The assessment according to ISO 11929-1 concludes the following:

— The primary measurement result a=0,0103 Bq is below the decision threshold a =0,0138 Bq. It

is decided to conclude that no effect of the sample was recognized. In spite of that all characteristic
values were calculated and documented in this example.

18
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— The detection limit a” = 0,039Bq is below the guideline value a, =0,1Bq.Itis decided to conclude
that the measurement procedure is suited for the measurement purpose.

— Thelowerand upperlimits ofthe probabilistically symmetric coverageintervalare a® =0,000 854 Bq

and a” =0,0313Bq.

— The lower and upper limits of the shortest coverage interval are calculated as a“=0Bq and
a” =0,0282Bq.

— |The best estimate is a = 0,013 3 Bq with an associated standard uncertainty u(a) = 0,008 2 Bq.

There are just minor differences between the results obtained by applying ISO 11929-kand 140 11929-2,
whilch are due to the deviation between the Gaussian distributions and the actual posterior diptributions
caldqulated according to ISO 11929-2; see Figure 2.

If Iarge relative uncertainties of the primary result are due to the uncertainties of the count rates, this
doeps not affect the existence of the detection limit calculated according te ISO 11929-1. Also in this
extreme case of low count numbers, the application of ISO 11929-1 is justified.

7.7| An alternative example of a measurement with small.count numbers

7.7[]1 General

The data of an alternative example are given in Table 5. The input data differ from the example of Table 3
jusgwith respect of the count numbers, which are new™ny =1 and ng =4.

Table 5 — Inpuit quantities and data

Quantity symbol X; u(x;) PDF Unit

Nuinber of counts of the gross — —

n 4 1
measurement g
Coynt time of the gross measure- ¢ 1200 — — s
ment &
Nuinber of counts of the backe — —

ng 1 1

ground effect

Coynt time of the background — —

offdct to 1200 S

Cal|bration factof w 4,1 0,6 N(w;w,u? (w)) s Bq
Intermediate values

Grdss colintrate ry 3,33E-3 1,67E-3 Ga(fy;ng,1/ts) s1

Coynitrate of the background r, 8,33E-4 8.33E-4 Ga(fy:ng.1/t) s1

effect v vV

NOTE This case with just one background count is regarded as a limiting case. In any reasonable single-

channel counting measurement it is expected that at least one count is obtained in both, the gross and the
background measurement. The case of a single-channel counting measurement with zero background counts is
considered as a pathological case where the measurement or even the measurement method is insufficient.

The PDFs of the calibration factor and of the count rates were chosen according to the
ISO/IEC Guide 98-3:2008/Suppl.1; see also of [ISO 11929-2:2019, 6.3 for a detailed description.
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7.7.2 Background effect

The background effect of the sample has been measured. The number of the counted pulses is ny=1.
This gives a count rate of

_Ny _ -1
ry=—=0,000833s (37)
to

The standard uncertainty of the count rate is given by:

=
u(r(,)z\/t—‘z’=0,000833s‘l 38)
0

7.7.3 Prjmary result and its associated standard uncertainty

The activity of the sample is calculated by using the Formula (20). This relation)depends on|the
calibration| factor w, which needs to be evaluated first, as well as its standard uncertainty u(w).

The calibrdtion factor is given by:

w=4,1 Bq-s with u(w)=0,6 Bq-sand u,, (w)=0,146 39)
The activitly a of the sample is given by:
tg

n
a:rn-mz[—g—ro ]-w:0,0103Bq 40)

with the sthndard uncertainty

n
u(a)={[r2-u? (w)+w? | £+ 120,00779Bq 41)
t2
g
and
U (a)=u(a)/a=0,756 [42)

7.7.4 Standard uncertainty as a function of an assumed true value

The standgrd uncertainty” ii(@) as a function of the true value a is needed to calculate the deci$ion
threshold 4nd the détection limit. For a true value a=r;, -w of the measurand one expects a gross cqunt

a n . .
rate g = +-2%And with Formula (21) one obtains
W tO
2 N~ - - a n n
uz(a)zrnz-uz(w)+w2-u2(rn)=a2-u§el(w)+w2- I (43)
tew tgly tf

7.7.5 Decision threshold

The value of the quantile k;_, of the standardised normal distribution @(k;_,)=1-a is 1,645
assuming a probability o of 5 %. The decision threshold of the activity is calculated by:
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0" =ky g 0(0)=ky_+,[W2{ &+"% |=0,007 95Bq
tgto tO

The measurement result a is above the decision threshold a* .

7.7.

6 Detection limit

(44)

For B =5 %, the value of the corresponding quantile kl_ﬁ of the standardised normal distribution is

1,645. The detection limit is calculated by iteration, which leads to

Sing

Thd

7.7

Thd
mes
obt
kp 4

sympmetric coverage interval are given by:

Alte
(=

to 1

Sin
pro

#_ # 2 2 [a*  my mg
a’ =a +ki_g-,|a" Uy (W)+w® | —+——+—-1=0,0267Bq
taw Loty t2

2ea +(K*w)/t,

1_k2 'urzel (W)

a#=a*+k1_ﬂ ~ﬁ(a#) =0,0267 Bq

guideline value a, exceeds the detection limit a*.

7 Limits of coverage intervals

lower and upper limits of the probabilistically symmetric coverage interval are calculatg
jsurement result a exceeds the decision threshold @ . With w=®[a /u(a)]=0,907 and y

nd kq areequalto 1,20 and 2,00, respectively”’Then the lower and upper limits of the prob4

a“=a-k,-u(a)=0,000970Bq and-a” =a+k, -u(a)=0,0258Bq
rnatively, the lower and wupper limits of the shortest coverage interval are calcul

@[a/u(a)]=0,907, one-obtains p=[1+w-(1-7y)]/2=0,931, and hence the quantile
,48. With this the limits-of the shortest coverage interval according to Formula (48) were

as :a—kp -u(a)=r0,00124Bq and a :a+kp -u(a)=0,0218kBq

e the lowerlimit of the shortest coverage interval according to Formula (48) is negative

(45)

e a=f, ki_q =ki_g =k . The detection limit can also be calculated by the explicit Formpla (46):

(46)

d since the
—=0,05 one

hins the probabilities by p=w-(1-y/2)=0,884 and g=1-w-y/2=0,977, and hence the quantiles

bilistically

(47)

hted. With

p is equal

(48)

one has to

reed according to Formula (49) and obtains with g=1-®-y=0,955 the quantile k, =1,692

(49)

a>=0Bq and a” =a+k,-u(a)=0,023 4Bq

7.7.

8 The best estimate and its associated standard uncertainty

The best estimate a of the activity of the sample is given by:

©IS

u(a)-exp {—az/[Zuz (a)}}

o2

a=a+

=0,0117 Bq

02022 - All rights reserved
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with its associated standard uncertainty u (d)

u(d)=\/u2 (a)—(d—a)-d = 0,006 62 Bq

7.8 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

The results and characteristic limits are summarized in Table 6 and the PDFs obtained by the Monte

Carlo simulations are presented in Figure 3.

Table 6 — Results and characteristic limits

22

© IS0 2022 - All rights reserved

Results symbol Unit IS0 11929-1 I1SO 11929-2
Primary repult a Bq 1,03E-2 1/02E-2
Standard upcertainty associated with the
primary rebult y u(a) Bq 7,79E-3 7,86E-3
Relative stgndard uncertainty associated
with the prfmary result Urel (a) L 0,756 0,771
Decision thjreshold a Bq 795E-3 791E-3
Detection ljmit a’ Bq 2567E-2 2,30E-2
Best estimdte a Bq 1,17E-2 1,12E-2
Standard upcertainty associated with the N
S y u(a) Bq 6,62E-3 7,20E-3
Relative unkertainty associated with the .
best estimdte Urel (@) 3 0,566 0,643
Lower limif of the probabilistically sym- q i i
metric covgrage interval a Bq 9,70E-4 1,06E-3
Upper limit| of the probabilistically symmet- 5 i i
ric coveragg interval \ Bq 2,58E-2 2,86E-2
b;);/ver limif of the shortest coverage inter- &< Bq 0 0
‘[IJ;)lper limif of the shortest coverage inter- e Bq 2,34E-2 2 47E-2
f(dla,A>0)
i L f
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20
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7.9
The

Thd
whi
cald

Ifla
doe
ext

imate and the limits of the coverage interval (upper panel), the decision threshold (middle pa
sion threshold and the detection limit (lower panel).

Assessment of the alternative example and explanations

assessment according to ISO 11929-1 concludes the following:

The primary measurement result a=0,0103Bq exceeds the decision threshold a =0,
It is decided to conclude that an effect of the sample was recognized.

The detection limit a” =0,026 7Bq is below the‘guideline values a.=0,1Bq. It is
conclude that the measurement procedure is suited for the measurement purpose.

The lower and upper limits of the probabilistically symmetric coverage interval are a< =(
and a” =0,026Bq.

The lower and upper limits of the 'shortest coverage interval are calculated as a<
a”=0,023Bq.

The best estimate is @ = 0;011 7 Bq with an associated standard uncertainty u(a) = 0,00

re are just minor differences between the results obtained by applying ISO 11929-1 and IS
ch are due to the deviation between the Gaussian distributions and the actual posterior di
ulated accordingto 1SO 11929-2; see Figure 3.

rge relative‘uncertainties of the primary result are due to the uncertainties of the counf
5 not affect the existence of the detection limit calculated according to ISO 11929-1. A
'eme case*0f low count numbers the application of ISO 11929-1 is justified.

8

igure 3 — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in red colour

007 95Bq.

decided to

,00097 Bq

=0Bq and

5 6 Bq .

011929-2,
stributions

rates, this
\Iso in this

the

(‘nnnfing measurements with lnrgp uncertainties in the numerator of

calibration factor

8.1

Definition of the task and general aspects

The measurand is the activity of a sample with an uncertain counting geometry. Consequently the
calibration factor has large uncertainties. This is a simplified example according to the general model
of ISO 11929-1.

This measurement is an example for a case where the uncertainty of one of the input quantities is
dominating.

©IS

02022 - All rights reserved

23


https://standardsiso.com/api/?name=d1ed94f66c25eaa0b92c9667b9bed720

1SO 11929-4:2022(E)

The comparison between the primary measurement result and the decision threshold provides
information on whether or not an activity of the sample is observed. If the primary measurement result
is larger than the decision threshold, it is concluded that an activity has been observed.

A guideline value a, =10Bq is to be compared with the detection limit. If the detection limit is smaller

than the guide value, it is concluded that the measuring method is suitable for the measurement
purpose.

8.2 Model of evaluation and standard uncertainty

The measuramdisthreactivity imthe sampte-the primary resutt o of the mreasurementasamestimate
of the true|quantity value of the measurand is calculated by the model of evaluation:

a:(rg —ro)-W:rn-W:[n—g—n—O]-w 52)

ty to

The associpted standard uncertainty is calculated by:

n n
u? (a)Fw? -u? (r))+r2 u? (w)=w?. t—§+t—g +a? -ufel (w) 53)
g 0

8.3 Available information, input data, and specifications

The input ¢lata and their associated uncertainties are given in¢Table 7. The PDFs assigned to the ijput
data and used in the application of ISO 11929-2 are also givenzin Table 7.

Table 7 — Input quantities and data

Quantity Symbol X; u(x;) PDF Unit
Number of founts of the gross n 71 670 . . 1
measuremgnt g
I(iloet;rét time|of the gross measure- £ 1200 . . s
Number of founts of the back-
ground effdct Mo 73150 o o 1
gfofg?tt time|of the background t 12 000 . . s
Calibration|factor w 11,5 4,907 5 R(w;3,20) s Bq

Intermediate values

Gross count rate rg 18,06 0,123 Ga[Fg g, 1/tg) s1
S;)fl;?tt rate pf the background o 6,096 0,0225 Ga(7y;ng,1/ty) o1

The PDFs of the calibration factor and of the count rates were chosen according to the
ISO/IEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3 for a detailed description. It is assumed
in this example that the calibration is badly defined and that only the limits of a range of calibration
factors (3 s'Bq to 20 s:Bq) are known. This leads to assuming a rectangular PDF for the calibration

factor and a large relative standard uncertainty of the calibration factor of u., (w)=0,43.
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8.4 Evaluation of the measurement and characteristic limits according to ISO 11929-1

8.4.1 Background effect

The count rate of the background effect of the sample measurement has been measured. The number of
counted pulses is ng =73150. This gives a background count rate of
n
rg=—2=6,0965" (54)
to

d 1 | dnypade I N | L . | 1 1 | b d - - 1
|
tS FLAIIUATIU UIICTILAIIILy dS550ULIdLCU WILIT LT UdURgTUUIIU CUUIIT T AT 15 gIVEIT DY .

u(ry)= /:—‘2):0,02255‘1 (55)
0

8.4]2 Primary result and its associated standard uncertainty

The activity is calculated from Formula (52). This formula depends on the calibration factof, the input
quantities of which and their associated standard uncertainties weredéetermined independently. This
yielded a calibration factor of

w=11,5Bq"s (56)

with the associated standard uncertainty

u(w)=4,9075 Bq-s (57)

The primary result of the measurement is givehby:

a:(ng/tg—no/to)-W:137,6Bq (58)

Thif yields the standard uncertainty-associated with the activity

2
n n
u(a)=w? | £+ [HE 0 2(w)=58,7Bq (59)
ty ko ty to

8.4]3 Standarddincertainty as a function of an assumed true value

The standard.uncertainty @(a) as a function of the true value a of the measurand is needed fo calculate
the| decisionvthreshold and the detection limit. For a true value a =(Fg —-ry)-w one expects

fig Ttg“(@/w+ry). This yields with Formula (53)

wla)=w> ((ajw+r, i Ty [E JF a2 U (W) (60)

8.4.4 Decision threshold

The value of the quantile k;_, of the standardised normal distribution ®@(k;_,)=1-a is 1,645
assuming a probability a of 5 %. The decision threshold of the activity is calculated by:

@' =ky_g -U(0)=ky_ WP (1t +1o /o) =1,41Bg 61)

The measured primary result a exceeds the decision threshold a.
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8.4.5 Detection limit

The probability f is set to 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised
normal distribution is 1,645. The detection limit is calculated by iteration, which leads to

a* =a" +ki_g '\/WZ -([a#/w+r0 )/tg +15 /o )+a#2urzel(w) =5,63Bq (62)

Since o= , ki_o =k1_g =k, the detection limit can also be calculated by the explicit Formula (63):

2 e :(.’:2 W
a* =a+ky_g-i(a" )= —— g =5,63Bq 63)
1-k* -upe (W)

The guidellne value a . exceeds the detection limit a*.

8.4.6 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage intervalare calculated since|the
measurempnt result a exceeds the decision threshold a" . With w=P[a/u(a)]=0,990 and y=0,05 |one
obtains th¢ probabilities by p=w-(1-7/2)=0,966 and q=1-w-y/2=0,975, and hence the quantiles
kpand k| are equal to 1,821 and 1,964, respectively. Then the-lgwer and upper limits of |the
probabilistically symmetric coverage interval are given by:

a“=a -k, -u(a)=30,66Bq and a” =a+k, -u(a)=252,91Bq 64)

Alternativgly, the lower and upper limits of the shofitest coverage interval are calculated. With
w=P[a/Y(a)]=0,990, one obtains p=[1+w-(1-y)}}2=0,970, and hence the quantile kp is equal

to 1,887. With this, the limits of the shortest coverage interval according to Formula (65) were:

a* =atky,-u(a)=26,73Bq and a’ =a+k,u(a)=248,41Bq 65)

8.4.7 Thie best estimate and its associated standard uncertainty

The best egtimate a of the activity of the sample is given by:

u(a) : exp{—az/[Zuz (a)}}
o2n

with its asgociated-standard uncertainty u(a)

Qo
I

Q

€L

=139,09 Bq 66)

u(d)=«/u2(a)—(d—a)d:56 89 Bq 67)

\J

8.5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

The results and characteristic limits are summarized in Table 8 and the PDFs obtained by the Monte
Carlo simulations are presented in Figure 4.

Table 8 — Result and characteristic values

Results Symbol Unit 1SO 11929-1 ISO 11929-2
Primary result a Bq 138 137
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Table 8 (continued)
Results Symbol Unit 1SO 11929-1 I1SO 11929-2
Standard uncertainty associated with the prima- u(a) Bq 59 59
ry result
Relatl\_/e standard uncertainty associated with g (@) 1 0,428 0,431
the primary result re
Decision threshold a Bq 1,41 1,56
Detection limit a’ Bq 5,63 4,87
Bedt estimate a Bq 139 ) 138
. . . ¥ v
Stahdard uncertainty associated with the best u(@) Bq 57 Ql/ 59
est|mate S
: : : : X
Relptive uncertainty associated with the best u_ (@) 1 0,4 O_)' b 428
estimate rel ~
I T : )
Lower lmpt of the probabilistically symmetric a° Bq N3 41
coverage interval .
Upper llmlt of the probabilistically symmetric & Bq \% 253 234
coverage interval %
Lower limit of the shortest coverage interval a* BQ > 27 40
O
Upper limit of the shortest coverage interval a \Q q 248 233
>
%
gﬁ@ 420)
(x10%) *
6 .
4 =
2 =
obs™ AT ]
%_ T T T | T T ]
?99 04 £ :
§ 02 | .
&?\ 0,0 L I I I | I L]
% 10
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[he hlue PDEs are the respective Gaussian approximations The blue vertical lines indicate the
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i — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in,réd colou

ssment and explanations

ment according to ISO 11929-1 concludes the following:

imary measurement result a=138Bq exceeds the decision threshold a =1,41 Bq.
d to conclude that an effect of the sample was recognized,

that the measurement procedure is suited for the measureément purpose.

The lo

and a'l

The lo
a =2

The bs

The result
and the linj
and the a

-

ver and upper limits of the probabilisticallsymmetric coverage interval are a® =30,

=253Bq.

ver and upper limits of the shortest coverage interval are calculated as a* =26,7 Bq
18 Bq .

st estimate is @ = 139 Bq(with an associated standard uncertainty u(a) =57 Bq.

its of the coveragefintervals. This is due to the deviation between the Gaussian distribut
rtual posterior (distributions calculated according to ISO 11929-2 (see Figure 4).

rectangular PDF of the-calibration factor is responsible for the differences. The differences betw

the best es
of the rect
applied in

fimates andstheir associated standard uncertainties are small because the central estim
hngular.distribution of the calibration factor is identical to that of the normal distribu
SO 11929-1.

Consideri

the differences in the limits of the coverage intervals, the application of ISO 11929-2 is to
be preferre% 1T there are large and dominating uncertainties 1n the numerator ol the calibration ractor.

the

tection limit a” =5,63 Bq is below the guideline values a.=10Bq. It is decided to conclude

Bq

and

obtained by applying1S0 11929-1 and ISO 11929-2 differ with regard to the detection lifnits

ons
The
een
htes
fion

9 Counting measurements with large uncertainties in the denominator of the
calibration factor

9.1 Defi

nition of the task and general aspects

This example deals with a wipe test. The measurand is the activity per unit surface. This is a generic
example of an indirect measurement of a surface contamination using a wipe test. It does not change
any stipulations laid down in ISO 7503 (all parts) regarding measurement and evaluation of surface
contamination. This is a simplified example according to the general model of ISO 11929-1.

28
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It is assumed that an area s of a surface has been wiped with a wiping efficiency e, . The wipe, i.e. the
sample, is measured by an unspecified detector with the counting efficiency e, . For simplicity it is

assumed that the surface emission rate measured is equal to the count rate caused by the surface
related activity ag. This measurement is an example for a case where the uncertainty of one of the

input quantities is dominating.

The comparison between the primary measurement result and the decision threshold provides
information on whether or not an activity of the sample is observed. If the primary measurement result
is larger than the decision threshold, it is concluded that an activity of the sample has been observed.

ion limit is

asurement

asurement

(68)

(69)

A gyideline value a4 . =0,5Bq- cm ™ is to be compared with the detection limit. If the detect
smaller than the guide value, it is concluded that the measuring method is suitable for the me
purpose.
9.2] Model of evaluation and standard uncertainty
Thg measurand is the surface related activity in the sample. The primary.result ag of the mg
as gn estimate of the true quantity value of the measurand is calculated-by the model of evaluation:
n, /t,—nyg/t Iy —T
g/tg 0/7°%0 g 0
ag =28 220 —(n, /t,—ny [ty) w=
ep-S-ey ep-S-ey
The calibration factor is calculated by:
1
wW=—-7"—
ep-S-ey
Therelative standard uncertainty of the calibration factor u., (w)=u(w)/w is calculated b

9.3

Thd
det

The

Upe]

For
wit

2 2 2
Upel (W)= \/urel (ep ) +uper (8)+upe (e

Available information;-input data, and specifications

efficiency of the detector ey and its associated standard uncertainty u(ep) were ind
brmined to be e =0,30 s1-Bq! and u(ep)=0,0155 s1-Bql

area wiped was chosen as s=100 cm? and its associated relative standard uncertainty
(s)=10 %_byexpert guess.

the wipingefficiency e,, pastexperience was thatitrandomly varied in theinterval e, € ||
h an dverage e, =0,34 and an associated standard uncertainty u(e,, )=0,162 deriy

rect

(70)

bpendently

was set to

0,06;0,62]
ed from a

arigular PDF.

The input data and their associated uncertainties are given in Table 9. The PDFs assigned to the input
data and used in the application of ISO 11929-2 are also given in Table 9.

Table 9 — Input quantities and data

Quantity Symbol X; u(x;) PDF Unit
rl\rlll;rr?tber of counts of the gross measure- n, 2591 . . 1
Count time of the gross measurement ty 360 — — S
Sflzérélger of counts of the background ny 41782 . 1
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Table 9 (continued)

Quantity Symbol X; u(x;) PDF Unit
Count time of the background effect to 7200 — — s
Efficiency of the detector ep 0,30 0,0155 N(ép;ep u(ep)) Bqls1
Wiping efficiency ew 0,34 0,162 R(é,, ;0,06,0,62) 1
Wiped area s 100 10 N($;s,u(s)) cm?

Intermediate values

Gross counfrate r, 7.20 0,141 Ga(fying 1/¢,) st
Count rate pf the background effect o 5,80 0,028 4 Ga(ry;ng,1/ty) stl
The PDFs qf the efficiency of the detector, the wiping efficiency, the wiped area, and of the count rates

were chosq
detailed d¢

9.4 Evaluation of the measurement and characteristic limits)according to ISO 1192941

bn according to the ISO/IEC Guide 98-3:2008/Suppl.1; see also I1SO 11929-2:2019, 6.3 fpr a
scription. It is assumed in this example that for the wiping efficiency only,the limits pf a
range (0,06 to 0,62) are known from experience. This leads to assuming a rectangular PDF for|the
wiping efficiency and a large relative standard uncertainty of the wiping efficiency of u., (e, )=0}48.

The particplar point of this example compared to that in Clause 8 is that now’the quantity with a Igrge
uncertaint is in the denominator.

9.4.1 Bakkground effect

The count rate of the background effect is

ry =—%=5,80s! 71)
to
Its associated standard uncertainty is given by:
4T _ -1
u(ry),/—=0,0284s 72)
to
9.4.2 Prjmary result and its(associated standard uncertainty
With a calipration factor
1 -2
w=— =(0,0980s-Bq-cm 73)
epls-ey
and its stahdafdiuncertainty
u(w)=w-u_ (W):W-\/’uﬁel (ep)t+us, (s)+uz, (e, )=0,048sBq-cm™ (74)
the primary result of the measurement is given by:
ag=(ng [ty —ng /ty)-w=0,137Bq-cm > (75)
This yields the standard uncertainty
R 2 2 _ -2
u(ag) =W (ry [ty +1o /to)+(ry =1y )? -u? (W) =0,0683Bq-cm (76)

30
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9.4.3 Standard uncertainty as a function of an assumed true value

The standard uncertainty i(ag) as a function of the true value ag of the measurand is needed to
calculate the decision threshold and the detection limit. For a true value ag :(Fg —Iy)-w one expects

fg =ty -(dg/w+ry). This yields with Formula (76)

i (g )=w? - ((dg /w+1p)[tg +1o [to )+ Goule (W) (77)

9.4.4 Decision threshold

The value of the quantile k;_, of the standardised normal distribution ®@(k;_,)=1-+¢ is 1,645
assuming a probability a of 5 %. The decision threshold of the activity is calculated by;

a5 =Ky -0(0)=ky_g W2 (1 [t +1 /o) =0,0210Bq-cm ™ (78)

Thg measured primary result a; exceeds the decision threshold a:.

9.4|5 Detection limit

The probability S is set to 5 %. Then, the value of the correspgonding quantile k1—ﬁ of the standardised

normal distribution is 1,645. The detection limit is calculated by iteration, which leads to

af =a: +ki_g -\/w2 -[(af/w+r0)/tg +r0/t0]+a:'E2 -ufel(w) =0,121Bq-cm ™2 (79)

Singe o=, ki_,, =ki_g =k, the detection limitcan also be calculated by the explicit Formyla (80):

2-ag+(K*w) /e

> =0,121Bq-cm™ (80)
1-k 'ulgel (W)

* ~
ag =ag +kq_g 'u(ag)

Theguideline value ay, exceedsithe detection limit af.

9.4)6 Limits of coverage intervals

Thelower and upper limits of the probabilistically symmetric coverage interval are calculatgd since the
megsurement result-d, exceeds the decision threshold a:. With 0=®[a, /u(a,)]=0,977 e;Ted y=0,05
one|obtains the probabilities by p=w-(1-y/2)=0,953and q=1-w-y/2=0,976, and hence the quantiles

kp and kq are equal to 1,674 and 1,970, respectively. Then the lower and upper limits of the

propabilistically symmetric coverage interval are given by:

Sy Lo N N N2IARe =2 3 > N N 971Dn a2 [81)
Rt =05 02 A B e et =ttt =027/ T D€t

Alternatively, the lower and upper limits of the shortest coverage interval are calculated. With

w=®[ag /u(ag)]=0,977, one obtains p=[1+w-(1-y)]/2=0,964, and hence the quantile k, is equal
to 1,802. With this, the limits of the shortest coverage interval according to Formula (82) are

as =ag -k, -u(ag)=0,0136Bq-cm 2 and a. =aj +ky, -u(as)=0,260Bq (82)
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9.4.7 The best estimate and its associated standard uncertainty

The best estimate a, of the activity of the sample is given by:

) u(aS ) : exp{—af/[Zuz (as )}}

a.=a_+

c0 o2

with its associated standard uncertainty u(dj )

=0,140 Bq-cm ™2 (83)

u(&s) £ \//“7 /us ) = (&S = ) a, =0, 0643 B T2 (84)
9.5 Doclimentation of the results obtained by ISO 11929-1 and ISO 11929-2
The results and characteristic limits are summarized in Table 10 and the PDFs.‘gbtained by |the
Monte Carlo simulations are presented in Figure 5.
Table 10 — Result and characteristic values
Results Symbol Unit 1S0y11929-1 ISO 119292

Primary repult ag Bq cm2 0,137 0,196
Standard uhcertainty associated with the prima- u(ag) Bq cm2 0,068 0,150
ry result
Relative stgndard uncertainty associated with Uper (ag) 1 0,50 0,77
the primary result
Decision threshold a Bq cm2 0,021 0,035

S
Detection l|mit o Bq cm2 0,121 0,099

S
Best estimdte a Bq cm2 0,140 0,196

S
Standard upcertainty associated with the best u(a) Bq cm? 0,064 0,150
estimate s
Relative unfertainty associated with the-best u_,(a.) 1 0,46 0,77
estimate rel s
Lower limif of the probabilistically symmetric al Bq cm2 0,022 0,068
coverage infterval s
Upper limijtof the probabilistically symmetric a& Bq cm2 0,271 0,640
coverage interval s
Lower limif of the shortéest coverage interval as Bq cm2 0,014 0,054

S
Upper limit of the shortest coverage interval @< Bq cm2 0,260 0,538

S

TTT T T T T T T T TT TTT
SENEEENE RN AN R

S N A O @
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sion threshold and the detection limit (lower panel).

Assessment and explanations

assessment according to ISO 11929-1 concludes the following:

The primary measurement result aS=0,137Bq-cm_2 exceeds the decision

to conclude that the measurement procedure is suited for the measurement purpose.

and a =0,274Bq-cm 2.

and 92°=0,260Bq-cm .

Tl 1 4 43 4 3 bl A—1-4-0-R
1I'11C UTol Cotllllidtie 1S (25 — U, 17U ]J\.i CIIT

cpte the best

mate and the limits of the coverage interval (upper panel), the decision threshold (middle pafel) and the

igure 5 — PDFs calculated by Monte Carlo methods'according to ISO 11929-2 in red colour

threshold

a: =0,021Bq-cm 2. It is decided.to conclude that a contamination of the surface was recpgnized.

The detection limit af =0;121Bq-cm 2 is below the guideline values as,=0,5Bq- cm 2. Ikis decided

Thelowerandupperlimitsofthe probabilisticallysymmetriccoverageintervalare ag =0,0p2 Bq- cm ™

The lowern and upper limits of the shortest coverage interval are calculated as as< =0,0[L4 Bq-cm_z

sl it ol FISNS P :
S witn—an—assoctarea—sttanaara—t ncertalnty

u(ag) =0,064 Bq - em™2,

The results obtained by applying ISO 11929-1 and ISO 11929-2 differ strongly with regard numerical
values (Table 10) and the PDFs (Figure 5). This effect is mainly due to the rectangular PDF in the
denominator. Considering these differences, the application of ISO 11929-2 is to be preferred if there

arel

arge and dominating uncertainties in the denominator of the calibration factor.
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10 Counting measurements with shielding of the background

10.1 Defi

nition of the task and general aspects

This example deals with a measurement using a portal monitor by which trucks are investigated for
radioactive materials. No calibration in terms of activity is made. Rather, the net count rate is used as
an indicator whether or not radioactivity is in the truck load. A recognized count rate is simply taken as
an alarm indicating that further detailed inspection is necessary. This is a simplified example according
to the general model of ISO 11929-1.

Since the bpekeg TSTTe cetrtty-withottatruet e-portatmonitorameasurement
of the grosf effect has to take into account that a truck shields the background. The shielding factgr is
assumed from experience to lie between 0,1 and 0,7. A rectangular PDF is assumed for the Shielding
factor.
A guideling value r, . =10 s7! is assumed, just for completeness of the example.
10.2 Model of evaluation and standard uncertainty
The measufrand is the net count rate observed. The primary result r, of the measurementas an estinpate
of the truelquantity value of the measurand is calculated by the model of evaluation:

I =Ng|/tg —s-ng [ty =rg =1y 85)
The standqrd uncertainty u(r, ) associated with the primary measurement result r,, is calculated by:

2 2 2 2 2 2 2 2 2 2 2
u”(ry Jpu®(rg)+s™-u"(rg)+ry -u”(s)=ng /tg +s" g/ ty +(ng /o))" -u”(s) 86)

10.3 Available information, input data, and'specifications

Itis assum
standard

The input
data and u

The standd

bd that the shielding factor was determined in independent measurements and its associd
certainty was evaluated by applying the ISO/IEC Guide 98-3.

L]]n
ata and their associated incertainties are given in Table 11. The PDFs assigned to the if

bed in the application ofISO 11929-2 are also given in Table 11.

rd uncertainties ofthe durations of the measurements are neglected.

Table 11 — Input quantities and data

ted

put

Quantify. Symbol X; u(x;) PDF Unit
Number of fountsef the gross n 2900 L . 1
measuremgnt g
Count time of tire grossmreasure- t 180 — — S
ment )
Number of counts of the back- n, 25 000 . . 1
ground effect
Count time of the background
offoct § to 1800 — — s
Shielding factor s 0,400 0,173 21 R(S;0,1,0,7) 1

Intermediate values

Gross count rate rg 16,11 0,299 Ga(rg;ng,1/ts) st
g?flelzlt';c rate of the background o 13,89 0,087 8 Ga(y;ng,1/¢0) ol
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The PDFs of the shielding factor and of the count rates were chosen according to the
ISO/IEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3 for a detailed description. Itis assumed
in this example that for the shielding factor only the limits of a range of shielding factors (0,1 to 0,7) are
known. This leads to assuming a rectangular PDF for the calibration factor and a large relative standard
uncertainty of the calibration factor of u.. (w)=0,43.

10.4 Evaluation of the measurement and characteristic limits according to ISO 11929-1

10.4.1 Background effect

The count rate of the background effect is

rp=—0=13,8957" (87)
t
0

and)its associated standard uncertainty is given by:

I
u(ry)= /t—0:0,08785_1 (88)
0

10.4.2 Primary result and its associated standard uncertainty

Singe there is no calibration of the detector with respect to dn activity, the measurand is thg net count
ratg. The primary result of the measurement is given by

rn=n,g,/1_“g—s~n0/t0=10,56s_1 (89)

and|its standard uncertainty by:

U(’”n)z\/rg /tg +s° T/ to +r02 u?(s§=2,4245"" (90)

10.4.3 Standard uncertainty.as-a function of an assumed true value

The standard uncertainty\i(r,, ) as a function of the true value r, of the measurand is|needed to
caldulate the decision threshold and the detection limit. For a true value r,, =r, —s-r, ophe expects

g
ng Ftg-(Fy +5-19). This yields with Formula (86)

0 (F) )= (R k51 )ty +5° 1 [ tg +15 -u? () (91)

10.4.44<Decision threshold

The—vatueof the quarntite -, of the standardised mormmat aistribution &tk J=t—u is 1,645
assuming a probability a of 5 %. The decision threshold of the net count rate is calculated by:

i =kiq - 8(0)=ky_ '\/s'ro '[tl%i}"oz u?(s5)=3,9757" (92)
g 0

The measured primary result r,, exceeds the decision threshold r; .
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10.4.5 Detection limit

The probability f is set to 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised
normal distribution is 1,645. The detection limit is calculated by iteration, which leads to

. r¥+sr, r
rif=r +ky_g -\/nt—o+s2 -t£+r02-u2 (s)=7,95s1 (93)
g 0

The guideline value r;, ;. exceeds the detection limit ri¥.

10.4.6 Lill‘lits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage interval are calculated since|the
measurement result r,, exceeds the decision threshold r;: .With o=®[r, /u(r,,)]=1,000_and y=0,05
one obtair]s the probabilities by p=w-(1-7/2)=0,975 and g=1-w-y/2=0,975,land hence |the
quantiles k, and k, are both equal to 1,96. Then the lower and upper limits ofithe probabilistidally
symmetridcoverage interval are given by:

ra=n, tk,u(r,)=580 st and ry =r, +k,-u(r,)=1531 st 94)

Alternativ¢ly, the lower and upper limits of the shortest coverdagé interval are calculated. With
w=P[r, /u(r,)]=1,00, one obtains p=[1+®-(1-7y)]/2=0,975;and hence the quantile kp is equal to

1,96. With this the limits of the shortest coverage interval according to Formula (95) are

e =r, —kp-u(r,)=>5,80 stand rl=r, +kp, u(r,)=15,31 st 95)

10.4.7 Thie best estimate and its associated standard uncertainty
The best ejtimate r, of the net count rate of the sample is given by:
) u (rn ) - exp {—rf/[Zuz (rn )}}
ro=rl+ o

with its as§ociated standarduncertainty u(7 )

=10,56s! 96)

u(fn):: \/uz (rn)—(fn —rn)fn =2,42 st 97)

10.5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

The results—amd—characteristic timitsare summmarized i Table—1Z—amdthePBFsobtaimed by the
Monte Carlo simulations are presented in Figure 6.

Table 12 — Results and characteristic limits

Results Symbol Unit [ISO 11929-1 IS0 11929-2
Primary result I sl 10,56 10,56
Eziﬂﬂard uncertainty associated with the primary u(r,) o1 2,42 243

Relative standard uncertainty associated with the

primary result Upel (1) 1 0,23 0,23

*

Decision threshold r

s 3,97 3,75
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Table 12 (continued)

Results Symbol Unit |ISO 11929-1 1SO 11929-2
Detection limit rf s 795 751
Best estimate 7 sl 10,56 10,56
Standard uncertainty associated with the best R ol 242 243
estimate u(ry ) ’ ’
Relative uncertainty associated with the best esti- N
mate Upgy (7)) 1 0,23 0,23
Lower limit of the probabilistically symmetric cov- q 1
erape interval n S 5,80 (\({/l/ 6,53
Upper limit of the probabilistically symmetric cov- > ¢l 153 .q,?) 1457
erape interval n s >‘ : ’
Lower limit of the shortest coverage interval "n< sl 6\@ 6,54
Upper limit of the shortest coverage interval ny st '\\5,3 14,58
)
N

0,15
0,10

0,05

Q 0,15
&§ 0,10

0,05
0,00 L L L L | =
0 5 10
NOTE The blue PDFs are the respective Gaussian approximations. The blue vertical lines indicate the best

estimate and the limits of the coverage interval (upper panel), the decision threshold (middle panel) and the
decision threshold and the detection limit (lower panel).

Figure 6 — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in red colour
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10.6 Assessment and explanations

The assessment according to [SO 11929-1 concludes the following:

decided to conclude that an effect from the sample was recognized.

The primary measurement result r,, =10,56 s! exceeds the decision threshold r; =3,97s L. Itis

The detection limit rf =7,95s7! is below the guideline values Ipr =10 s71.1tis decided to conclude

that the measurement procedure is suited for the measurement purpose.

— The loyer and upper limits of the probabilistically symmetric coverage interval are r,; =5,8 s+ hnd
re =15,3s1.

— The lower and upper limits of the shortest coverage interval are calculated as rn< =5 8s! hnd

> _
rp =1

The bd

The results
to the devi
according

the shieldi

The coverd
differences
the centra
normal dis

5,35'1.

st estimate is 7 =10,6 s with an associated standard uncertainty y(r, ) =24 st

obtained by applying ISO 11929-1 and ISO 11929-2 exhibit diffexences up to 10 %. This is
ation between the Gaussian distributions and the actual postévior distributions calcula
0 ISO 11929-2; see Figure 6. The differences are mainly due‘to the lack of knowledge al
g factor and its associated rectangular PDF.

ge intervals calculated with ISO 11929-2 are smallérthan those based on ISO 11929-1.
between the best estimates and their associated 8tandard uncertainties are small bec3
estimates of the rectangular distribution of the shielding factor is identical to that of]
tribution applied in ISO 11929-1.

Consideri

be preferred if there are large and dominating uncertainties in the numerator of the shielding factof.

11 Counting clearance measurement

11.1 Defipition of the task and general aspects

This example deals with a measurement using a large waste monitor for clearance measurements.

assumed t
is assumed
The monit

drum. Such a monitor'is typically calibrated for different waste packages and different filling heig

the differences in the limits of the coyerage intervals, the application of ISO 11929-2 i

at the monitor is.¢alibrated with 60Co and the results are ©0Co-equivalents. Furthermor
that the diffetent count rates of the individual detectors are combined into a sum chan
br counts the gamma-radiation emerging from 300 kg concrete located in a 200-1-wa

due
ted
out

The
use
the

S to

[t is
e, it
nel.
Ste-
rhts

with severfl categories of net masses of the waste (parameters of efficiency calibration).
The examplezdiscussed is dealing with one specific calibration and is simplified by using only the §um
channel and-wenuchdevector—The-—calibrationmeasturements—were-performed-witha—eertifiedpoint

source at 20 different positions in a calibration dummy, which resulted in a representative calibration
assuming a homogeneous activity distribution in the waste. The uncertainty in the calibration should
cover especially the effect of an inhomogeneous distribution of the activity in the waste.

NOTE1 Because of alack of international standardization of clearance measurements and because of the wide
variety of respective measurement procedures it is emphasized that this example is informative and neither the
model of evaluation nor the data shall be understood as stipulations. This example just serves to exemplify the
application of the model of ISO 11929 (all parts) and does not anticipate standardization in the field of clearance
measurements.
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NOTE 2  These monitors consist of a lead shielding of at least 5 cm thickness surrounding the waste as a cuboid
and several plastic scintillation detectors (typically 6 to 24 detectors) in the inner volume in front of the shielding.
The detectors and the shielding are built up in a way to cover the material in a so-called 4m-geometry. According
to the large volumes of the detectors, uncertainties due to counting statistics can practically be neglected. Due
to the gross measurement of gamma radiation no nuclide specific information can be obtained; it is a counting
measurement of nuclide equivalents.

NOTE3 To ensure metrological traceability this leads to the fact, that a lot of efficiency calibrations are
performed (typically 10 to 100) for different combinations of the parameters mentioned above. For practical
reasons a somewhat conservative parameter is chosen to calculate the results (e. g. if there is a calibration for
250 kg and 300 kg and the net mass is 280 kg, the calibration with 300 kg is used).

NOTE4 In comparison to spectrometric measurements (e. g. with drum scanners) using HR(je-detectors
the |disadvantages of non-nuclide-specific measurements stand in contrast to advantages,in pprticular, of
signfificantly shorter measurement duration times and lower measurement uncertainties du€ te injomogeneity
of the activity distribution.

A guideline value a,=30000Bq according to the clearance level for Ainconditional| clearance
of 0,1 Bq/g =30 000 Bq/300 kg is assumed.

11.2 Model of evaluation and standard uncertainty

Thg measurand is the activity of the sample. The primary result,a-of the measurement as gn estimate
of the true quantity value of the measurand is calculated by theymodel of evaluation:

n n

g 0

a= t——t—-x3 —X41 Xy [W=(rg —1y X3 —X41 + X)W (98)
g 0

with

x3  correction of the background countrate for its variability due to work activities near the
device for clearance measurements,

X41  correction for natural radigruclides, i.e. 40K and the 226Ra and 232Th decay series,|in the
material to be measured. The concrete was characterized in independent measurgments for
its natural radioactivity and the resulting contribution x, to the gross count rate and its

associated standard-certainty u(x,) were determined.

x4y  correction fer'shielding of the background by the material to be measured.

3!
]
=

mula (98) is an-example for the general model of ISO 11929-1.

The standard ancertainty u(a) associated with the primary measurement result a is calculated by:

2 2 2 2 2 2 2 2 2 2
u (a)=W (rg/tg+X3r0/t0+r0 ‘X3-Uu (X3)+u (X41)+u (X42))+a 'ure](W) (99)

11.3 Available information, input data, and specifications

It is assumed that the calibration factor as well x3,x4; and x4, were determined in independent

measurements and their associated standard uncertainties were evaluated by applying the
ISO/IEC Guide 98-3.

The corrections for the standardized clearance measurement of batches of 300 kg of bulk material were
investigated in independent measurements and their standard uncertainties were evaluated according
to the ISO/IEC Guide 98-3.

The input data and their associated uncertainties are given in Table 13. The PDFs assigned to the input
data and used in the application of ISO 11929-2 are also given in Table 13.
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Table 13 — Input quantities and data

Quantity Symbol X; u(x;) PDF Unit
Number of counts of the gross meas- " 389 589 L . 1
urement g
Count time of the gross measurement ty 60 — — S
Number of counts of the background ny 306 000 . L 1
effect
Count time of the background effect to 180 — — S
Background-cerrectionfor-changing -
work activikies X3 1 0,0115 R(x3;0,98,1,02) 1
Backgroungl correction of the natural o 1
radioactiviy X41 2345 220 N[X41;X41,U(x41)] s
Shielding cprrection X4 276 70 N[X47 ;x40 u(x0] s
Calibration|factor w 4,58 1,37 4 N[w;w,u(w)] s Bq

Intermediate values

Gross counf rate ry 6 493 10,40 Ga(Fysng 1/ t5) s
Count rate pf the background effect o 1700 3,07 Ga(7y;ny,1/ty) st

The PDFs off the calibration factor, of the correction factors, and of the<€ount rates were chosen according

to the ISO/

11.4 Evaluation of the measurement and characteristic limits according to ISO 1192911

11.4.1 Background effect

The count
n

rO = —0

to

Its associat
u(ry)4

11.4.2 Pr

The prima

=1700s"*

n n
a=|-§ L0
tg EO

T2 X3 Xy Xy

rate of the background effect is

ed standard uncertainty is\given by:

0 307571
to

mary resultand its associated standard uncertainty

'y result.of the measurement is given by:

)-w=12 477 Bq

[EC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019,°6.3 for a detailed description.

(100)

(1o1)

(102)

and the associated standard uncertainty by

2 2 2 2 2 2 2 2
u(a):\/w -[rg/tg+x3~r0/t0+r0 ‘U (x3)+u(x41)+u (x42)]+a Upe (W)

=3891Bq

11.4.3 Standard uncertainty as a function of an assumed true value

(103)

The standard uncertainty &(a) as a function of the true value a of the measurand is needed to calculate
the decision threshold and the detection limit.

40
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~ ~ a n C .
For atrue value a one expects 7, :[—+—0-x3 +X41 — X4 ]-tg . This yields with Formula (99)
w t
0

a,m t, +x2 -1/t
s o ||t Xs X Xy [ty X5 [ |,
u“(@)=w-| (W & +a% Uy (W) (104)
2 2 2 2
+1g u” (x3)+u” (x40 ) +u” (x42)
11.4.4 Decision threshold

The value of the quantile k;_, of the standardised normal distribution ®(k;_,)=1-a is 1,645
assuming a probability a of 5 %. The decision threshold of the activity is calculated by:

a =ky_g, -(0)
n
=ki_q ‘W'\/(t—o'?% +tX41 —Xg2 J/tg +X5 1y Jto + 1 U (x3)+u? (xgq )+ 1P (%) (105)
0
~1747Bq

Thg measured primary result exceeds the decision threshold a.

11.4.5 Detection limit

The probability S is set to 5 %. Then, the value of the corresponding quantile k;_g of the standardised
normal distribution is 1,645. The detection limit is calcilated by iteration, which leads to

~#
2 |l a n 2 2 2 2 2
. w [ — 4+ X3+ X1 Xy /tg +x3 1y Jto +1¢ U (x3)+u? (xg1 ) +u?(x42)
a’=a +ki_g- Wt
~#2 2
+a" " Upe (W)
=4618Bq
(106)

Thd guideline value a, excéeds the detection limit a*.

11.4.6 Limits of coverage intervals

Thelower and uppert limits of the probabilistically symmetric coverage interval are calculatgd since the
megsurement résult a exceeds the decision threshold a”. With w=®[a/u(a)]=0,999 and y=0,05 one
obthins the-probabilities by p=w-(1-y/2)=0,974 and q=1-w-y/2=0,975, and hence the qliantiles kp

and kq are equal to 1,95 and 1,96, respectively. Then the lower and upper limits of the probgbilistically

syn nmatric covaraaga intarual arao givan hyge
Irrreerreco vy era gttty rar e gV S oy

J

a“=a-k,-u(a)=4894Bq and a” =a+k, -u(a)=20104Bq (107)
Alternatively, the lower and upper limits of the shortest coverage interval are calculated. With

w=®[a/u(a)]=0,999, one obtains p=[1+w-(1-y)]/2=0,975, and hence the quantile kp is equal to
1,954. With this the limits of the shortest coverage interval according to Formula (108) were

a® =a—ky,-u(a)=4872Bq and a” =a+k,-u(a)=20081Bq (108)
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11.4.7 The best estimate and its associated standard uncertainty

The best estimate a of the activity of the sample is given by:

a=a-+

=12 486 Bq (109)
V21
with its associated standard uncertainty u(a)
N ) . A
u(g) Av/n (n)—(n—rn)n 3876 Bg ( ]_O)

11.5 Doct

The resulf

u(a)-exp {—az/[Zuz (a)}}

Monte Carlo simulations are presented in Figure 7.

Table 14 — Results and characteristic limits

himentation of the results obtained by ISO 11929-1 and ISO 11929-2

s and characteristic limits are summarized in Table 14 and the PDFs obtained by

the

Results Symbol Unit I1SO 11929-1 1SO 11929-2
Primary repult a Bq 12 477 12 477
Standard upcertainty associated with the
primary result g u(a) Bq 3891 3901
Relative stgndard uncertainty associated
with the prfmary result et (@) L 0,31 0,31
Decision thfreshold a Bq 1747 1819
Detection l{mit at Bq 4618 4350
Best estimdte a Bq 12 486 12 482
Standard upcertainty associated with the .
best estimgte g u(a) Bq 3876 3895
Relative unfcertainty associated with the .
best estimdte Upel (@) 1 0,31 0,31
Lowe_r limit of thfe probabilistically sym- = Bq 4894 5076
metric covgrage interval
U_pper limit qf the probabilistically symmet- & Bq 20 104 20376
ric coveragp interval
‘[;;)1wer limit of the shortéesteoverage inter- o~ Bq 4872 4946
‘Lllzg)lper limif of the shortest coverage inter- = Bq 20081 20 231
fldla,A=0)
(x10%)
n | T T T | T I T T T T T L.

1,0 | E

08 | 3

06 F 3

04 F 3

02 F E

00k | L =

0
42
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NO1
esti
deci

11.
Thd

0 5000 10 000

E The blue PDFs are the respective Gaussian approximations. The\blue vertical lines indic

6 Assessment and explanations

assessment according to ISO 11929-1 concludes the following:

The primary measurement result a=12477 Bq exceeds the decision threshold a =17
decided to conclude that an effeet\from the sample was recognized.

The detection limit a* =4618Bq is below the guideline values a.=30000Bq. It is
conclude that the measurement procedure is suited for the measurement purpose.

The lower and upperJimits of the probabilistically symmetric coverage interval are a*
and a”~ =20104Bq".

The lowerafid upper limits of the shortest coverage interval are calculated as a~ =48
a” =20081Bgq.

Thebest estimate is ¢ = 12 486 Bq with an associated standard uncertainty u(a) =3 8

ate the best

mate and the limits of the coverage interval (upper panel), the decision threshold (middle pafel) and the
sion threshold and the detection limit (lower panel).

igure 7 — PDFs calculated by Monte Carlo methods.according to ISO 11929-2 in red colour

47 Bq . It is

decided to

=4894Bgq

72Bgq and

76 Bq.

The results obtained by applying ISO 11929-1 and ISO 11929-2 exhibit differences of Iess
The differences are due to the deviation between the Gaussian distributions and the actual posterior
distributions calculated according to ISO 11929-2; see Figure 7.

than 10 %.

The coverage intervals calculated with ISO 11929-2 differ only slightly from those based on ISO 11929-1.
The differences between the best estimates and their associated standard uncertainties are small
because the central estimates of the rectangular distribution of the calibration factor is identical to that
of the normal distribution applied in ISO 11929-1.
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Considering the differences between the results obtained by ISO 11929-1 and ISO 11929-2 the
ISO/IEC Guide 98-3 approximation and consequently ISO 11929-1 are sufficient.

NOTE1 Since this document does not deal with the problem of conformity with requirements, as e.g. with
the clearance level for unconditional clearance, the question whether or not the material measured can be
unconditionally cleared is not answered. For an answer to this question see Reference [45].

NOTE 2 It is necessary to take into account that in the present case favourable boundary conditions with
regard to the mass of the material to be measured and the photon energies (¢°Co) been selected. By increasing
the mass to several 100 kg or smaller photon energies (e. g. 137Cs) it can be necessary to use an approach as given

inA.3.

12 Gami

12.1 Defi
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interfereng
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unit mass is recognized-in the soil sample.
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12.2 Model of evaluation and standard uncertainty

The measurand is activity per unit mass, of 235U in the sample. The primary result of the measurement
as an estimate of the true quantity value of the measurand is calculated by the model of evaluation:

Ng186 Mn609 ©Ra,186 €186 Mu,186 ™n,186,0 | 1

t t  €Ra609 €609 t t €186 "€u,186 "M
1

€Ra 609 €609 €186 "€u,186 M
In ¢rder to avoid a covariance Formula (111) is slightly rearranged and yields the fingdl model of

(111)
€Ra,186 €186

=( 2,186 ~n,609 —1y,186 ~'n,186,0 }

. . . . 1 . €R
evaluation with the calibration factor w=—————— and a correction factor k= _ Ra L9 |
€y,186 "M €Ral609" €609
[ Tg186 €Ra,186 "u,186  ™,186,0 1
m =]~ ""n,609" - - :
€186 €Ra,609 €609 €186 €186 €y,186 "M
(112)
[ Tg186 K "y186  ,186,0
= ~Tn,609 K~ - W
€186 €186 €186
The standard uncertainty u(a,, ) of the measurand associated with)the estimate a,, is calcillated by:
2
n
2 aam 2
U (a )= | =2 | U (x;) (113)
= 0x;

whilch yields

[rg186 1 T I 1 n 1]
8186 - n609 2 U186 - n,186,0 .
t ¢ t t ¢ t ¢
2 2 186 186 186 2 2
u” (ay )=w 2( ) + g, “Upe (W) (114)
U (€186 2, 2 2
+——(ry 186570,186 ~Tn186,0) TU” (K) Tiyg09
£186 _
. . €Ra,186 —
The standard uncertainty of the correction factor k= is given by:
€Ra 609 €609
2 _ 1,2 2 2 2
u® (k)=k '[”rel (erayiss )+ Urel (€ra 609 )+ Urel (€609 )] (115)
. . . . 1 o
The relative staridard uncertainty of the calibration factor w=———— is given by:
€u,186 "M
2 - 2 2 116
Urel (W= Urel (€y 186 )+ Urel (M) (116)
Thefottowing symbols are used I this exampie:
t count time
Ng 186 number of gross counts in the peak at 186 keV
My 609 Number of counts in the net peak of 214Bi at 609 keV
ny 186 number of counts in the background under the peak at 186 keV
Ny, 1860 number of net counts in the peak at 186 keV due to activity of the impurity in the detector
s 186 gross count rate in the 186 keV peak
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11,609 net count rate in the 609 keV peak

1,186 background count rate in the 186 keV peak

,186,0 net count rate due to the activity of the impurity of the detector in the peak at 186 keV
€Ra 186 emission probability of the 186 keV gamma-rays of 226Ra

€Ra 609 emission probability of the 609 keV gamma-rays of 214Bi

€y 186 emission probability of 186 keV the gamma-rays of 235U

€186 detector efficiency at 186 keV

€609 detector efficiency at 609 keV

k correction factor for the detector efficiencies and the emission probabilitiés
m mass of the test sample

w calibration factor

12.3 Ava]:able information, input data, and specifications

The input

Table 15 — Input quantities and‘measurement data

ata and their associated uncertainties are given in Table*15. The PDFs assigned to the ifput
data and used in the application of ISO 11929-2 are also given in.Table 15.

. Symbol .
Quantity for x, X; u(x;) Unit PDF
Count time t 15000 — S
Number of fount in the gross
peak at 184 keV g 186 468 o 1
Number of founts in the net peak
of 214Bi at 409 keV P Mysga | 6957 - 1
Number of founts in the back-
ground under the peak at 186 keV' Mu,186 6181 o 1
Number of founts in the net peak
at 186 keV {lue to the activity)of 1, 186,0 207 — 1
the impuritly of the detector
Emission probability/of ~
the 186 kf\ gammaﬂine of 226Ra | €Ratss | 00351 | 10,0006 1 N[@ra,186 €Ra, 186 U(€Ra,186 ]
Detector efficiéncy at 186 keV €186 0,800 0,064 1 N[&;g6 ;€186 U(E186 )]
Emission ptobability of
the 609 kfv gammaf“ne of 214Bi €Ra,609 0,446 0,005 1 NT@Ra,609 :€Ra,609 /U (CRa,609 )]
Emission probability of ~
the 186 ké)V gammaﬁine of 235U €u.186 0,572 0,005 1 NIy 186 5€u,186 (v 186 )]
Detector efficiency at 609 keV €609 0,551 0,033 1 N[é¢09 ;€609 sU(Eg09 )]
Mass of the test sample m 0,750 0,038 kg N[m;m,u(m)]
Intermediate values
I()?:Z(;ls(s count rate in the 186 keV Iy 186 0,498 0,005 76 o1 Ga(Fying,1/t,)
g::;lfount rate in the 609 keV o609 0,464 0,005 56 o1
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Table 15 (continued)

. Symbol .
Quantity for x, X; u(x;) Unit PDF
Background count rate of . 0,412 0,005 24 o1 Ga(F;n,1/t)

the 186 keV peak

Count rate in the net peak
at 186 keV due to the activity of 1h.,186,0 0,0138 | 0,000959 sl Ga(r;n,1/t)

the impurity in the detector

The_PDFs of the count rates and of the input data, except the given actual numbers of counts, were
chopen according to the ISO/IEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3 for a detailed

desfription.

12.4 Evaluation of the measurement and characteristic limits according'to ISO 11929-1

12.4.1 Background effect

The background under the peak at 186 keV is ny; 186 =618 1 which yields.a count rate of

n
"'u,186 = U186 _0,41251 (117)

The standard uncertainty of background under the peak at.186 keV is

n
u(ry1g6) =, Ut’1286 =0,00524s! (118)

12.4.2 Primary result and its associated standard uncertainty

For|the calculation of the primary meastirement result a,,, the activity per unit mass of 239U, first the
cortection factor k and its associated standard uncertainty u(k) are determined.
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The calibration factor w is calculated by:

we— Lt 2331 Bq-s! kg™ (119)

€u,186 "M

with the relative standard uncertainty

2 2
urel(w):\/urel(eU,186)+urel(m) =0,0514 (120)

and the standard uncertainty

u(w)=upe (w)-w=0,120Bq-s ™ -kg™? (121

The correcftion factor k is calculated with the emission probabilities and the detector efficiencies

[¢
i = JRa.186

€Ra|,609 "€609

=0,143 122)

and its reldtive standard uncertainty is

2 2 2
Upel (k :\/u rel (eRa,186 )+u rel (eRa,609 )+u rel (8609) =0,0633 (123)

and its stahdard uncertainty is

u(k) =l (k)-k=0,0090 (124)

With the cgrrection factor k and the calibration factefyw the primary measurement result a,, is

f I r
o - [s186 609k U186 1860 | pbg 0554Bq.g! (125)
€186 €186 €186

with the sthndard uncertainty

'g186 1 _Tnee9 ;2 'uise 1  Tmiseo 1
2 2 2
2 L eigg t b efge b efgs 2 2
u(ay ) (w 2 +ay Upe (W)
Urel (€186 ) 2, .2 2 (426)
+— =2 1y 186 ~TU,186 ~Tn,186,0) TU (K) Ty 600
€186 i

=0,0302Bq g™
12.4.3 Stdndard uncertainty as a function of an assumed true value

The standard uncertainty (a, ) as a function of the true value a  of the measurand is needed to
calculate the decision threshold and the detection limit. For a true value a  one expects

a
P e Im . .
Tg.186 €186, €186 Tn,609 K+1y 186 1h186,0 -
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This yields with Formula (127):

€186 *m 1 609 2 Tuigse 1
(=, *Tne09 €186 K+ Tu186 Trse0) 5+ KA ——
s 2 €186 "L £186
uc(ay,)=w ,
T 1 F (127)
1,186,0 2 m 2 2
+ 2 +urel(£186)'(_w +rn,609'k] +u” (k) ry 609
L €186 ]

~2 2
+0py Urel (W)

A DNeacisionthraeshold
+— e S0t e SHo1H6

12.4~

=

Thg value of the quantile k;_,of the standardised normal distribution @(k;_,)=1~¢ is 1,645
assyiming a probability a of 5 %. The decision threshold of the activity is calculated,by:

a,, =ky_,,-i(0)

1 Theo9 ;2 Turge 1

(609 €186 *K+TU 186 +7n,186,0)° > T k* ¥ —

E t t t ot

186 186

koW | . (128)
1,186,0 2 2 5 9 '

+ ) +Urel (€186 )T k® +u” (kYry 609

t € 1,609

186

=0,0455Bq-g !
The primary measurement result a,,, exceeds the decision threshold a; .

12.4.5 Detection limit

For|f = 0,05 is kl—ﬁ =1,65 and by solving the implicit Formula one obtains the detection limjit

#_ * ~c #
Uy =0y +kq_pg-tlay, )

m
€186 Q 1
+1h,609 €186 "K 11186 T711,186,0)

€186 L

n n h
n609 ,2 "uise 1  Tnigeo 1 (129)

t t g1286 t 51286

*
=a,, +k1_ﬁ N A+

" 2
2 a 2 2 ai? 2
m
+ui, (€186 ) 7m+rn,609'k +u” (k) 1y 609 +— 5 Urel (W)
w

oO-000-2-R el
—VU,UJJLDY" g

12.4.6 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage interval are calculated since the
measurement result a exceeds the decision threshold a*. With w=®[a,, /u(a,, )]=0,9667 and y=0,05

one obtains the probabilities by p=w-(1-y/2)=0,9425 and q=1-w-y/2=0,9758, and hence the
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quantiles k, and k, are equal to 1,576 and 1,974, respectively. Then the lower and upper limits of the

probabilistically symmetric coverage interval are given by:

<

am

=ap, —k, -u(ay)=0,007 79Bq-g! and %, =a,, +kyg -u(am):0,115Bq-g'1

(130)

Alternatively, the lower and upper limits of the shortest coverage interval are calculated. With
w=P[ay, /u(ay)]=0,966 7, one obtains p=[1+w-(1-y)]/2=0,9592, and hence the quantile kp is

equal to 1,741. With this, the limits of the shortest coverage interval according to Formula (131) are

ay, =af, =K, u(a,,)=0,00281Bq g * and a,, =a,, Tk, u(d,,)=0,108Bq g ' 131)
12.4.7 Thie best estimate and its associated standard uncertainty
The best egtimate a_ of the activity of 235U per unit mass of the sample is given by:
2 2
7 o (o )'exp{_am / [zu (o )}} 0,057 7 Bq- g (132)
a, =d =Y, q-8
" " wV2n
with its asgociated standard uncertainty
u(&m):\/uz(am)—(&m—am)&m =0,027 9Bq-g" (133)
12.5 Dociimentation of the results obtained by ISO 11929-1 and ISO 11929-2
The results and characteristic limits are summarized in Table 16 and the PDFs obtained by|the
Monte Carlo simulations are presented in Figure 8¢
Table 16 — Result and characteristic values
Results Symbol Unit IS0 11929-1 1SO 1192972
Primary repult ay, Bq/g 0,055 4 0,056 4
Standard upcertainty associated withthe prima-
ry result u(ay, ) Bq/g 0,030 2 0,030 8
Re.lative stz‘ndard uncertainty-associated with the o (0, ) 1 0,545 0,546
primary regult reltm
Decision thfreshold ap, Bq/g 0,0455 0,047 5
Detection ljmit af; Bq/g 0,099 2 0,099 1
Best estimdte &m Bq/g 0,057 7 0,058 1
Standard uncertainty associated with the best .
ostimate u(a_) Bq/g 0,027 9 0,029 1
Rel_atlve uncertainty associated with the best u (G ) 1 0,484 0,501
estimate rel \"'m
Lower llmlt of the probabilistically symmetric o Bq/g 0,007 79 0,008 18
coverage interval m
Upper llmlt of the probabilistically symmetric & Bq/g 0,115 0,121
coverage interval m
Lower limit of the shortest coverage interval as, Bq/g 0,002 81 0,002 10
Upper limit of the shortest coverage interval a, Bq/g 0,108 0,111
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E The blue PDFs are the respective Gaussian approximations. The blue vertical lines indicpte the best
mate and the limits of the coverage interval (upper panel), the decision threshold (middle pamel) and the
sion threshold and the detection limit ({oWwer panel).

igure 8 — PDFs calculatedtbhy-Monte Carlo methods according to ISO 11929-2 in red colour

6 Assessment and explanations

assessment according to ISO 11929-1 concludes the following:

The primafy measurement result am:0,0554Bq-g'1 exceeds the decision | threshold

m* =0,045 5Bq ~g'1 .Itis decided to conclude that an activity per unit mass of 235U was fecognized
in the’sample.

Siacanaanidalina valuaic giuan thao cccaccrmant oftbh o o cyivrnmannt nracndiirg 1o nwnH-nd

©IS
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The lower and upper limits of the probabilistically symmetric coverage interval are calculated as
<=0,0078Bq-g ! and a,,” =0,115Bq-g "

The lower and upper limits of the shortest coverage interval are calculated as am< =0,0028 Bq~g'1
and a,,” =0,108Bq-g!

The best estimate is calculated as a_ = 0,057 7 Bq - g'1 with an associated standard uncertainty

u(a_)=0,0279Bq-g"
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The model of evaluation is linear, and there are no dominating large uncertainties so that the
application of ISO 11929-1 is justified. In spite of the fact that the relative uncertainty of the primary
estimate exceeds 50 %, many results obtained by application of ISO 11929-2 are practically identical
with those obtained by ISO 11929-1:2019, Table 16. Large differences are seen between the limits of the
probabilistically symmetric and the shortest coverage intervals, the upper limits being more affected
than the lower limits. The ISO/IEC Guide 98-3 approximations, assuming normal PDFs and using a
Taylor expansion truncated after the linear term, hold.

13 Black box measurements

13.1 Defipition of the task and general aspects

Measurements of ambient dose rates with a large volume plastic detector of unknown functionality pnd
algorithm are taken as an example for so-called black-box measurements (ISO 11929-1:2019, A.4).

Based on r¢peated measurements of ambient dose rates in an area considered not to be Contaminatgd it
is investiggted whether an enhanced dose rate can be seen by repeated measurements in another grea
suspected fo be potentially contaminated.

A guideling value y. =50 nSv-h™! is assumed for completeness of the examyple.

13.2 Model of evaluation and standard uncertainty

The measyrand is a net dose rate as a difference between series of measurements of a background
area and of a gross area potentially contaminated. The characteristic limits, the best estimate, and|the
associated(standard uncertainty are calculated for this measurand.

NOTE §ince the physical quantity of the particular dosgbate is not specified the symbol y is used.

The model|of the evaluation is given by:

y=(Xg—%p)-w (134)
1 28 1 M
with the means of the gross and hackground measurements, X, :—ng’i and X, =— ) xp,;,pnd
g iz1 M i=1
N 1/2
1 3 2
with the standard deviatipnsofthe gross and background measurements, s, = —12(xg i Xg)
n — ,
i=1

L om 1/2
and s, =[——12(xb',- —Xp )2] , respectively.
I =1

According fothe ISO/IEC Guide 98-3:2008/Suppl.1:2008, 6.4.9 the repeated measurements are assuined
to be drawn from a Gaussian distribution with unknown mean and variance. Consequently, the PDF is

the t-distribution ¢, ()?,52 /n).Thevariance of this distribution then yields the standard uncertainties
associated with the means of the gross and background measurements

1/2 1/2
n, —1 s n, —1 S
u(x,)=| -2 —&_ and u(x,)=| 2 : (135)
g [ng—BJ [ng nb—3 an

NOTE Obviously, ng,my, >3 isrequired.
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Then the standard uncertainty associated with the primary measurement result y is calculated by:

u? (y)=w? [u? (% )+u* (%p)]+ ¥ ule (W)

13.3 Available information, input data, and specifications

(136)

The input data and their associated uncertainties are given in Table 17. The PDFs assigned to the input
data and used in the application of ISO 11929-2 are also given in Table 17.

Tablte-t7—tnputdata;internrediate vatues
Quantity Symbol Value PDF

Nuinber of readings related
to the gross and to the back- Ng, My, 28,27
ground measurements

358,370,337, 229, 339, 186, 207, 194,/198, _
Grdss effect in nSv hl Xg i 170, 154,177,170, 157, 184, 147,151, 127, 213, N[)?g ;ig ,u()_(g )]

192,138, 170, 134, 135, 123, 153,124, 146

95, 82, 69, 80, 83,73, 70, 75, 76,79, 80, 78, 77,
Badkground effect in nSv h'1 Xy ; 71,74,71,72,69, 68, 68, 71,75, 80, 81, 74, 76, N[fb s, u(Xy )]
77

Callbration factor, assumed
to He unity with 30 % rela- w,u(w) 10,3 N[w;W,u(w)]
tivg uncertainty
Thg PDFs of the calibration factor and of the  count rates were chosen accordipg to the
ISOJIEC Guide 98-3:2008/Suppl.1; see also 1SO:*11929-2:2019, 6.3 for a detailed descrfiption and

ISO

13

13.

The
are

[ Evaluation of the measuremernit and characteristic limits according to ISO 1

11929-1:2019, A.4 for the general methodology.

1.1 Background effect

1929-1

and

©IS
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background effect was obtained by repeated ny, readings. The values of the individual readings xy, ;
given in Table 17. One-calculates the mean background measurement by
1
Xp=-— X¢=75,70nSv-h™" (137)
nb . y
i=1
ith a standapd deviation
ny 1/2
S Y (x,; %,)*| =5,90nSv-h? (138)
EORr=i
a standard uncertainty
1/2
-1
u(%,)=| o b _1,18nSv-h7! (139)
ny — 3 | [nb
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13.4.2 Primary result and its associated standard uncertainty

The gross measurement was obtained by repeated n, readings. The values of the individual readings

X

are given in Table 17. One calculates the mean gross effect by

gl
1 &
-1
:n—ng‘i =192,25nSv-h (140)
g i=1
with a standard deviation
n /2
1 = — 32 -1
Sg = —le(xg,,- X, ) =71,72nSv-h (141)
2 =1
and a standlard uncertainty
_ ng -1 1/2 Sg 1
u(xg ) : =14,09nSv-h (142)
ng -3 mg
This yield the primary result
y=(X]-%,)-w=116,55nSv-h~" (143)
The standdrd uncertainty associated with the primary measurement result is given by:
u(y)= \/wz [u? (% )+u” (%p)]+ ¥ ule (W) =37,71nSy+h (144)

13.4.3 Sts

The stand4

Indard uncertainty as a function of an‘\assumed true value

rd uncertainty as a function of aniassumed true value is not explicitly available. Theref

ore,

the followihg procedure is applied.

For a true yalue of the measurand y=0-one expects with ISO 11929-1:2019, Formula (A.24)
n,—1 n, —1
2 (y=p)=w? | —E— 4. tD s (145)
n, -(ng =3y~ -(n, -3)
and the degision threshold
=k 1, ~1 (146)

Y THta n, (n 3) " ny (n,-3)
ACCOrding \v }SC 119"’9 1 2019, 5 5' thC fU}lUVVllls }lllcal lllLCl PU}GLIUII Uf\,Cll Duffl\,ca, lf Ull}y L:(C) ] One
result, y>0, and its associated standard uncertainty, u( y), are known

~2r~y_ ~2 ~ 2 ~

a*(y)=u"(0)-(1-y/y)+u”(¥)-y/y (147)

13.4.4 Decision threshold
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The value of the quantile k;_, of the standardised normal distribution @(k;_,)=1-a is 1,645
assuming a probability a of 5 %. The decision threshold of the dose rate is calculated by:

g —1

ng-(ng—3) ny-(n,—3)

n nb—l

=2,72nSv-h7!

F baws|

13.4.5 Detection limit

(148)

The probability § is set to 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised

norfnal distribution 1s 1,645. The linear interpolation according to Formula [147] leadp with the
auxiiliary quantity a according to Formula (149)
_ - Ly(p2 2 -2

a=ky_q 8(0)+{(k_p [y) (-2 (0)]} (149)
to the detection limit

v =a+\Ja? +(k}_p —k}_o )% (0) =38,39nSv -h ! (150)
The guideline value exceeds the detection limit.
13.4.6 Limits of coverage intervals
Thelower and upper limits of the probabilistically symimetric coverage interval are calculatgd since the
megsurement result y exceeds the decision thresheld y* . With w=®[y/u(y)]=0,999 arid y=0,05
one| obtains the probabilities by p=w-(1-y/2)=0,974 and q=1-w-y/2=0,975, and|hence the
quantiles are kp =1,944 and kq =1,960. Then the lower and upper limits of the probgbilistically
sympmetric coverage interval are given by:

y<=y-k,-u(y)=43,25nsv-hThand y” = y+k, -u(y)=190,48nSv-h™" (151)
Altgrnatively, the lower and upper limits of the shortest coverage interval are calculpted. With
o=P[y/u(y)]=0,999 0, ‘orie obtains p=[1+w-(1-7)]/2=0,974 5, and hence the quaptile kp is
equfal to 1,96. With this;the limits of the shortest coverage interval according to Formula (132) are

A =y—k, u{y)=42,93 nSv-h™! and y~ =y+k, u(y)=190,16 nSv-h™ (152)
13.4.7 The'best estimate and its associated standard uncertainty
The liest estimate y of the measurand is given by:

2 2
e 0] .
y=y+ =116,67 nSv-h (153)
oV2m
with its associated standard uncertainty u(y)
N ) - o -1

u(y)—\/u (y)—(y—y)y—37,52nSV-h (154)
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13.5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

The results and characteristic limits are summarized in Table 18 and the PDFs obtained by the Monte
Carlo simulations are presented in Figure 9.

Table 18 — Result and characteristic values

Results Symbol Unit 1SO 11929-1 1SO 11929-2
Primary result y nSv h1 116,55 116,6
it;;ﬁ{itard uncertainty associated with the primary i Sy h-l 2771 279
Iliejl;c;;; i‘:;rlll(litard uncertainty associated with the ey () 1 0,323 0328
Decision thireshold v nSv ht 2,72 2,84
Detection ljmit y nSv h1 38,39 32,00
Best estimdte ¥ nSv hl 116,67 116,60
ISI"f;l;ledard uhcertainty associated with the best esti- u($) nSv bl 3752 3783
Relative unkertainty associated with the best estimate Upol (») 1 0,321 0,324
;,gzviirt(l;ggllofthe probabilistically symmetric cover- 57 NSVt 4325 46,54
;Jgfie;tlellr.r‘lljof the probabilistically symmetric cover- » N 190,48 194,98
Lower limif of the shortest coverage interval y< nSv h1 42,93 43,78
Upper limit| of the shortest coverage interval v nSv h1 190,16 191,80
fyly, Y20)
(x107%)
1,2 E_ ! { ! | | ! _E
10 F : : =
08 = | | =
06 : : 3
04 [ l l 3
0.2.p : ' =
0,0 o ]
0 100 200
flyly =0)
— . — . -
0,25 F ! E
0,20 L E
E -4 E
0,15 F , E
0,10 F -;
0,05 F E
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13.6 Assessment and explanations

The assessment according to ISO 11929-1 concludes the following:

— |Theprimarymeasurementresult y=116,55 nSv-h! exceedsthe decision threshold y" =2]72nSv- ht
. Itis decided to conclude that a difference between the two investigated areas was recognized.

— | The detection limit y* =38,39nSv- h'! is below the guideline values y. =50 nSv-h. Itisgdecided to
conclude that the measurement procedure is suited for the measurement purpose.

— [Thelowerandupperlimitsofthe probabilistieallysymmetriccoverageintervalare y™ = 4325 nSv-h!

and y” =190,48 nSv-ht. They are equalbto those of the shortest coverage interval.
— |Thebestestimateis j = 116,67 nSv-i ' withanassociated standard uncertainty u(3) = 37/52 nSv-h’!
Thg model of evaluation is linéar; and there are no dominating large uncertainties so that the ppplication
of I50 11929-1 is justified. This is a case with moderate relative uncertainties. The results dbtained by
appllication of ISO 11929:2)are practically identical with those obtained by ISO 11929-1:201p, Table 18.

Theg ISO/IEC Guide 98-3@pproximations, assuming normal PDFs and using a Taylor expansion truncated
aftdr the linear terny, hold.

14|Counting measurements with unknown random influence of sample trreatment

14 1 Definition of the task and general aspects

This is an example for the application of [SO 11929-1:2019, A.2.

A sample of solid material containing a radionuclide is examined by chemical separation of this nuclide
and subsequent counting measurement of its radiation. The measurement is randomly influenced by
sample treatment because of the chemical separation. To determine and reduce the influence, several
samples of the same kind of material and blanks are separately tested. The results for the respective
samples are then averaged and analysed regarding the measurement uncertainty. This is an example
according to the general model of ISO 11929-1:2019, A.2.

After the counting measurements of the gross effect on m, samples to be tested and of the background
effect on m blanks are carried out with the preselected measurement durations t, and t,, respectively,
ng and ng of the recorded events averaged according to Formulae (1§7, 158) are available.

the numbers n
This first yields the estimates r, =n, /t, and ry =ng /¢, of the respective mean count rates.
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A guideline value a,, . =0,5 Bq-kg'1 is assumed.

14.2 Model of evaluation and standard uncertainty

The measurand is the specific activity a,, (activity of the sample divided by the total mass of the

sample) for which the characteristic limits, the best estimate, and the associated standard uncertainty

are calcula

ted.

The model of the evaluation is given by:
h, n, ry—ly _ _
g 0 g
a, =|t——-——|w= =(r,-rp)w 455
m [tg tOJ m k- (g 0) ( )
where
1
w=—~F1— (156)
m-k-€
The mean yalue of the background counts n; and the square of its standarduncertainty u? (ng) offthe
values n ;|are given by:
Mo Mo
— 1 2 — 1|_ my-1_ 1 DA
"0:—‘2"0,1' ;U (y)=—| My +——np + Z("o,i—”o) (157)
my = my mg —3 my =3
The mean yalue of the gross counts ng and its uncertainty. 02 (ﬁg) of the values ng ; are given by:
m m
— 1 ! 2 — 1|_ mg _1_ 1 & — 32
Ng ZE_Z"&" U (ng)=m— et 3" m. 3 D (ng ;i ~Tig) (158)
P =1 g g g i=1
NOTE bviously, mgy,mg >3 isrequired.
14.3 Available information, input data, and specifications
The efficiency of the detector x (@and its associated standard uncertainty u(x) were independeptly
determinefl to be ¥=0,51 s1-Bq} and u(x)=0,02 s1-Bql
The mass ¢f the sample wasdetermined by a balance to be m=0,1kg. Its associated relative standard
uncertainty was set to &jor(m)=1 % according to the specifications of the balance.
The chemigal yield <€ )was determined by separate experiments, which resulted in an average € =057
and an ass¢ciated'standard uncertainty u(g)=0,04.

put

The input ¢lata and their associated uncertainties are given in Table 19. The PDFs assigned to the iy

data and used in the application of [SO 11929-Z are also given in Iable 19.

Table 19 — Input data, intermediate values

. Standard
Quantity Symbol Value uncertainty PDF
Number of samples and blank
mgy, my 55
samples 8
1832; 2 259;
Number of recorded events for the ’ ’ =
samples (gross effect) Mg,i 2 1318629320’ N[ng ;ng ,u(ng )]
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Table 19 (continued)

Quantity Symbol Value uflt:zr;g:il;l(iy PDF
Number of recorded events for the 966; 676; 911; ~ _ _
blanks (background effect) Mo,i 856; 676 N[g ;1 ,u(np )]
Measurement durations ty ty 30000s -
Sample mass (general) m with u(m) 0,100 kg 0,001 kg N[m;m,u(m)]
Detection efficiency K with u(x) 0,510 0,020 s1Bq N[K;x,u(x)]
Chemrieatyietd e—writh—t{e) 8,576 8,649 Nfese ,u(e)]

Intermediate values

Quantity Symbol Valte
Megqn values Ny ,1g 817,002 039,6
Empirical standard deviations So» Sg 288,14; 134,46
Stapdard uncertainty u(ng ),u(ng ) 87,88; 185,57
Thg PDFs of the calibration factor and of the count rates Wweére chosen accordipg to the
ISOfIEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 633 for a detailed descrfiption and
[SO[11929-1:2019, A.2 for the general methodology.

14.

14.

Thd
The
rate

The

14.

4 Evaluation of the measurement and characteristic limits according to ISO 1

1.1 Background effect

count rate of the background effect has been-measured by repeated m,, analyses of blar
numbers of counted pulses ng; are given\in Table 19. One calculates the mean backgr

by

n
7o =—2=0,0680s""

to
standard uncertainty associated with the background count rate is given by:
2 —
u“(n
u(iy)= (2 0) 57002935
to

1.2 Primary result and its associated standard uncertainty

Theg mass=related activity is calculated from Formula (155). This Formula depends on the

fac

independently

or, the input quantities of which and their associated standard uncertainties were ¢

1929-1

k samples.
bund count

(159)

(160)

calibration
etermined
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This yields a calibration factor calculated by:
1 -1
w= =34,40s Bq-kg (161)
m-x-€
The relative standard uncertainty of the calibration factor u., (w)=u(w)/w is calculated by:
_ \/ 2 2 2 _

Upe] (W) =1Ure) (M) +Upe; (€)+Upe () =0,0810 (162)
which yields

u(w)=[2,79s Bq'kg_1 (163)
The primary result a,,, of the measurementis given by:

T, —T1; n, n
a, =4 :[_g_n_o}w=1,4o]3q.kg‘1 (164)
mke |ty &
g
The standqrd uncertainty u(a,,) associated with the primary measurementresult a,, is calculgted
by:
2 [ 2, 2, 20— 2 2 2 -1

z(am):sz-Dl(nngg+u U%)/%)J+am-umﬂm0=0261qug . (165)
14.4.3 Stdndard uncertainty as a function of an assumed true value
The standdrd uncertainty as a function of an assumedarue value is not explicitly available. Therefpre,

the followi

For a true y

u?(0)4

which alloy
If only &(0

i (ap,

hg procedure is applied

ralue of the measurand y=0 one expects x, =X}, and hence one receives

2. w2 -uz(ro)

(1

vs calculating the decisjon-threshold.

=u(ay o), ap 1 >0-and u(ay, 1 ) are known, the following linear interpolation can be ug

(1

=0 (0): (1~ 1 )+u” (a1 )iy a1

66)

67)

14.4.4 Decisionthreshold
The value [of the quantile k;_, of the standardised normal distribution ®(k;_,)=1-a is 1,645
assuming dprobabitity wof 5% Thedecistomrthreshotdof theactivity ts thenrcatcutated by
£ o 2= /2 _ -1
ar =ky_, -0(0)=ky_o -w-\2-u?(7y)/té =0,234Bq kg (168)
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14.4.5 Detection limit

The probability B issetto 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised
normal distribution is 1,645. The linear interpolation according to Formula (167) and the auxiliary

qua

ntity a according to Formula (169)

a=lyq 00+ {(kEp a1 ) (0 01)-72(0) ]}

leads to the detection limit

(169)

The

14.

The
med

'}/:

quantiles k, and k, are equal to 1,96 and 1,96, respectively,Then, the lower and upper li

pro

Altg

to 1

14.

The

af, =a+\a® +(k}_ g —k? ) i*(0) =0,546 Bq-kg "
detection limit exceeds the guideline value.

1.6 Limits of coverage intervals

lower and upper limits of the probabilistically symmetric coverage interval are calculatg
jsurement result a,, exceeds the decision threshold aI*rl . With-w=®[a,, /u(a,,)]=
0,05 one obtains the probabilities p=w-(1-y/2)=0,975 and@=1-w-y/2=0,975, an

babilistically symmetric coverage interval are given by

<

m

=ap, —k, -u(ay)=0,890 Bq-kg™! and a5, =apctk, u(ay)=1,91 Bq-kg !

rnatively, the lower and upper limits of £the shortest coverage interval are calcul
Pla,, /u(a,)]=0,999, one obtains p=[l+w-(1-y)]/2=0,975, and hence the quantile

,96. With this, the limits of the shortest\coverage interval according to Formula (172) are

ay =a, —ky,-u(ay)=0,890 Bq&kg™! and a, =a,, +ky, -u(ay,)=1,91 Bq-kg ™t

1.7 The best estimate and its associated standard uncertainty

best estimate a _ efthe activity of the sample is given by:

u (am ) - exp {—arzn/[Zuz (am )J}
o2

 its associated standard uncertainty u(d, )

+ =1,40 Bq-kg*

m

(170)

d since the
0,999 and
1 hence the
mits of the

(171)

pted. With
ky is equal

(172)

(173)

14.

”(“m):\llu7 (@ T—{¢_—a_Ja_ =0,26TBq kg

5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

(174)

The results and characteristic limits are summarized in Table 20 and the PDFs obtained by the
Monte Carlo simulations are presented in Figure 10.

Table 20 — Result and characteristic values

Results Symbol Unit IS0 11929-1

IS0 11929-2

Primary result

O

Bg-kg1 1,40

1,411

©IS

02022 - All rights reserved
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Table 20 (continued)
Results Symbol Unit IS0 11929-1 IS0 11929-2
Standard uncertainty associated with the primary u(a, ) Ba-ke-1 0261 0265
result m q-kg ) )
Re_latlve standard uncertainty associated with the g () 1 0,186 0,188
primary result rel ¥ m
Decision threshold a. Bq-kg! 0,234 0,237
m
Detection limit aﬁl Bq-kg! 0,546 0,545
im3 P ko1
Best estim3te a, Bq-kg 1,40 1,4(1\9/
Standard upcertainty associated with the best esti- N _

e y ua_) | Bakgl 0,261 N;q%z}
: : : : : w
Relative unfcertainty associated with the best esti- u_ () 1 0,186 O,), 0,187

mate rel \"'m ({1/

Lower limit of the probabilistically symmetric cover- q Ba-ke-1 0 890\'\J 0918
age interval apy qQ-kg A )
Upper limjof the probabilistically symmetric cover- > Ba-ke-1 \; 196
age interv Im ke ’S\\\ ’ ’
Lower limit of the shortest coverage interval as, Bq kg/‘&: 0,890 0,902
Upper limit| of the shortest coverage interval a; B%Qy 191 1,94

s\\s\‘

%
flan|a,, Ay 20)

1,5

1,0

0,5

0,0

=
vl
N
83}

T

X

Ry
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flaglad, =af)

2,0
1,5
1,0
0,5
0,0

0,5 0,0 0,5 1,0

estijnate and the limits of the coverage interval (upper panel), the decision threshold (middle panpel) and the
decision threshold and the detection limit (lower panel).

Figure 10 — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in red colour

146 Assessment and explanations

The assessment according to ISO 11929-1 concludes the following:

— |The primary measurementresult a,, =1,40Bq- kg™ ! exceedsthe decision threshold a:n =0}23Bq-kg!
.Itis decided to conclude that an activity per unit mass ¢f the sample was recognized.

— [The detection limit a* =0,55Bq-kg™ exceeds the ghideline value apr=0,5 Bq-kg™ . It is|decided to

conclude that the measurement procedure is notstiited for the measurement purpose in gpite of the
fact that a contribution of the sample was recognized.

— | Thelower and upper limits of the probabilistically symmetric coverage interval are a;. =0}89 Bq- kg™

and a;, =1,91 Bq-kg'1 . These limits are‘identical with the limits of the shortest coverage|interval.

— [Thebestestimateisa_ = 1,40 Bg.. kg! withanassociatedstandarduncertainty u(a_ ) = 0,6 Bq - kgt

Thg model of evaluation is linear, and there are no dominating large uncertainties so that the ppplication
of I$0 11929-1 is justified. This is a case with small or minor relative uncertainties. The resulfs obtained
by ppplication of ISQ-11929-2 are practically identical with those obtained by ISO 11929-1:2019,
Tabje 20. The ISO/IEC)Guide 98-3 approximations, which assume normal PDFs and make use| of a Taylor
exppnsion truneated after the linear term, hold.

Note that infspite of the fact that according to the comparison of the detection limit and the guideline
valyie the measurement procedure is not suited for the measurement purpose, an effect of the sample
has|beén‘recognized. The primary measurement result and its associated standard unceftainty can
well b®used to calculate limits of coverage intervals and the best estimate and its associated standard
uncertainty.

15 Counting measurement with known influence of sample treatment

15.1 Definition of the task and general aspects
This is an example for the application ISO 11929-1:2019, A.3.

As in the example in Clause 14, a sample of solid material containing a radionuclide is examined by
chemical separation of this nuclide and subsequent counting measurement of its radiation. The
measurement is randomly influenced by sample treatment because of the chemical separation. In this
example, the random influence of sample treatment was derived in form of the relative uncertainty of
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the sample treatment from measurements on reference samples or on other samples. The latter samples
should be similar to the current samples and be measured under similar conditions, in order that
they can be taken as reference samples although they need not be examined specifically for reference
purposes. Since the influence of the sample treatment is now known one measurement, each of a sample
and a blank is sufficient in the actual measurement. This is an example according to the general model
of ISO 11929-1:2019, A.3.

This procedure, appropriate when small random influences are present, is based on the approach

= 2 — 2 =2
()= AT 9 =u /R (175)

LS LR

m
and with the auxiliary quantity u? =" ﬁ+—32(n,- —ﬁ)z for any counts of the measurenpent
— m —
i=1
procedure
The influence parameter 9 can be calculated from the data of counting measurements of m, refergnce
samples by
o% =(h, -u? (7,)-1.)/n? or ¥=u, /7, (176)
If 9% <0 re sults, the approach and the data are not compatible. The himber m,. of the reference samples
should then be enlarged or ©#=0 shall be set. Moreover, ¥ <0, 2 should be obtained. Otherwise, one|can

proceed according to the example in Clause 14.

A guideling value a;, . =1 Bq-kg™ is assumed.

15.2 Model of evaluation and standard unceptainty

The measu
sample) fol

are calculafted.

In the case
and the m¢q

rand y is the specific activity ag;(activity of the sample divided by the total mass of]
which the characteristic limits,the best estimate, and the associated standard uncerta

of known influences, the following expressions are valid for the mean gross count ratg
an background count rate, ry .

the
nty

h
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The model of the evaluation is given by:

n, n ry —I
t to m-K-&
g
where
1
w= (178)
m-K-€
Thepthe-standard-uneertaintiesof the- backaround-and-the-grosscountratearegiven by
u? (ry)=(ng +0%-n2)/t2 and u?(ry)=(ny +0* -1 )/t (179)
Therelative standard uncertainty of the calibration factor u., (w)=u(w)/w is€alculated bjy:
2 _ .2 2 2
Upe) (W) =Upe) (M) +Upep (€)+Upe (K) (180)
The standard uncertainty of the measurand is calculated with ul (rg ) and u? (rp) adcording to
Formula (179) by
2 2 2 2 2
()= w? [ () +u? (1) |+ a2, 2 (w) (181)
15.3 Available information, input data, and specifications
The efficiency of the detector x and its assoéiated standard uncertainty u(x) were independently
det¢rmined to be K =0,51s" -Bq'1 and u(x)=0,02 st -Bq'1 .
Thg mass of the sample was determined by a balance to be m=0,1kg. Its associated relativle standard
uncertainty was set to u,, (m)=1 %_by expert guess.
The chemical yield € was defermined by separate experiments which resulted in £€=0,67 and an
ass¢ciated standard uncertainty u(e)=0,04.
The input data and theirassociated uncertainties are given in Table 21. The PDFs assigned to the input
datf and used in the-application of ISO 11929-2 are also given in Table 21.
Table 21 — Input data, intermediate values
Quantity Symbol Data
Nuinbet, of samples, blanks and Mg, My, M, 1,1,20
ref¢rence samples
Number of recorded events for the n; 74 349; 67 939; 88 449; 83 321; 66 657; 64 094, 74 348;
reference samples 93 576; 56 402; 66 785; 78 194; 69 221; 63 965; 70 503;
74 220; 97 422; 74 476; 71 784; 68 235; 74 989
Number of recorded events for the ng 2040
samples (gross effect)
Number of recorded events for the ng 817
blanks (background effect)
. Standard
Quantity Symbol Value uncertainty PDF
measurement durations to Lo & 30000s —
Sample mass m with u(m) 0,100 kg 0,001 kg N[m;m,u(m)]
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Table 21 (continued)

Quantity Symbol Data
Detection efficiency k with u(x) 0,51 s1Bq1 0,02 s1Bqg? N[&;x,u(x)]
Chemical yield & with u(e) 0,57 0,04 N[&;e,u(€)]
Intermediate values
Quantity Symbol Value
Mean values n, 73 946,5
Auxiliary quantity U, 10 771,3
Influence pprameter Y=u. /n. 0,146

The PDFs| of the calibration factor and of the count rates were chosen according to [the
ISO/IEC Gpide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3, for a detailed description and
ISO 1192941:2019, A.3 for the general methodology.

15.4 Evaluation of the measurement and characteristic limits accordingto ISO 1192941

15.4.1 Determination of the relative uncertainty of the sample treatment

By analysing m, reference samples, the relative uncertainty of the sandple treatment was determined
by

O=u |7 (182)

r

=

with the ayxiliary quantity, u

2 m.—l_
= n.+
m|. —3 m

1 &
u — 2 1)’ (183)
i=1

r

This yields| the relative uncertainty of the sample treatment

1|[/m.-1 y
p=—||——n + Y (n; 7<1,.)* =0,146 (184)
n. \ m.-3 mr—3l._1 ’

15.4.2 Background effect

The count|rate of the background effect has been measured by an analysis of a blank sample. [The
number of countedpulses ny is given in Table 21. One calculates the background count rate by

ry =—4=050272s"" (185)

Its standard uncertainty associated with the background count rate is given by:

2 2
ng +9° -nj

t5

u(ry)= =0,00408s™! (186)

15.4.3 Primary result and its associated standard uncertainty

The mass-related activity is calculated from Formula (177). This formula depends on the calibration
factor the input quantities of which and their associated standard uncertainties were determined
independently.
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The calibration factor is calculated by:

1
m-k-€

w= =34,40s Bq-kg ! (187)

The relative standard uncertainty of the calibration factor u., (w)=u(w)/w is calculated by:

gy (W)= (m)+ 2 (€)+ %, (x) =0,0810 (188)
which vields
u(w)=2,79s Bq-kg (189)

The primary result a,,, of the measurement is given by:

t, to

n
a, :[—g—n—OJ-W:LZ}OBq-kg_l (190)
g

The standard uncertainty u(a,, ) associated with the primary measurément result a,, is cajculated as

u(am):\/wz [ (ng +9%-n2) [t +(ng +0* -n3)/t5) |+ afy - (w)=0,389Bq kg " (191)

15.4.4 Standard uncertainty as a function of an assumed true value

The standard uncertainty i(a,,) as a function of the true value a, of the measurand is needed to
calqulate the decision threshold and the detection limit.

For|an assumed true value of the measuraiid a,, one expects i, =d,, /w+ny/t, and one obtains with

Fornula (181) and u? (ng) and u? (ng) from Formula (179)

21 -9 1 n n2 9% ny+09% nk

~e~ ~2 2 2 ~ 0 2 0 0 0 0

u(am)=\/am[19 +urel(w)]+am~w( . +t—]+w [t . + 7 + 7 (192)
0 0°"g 0 0

g

15.4.5 Decision thresheld

The value of thecquantile k;_, of the standardised normal distribution ®(k,_,)=1-¢ is 1,645
assyiming a probability a of 5 %. The decision threshold of the activity is calculated by:

2 2 2 2
* U +0° -
a2y Jw? | —0 10T T0TY Mo g 327Bq kg (193)
toty 5 5

The measured primary result a,, exceeds the decision threshold a;; .
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15.4.6 Detection limit

The probability f is set to 5 %. Then, the value of the corresponding quantile kl—ﬁ of the standardised
normal distribution is 1,645. The detection limit is calculated by:

af:lza:n+
2ny - 0? n nd-9*  ng+0%-nd
ki_g afflz[ﬁ2+ufel[w)}+ar#n~w 0 +i +w? 0,0 ot 0 5 0 (194)
to Ly oty tp to
=0[826 Bq-kg ™"

The guidellne value ay, . exceeds the detection limit affl .

15.4.7 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage interval are ealculated since|the
measurement result a exceeds the decision threshold a;‘n . With w=9®la,, /u(a,)]=1,00 pand
¥ =0,05 one obtains the probabilities by p=w-(1-y/2)=0,975 and q=1-@~y/2=0,975, and hgnce
the quantiles k, and k, are both equal to 1,96. Then, the lower and upper limits of the probabilistiqally
symmetridcoverage interval are given by:

ay =aj, —kp-u(ay)=0,641 Bq-kg™! and a, =a,, +kg -u(aym)=2,165 Bq-kg ! (195)

Alternativgly, the lower and upper limits of the shortest“coverage interval are calculated. With
o=P[ay, fu(ay)]=1,00, one obtains p=[1+w-(1-y)]/2=0,975, and hence the quantile k, is equal

to 1,96. With this, the limits of the shortest coverage intérval according to Formula (196) are

ay, =a}, —kp-u(ay)=0,640 Bq-kg™! and a, =a,, +ky, -u(ay,)=2,16 Bq-kg ! (196)

15.4.8 Thie best estimate and its associated standard uncertainty

The best egtimate a_ of the activityof the sample is given by:

u (am ) - exp {—arzn/[Zu2 (am )}}

i =d_+ =1,40 Bq - kg (197)

P 2

with its asociated stahdard uncertainty u(d )

u(an )| fu¥(ay) - (a - )y = 0,389 Bq kg™ dos)

15.5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

The results and characteristic limits are summarized in Table 22 and the PDFs obtained by the
Monte Carlo simulations are presented in Figure 11.

Table 22 — Results and characteristic values

Results Symbol Unit IS0 11929-1 1SO 11929-2
Primary result an Bqg-kg1 1,40 1,412
Standard uncertainty associated with the prima- u(ag, ) Bqkg! 0,389 0,393
ry result
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Table 22 (continued)

Results Symbol Unit IS0 11929-1 IS0 11929-2

Relative standard uncertainty associated with

the primary result Uyl (0 ) 1 0,277 0,278
Decision threshold a. Bq-kg! 0,327 0,330
m
Detection limit at Bq-kg! 0,826 0,823
Best estimate a. Bq-kg! 1,40 1,41
Sta ndard ||nr‘nvfaihf}7 assaociated with the hogt ( ) BokaT 07389 0 393
u(a q-Kg~ : )
estjmate m (\9/
Relhtive uncertainty associated with the best u () 1 0,277 (N 0,278
estjmate rel \"m R
_ P : P
Lowyer llmlt of the probabilistically symmetric o Bqkg! 0, %) 0,665
coverage interval m O
T P : ~J
Upper llmlt of the probabilistically symmetric & Bqkg! N2 17 2.210
coverage interval m A
A
Lower limit of the shortest coverage interval as, Bq-kg; CD 0,640 0,647
Upper limit of the shortest coverage interval a; B?kg\ 2,16 2,190
Z
O
JCHTav I
= | T \o,l T | T
1,0 E E
08 F E
06 F 3
04 F 3
02 E
0'0 il L
0 3
[T LI B B S B B B B R
5 1 1 1 1 I 1 1 1 1 E
1,5
12 |
10 E ! E
08 E l E
06 F : 3
04 F 3
02 [ 3
0,0 b | T T T =
-0,5 0,0 0,5 1,0 1,5
NOTE The blue PDFs are the respective Gaussian approximations. The blue vertical lines indicate the best

estimate and the limits of the coverage interval (upper panel), the decision threshold (middle panel) and the
decision threshold and the detection limit (lower panel).

Figure 11 — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in red colour
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15.6 Assessment and explanations

The assessment according to ISO 11929-1 concludes the following:

— The primary measurementresult a,, =1,40Bq- kg ™! exceedsthe decision threshold a; =0,33Bq-kg !
. It was decided to conclude that an activity per unit mass of the sample was recognized.

conclude that the measurement procedure is suited for the measurement purpose.

The detection limit a” =0,83Bq-kg™ is below the guideline value ap, =1 Bq-kg™. It is decided to

Theloy

>
and a,]

Thebe

The model
of ISO 1192
by applica
Table 22. T
truncated

16 Dose

16.1 Defi

As an illus
numerical

dosemeter

Itis assum
further as
calibration

duration t
A guideling

16.2 Mod

ver and upper limits of the probabilistically symmetric coverage interval are a_, =0,64 Bgy

=2,17Bq-kg!. These limits are identical to the limits of the shortest coverage intefval.

stestimateis éf =1,40 Bq-kg ™ withanassociatedstandard uncertainty u(a, )40,39 Bq-

of evaluation is linear, and there are no dominating large uncertainties.so'that the applica

Fion of ISO 11929-2 are practically identical with those obtained by ISO 11929-1:2
he ISO/IEC Guide 98-3 approximations, assuming normal PDFs@nd using a Taylor expan
hfter the linear term, hold.

measurement using an active personal dosemeter

nition of the task and general aspects

rration for the application of ISO 11929 (all'parts) to others than counting measuremen
example for the determination of a @ersonal dose equivalent H,(10) with an ac

and the calculation of the characteristic limits is given in this Clause 16.

bd that the dosemeter is used for-an entire working day and afterwards the dose is read.
sumed that in the context of.the calibration of the dosimetry system the correction
factors and the background'dose rate M;, due to the ambient radiation during the expos

and their associated standard uncertainties were independently determined.

value of H, . (10)=10uSv is assumed in the example.

el of evaluation and standard uncertainty

kg~

fion

9-1isjustified. This is a case with small or minor relative uncertainties. The results obtained

D19,
bion

s,a
tive

[tis
and
ure

The model|of the evaluation is given by:
H, (10 :(Mg—Mh~tn)-&:(Mg—Mk~t,,)~w (199)
Trel
with
H, (10) personal dose equivalent in pSv;
M, reading of the dosemeter in uSv;
M, background dose rate during the time of exposure in uSv per hour;
to time of exposure in h;
Ny calibration factor measured independently in a reference radiation field;
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Irel relative response as determined e.g. during type testing;
w= & composite calibration factor;

Trel
u constant standard uncertainty of M,.

The standard uncertainty u[H, (10)] associated with the personal dose equivalent H,,(10) is given by:

u? (H,(10))=u? (Mg — My, -to)-w? +(Mg — My -t ) > u’ (w)
(200)

2 2,2y 2 2 22
=u"(Mg)-w” +u”(Myp)-t," -w” +Hp (10) “ upe (W)

with

2 2 2
urel(W):urel(N0)+urel(rrel) (201)

16.3 Available information, input data, and specifications

The input data and their associated uncertainties are given in Table. 28" The PDFs assigned to the input
data and used in the application of ISO 11929-2 are also given in Table 23.

Table 23 — Input quantities and data for personal dose

Quantity Symbol X; u(x;y PDF Unit
Rectangular as the display
Redding of the dosemeter M, 20 0,2887 has a resolution of 1 digit, uSv

half-width 0,5 digits

_ Gaussian as the value was de-
Badkground dose rate M, 0,1 0,016 0 termined by several repeated || pSvhl
measurements

Tinje of exposure te 8 — — h

Rectangular as the official
verification measurement
Callbration factor Ny 1,0 0,115 47 only requires "result shall be 1
within £20 %",
half-width 0,20

Rectangular as the type ap-
proval requirement is "result
shall be within +40 %",
half-width 0,40

Relptive response.and cor-

reclion factor Irel 1,0 0,230 94

With regard to the calculation of the decision threshold and the detection limit, the grosq indication
Mg|is the analogous quantity to the gross count rate x; in the general model of evaluatipn given in

[SOTT929-1. However, the actual example 15 ot a counting measurement and demonstrates that the
possible application of ISO 11929 (all parts) extends far beyond counting measurements. The particular
feature of this example is that the gross indication M, has a constant uncertaintyu, which allows

calculating the standard uncertainty of the measurand as a function of an assumed true value in 16.4.3.
16.4 Evaluation of the measurement and characteristic limits according to ISO 11929-1

16.4.1 Background effect

The background dose rate Mb is set by assuming an average ambient dose rate of 0,1 uSv per hour. The
standard uncertainty was obtained from a Gaussian distribution, since the value was determined by
several repeated measurements resulting in u(Mb )=0,016 OuSv- ht.
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16.4.2 Primary result and its associated standard uncertainty

With the data of Table 23 the primary result of the personal dose equivalent is calculated to be

. N .
H,(10)=(My — My, ~1:e)-r—0=(Mg -My -t.)-w=19,20uSv (202)
rel
and its associated standard uncertainty
u[111[,(10)]=\/uz(1v1g ) w? +u? (My)-te” - w? + H, (10)? -ufy () =4,97 pSv (203)

16.4.3 Stg

The standg
to calculat

This functi

i*[H,

16.4.4 De

The value
assuming @

from Table|
Hp (10

The measy
equivalent

ndard uncertainty as a function of an assumed true value

rd uncertainty ﬁ[l:lp (10)]as a function of the true value I:IlD (10) of the measurand is nee
e the decision threshold and the detection limit.

on is available in this example. Since u(Mg )J=u=const., ﬂ[I:Ip (10)] is.given by:

10)]=u? -w? +u® (M)t -w? +1§rp(10)2 ey (W)

cision threshold

of the quantile k;_, of the standardised normal.distribution @(k;_,)=1-a is 1,

probability a of 5 %. The decision threshold is caléulated from Formula (204). With the (
23 the decision threshold is
" mky_y -0(0)=ky_y wu? +u? (M) t2-50,519 uSv 2

rement result Hp(10) exceeds the'decision threshold Hp(lo)* and hence a personal (
greater than zero has been detected.

ded

04)

645
lata

05)

ose
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16.4.5 Detection limit

The probability f is set to 5 %. Then, the value of the corresponding quantile k1—ﬂ of the standardised

normal distribution is 1,645. The detection limit follows from Formula (204) with the decision threshold
as given in Formula (205).

H,(10)*=H,(10) "+ k;_g -, (10)=H, (10)*]

(206)
* . 2
=H,(10) +ky_g ~\/u2 w? +u? (M) t,2 - w? +Hy (10)* uly (w)

The— {5 cgluad by laration is selected
2-1-'; (10)=1puSv. This iteration is almost always convergent; otherwise the measurement|procedure

is cpmpletely unsuitable. Using the data from Table 23 the detection limit is

# * T #

H,(10)" =H,(10) +kq_g-u[H,(10)=H,(10)" ]=1,27uSv (207)

Sin

The
smd3

16.

The

2-H,(10)
1-k% -u?,; (w)

rel
detection limit is compared with the limit for legal or othér requirements. If the detect
ller than the limit, the method for determining the photon dose is useful in the personal

# _ —
H,(10)* = =1,27 uSv

1.6 Limits of coverage intervals

limits of the probabilistically symmetric caverage interval, H;' (10) and Hg(lO) and

e a=f, ki_q =ki_g =k . The detection limit can also be calculated by the explicit Formpla (208):

(208)

ion limit is
dosimetry.

y=0,05 of

the[personal dose equivalent is calculated for the probability 1 - y = 0,95 for the obtained jalue of the
perfonal dose equivalent Hy (10)=A19,20uSv  with the associated standard yYncertainty
u[H,(10)]=4,97uSv . From the standard normal distribution results the parameter

w=P(H,(10)/u(H,(10))J=P(3,85)=1,00 (209)
and with

p=w-(1-v/2)=0,975 and q=1-w-y/2=0,975 (210)
and the quantiles of the standardised normal distribution k, =1,96 and k, =1,96, respe¢tively, one
obtpins thelimits of the probabilistically symmetric coverage interval

H(10)=H,(10)—k, -u[H,(10)]=9,47 uSv (211)
and

H;(lO):Hp(10)+kq ‘u[H,(10)]=28,94 pSv (212)

The limits of the shortest coverage interval, H; (10) and H;(IO), of the personal dose equivalent is
calculated for the probability 1 - y = 0,95 for the obtained value of the personal dose equivalent
H,(10)=19,2uSv with the associated standard uncertainty u[H,(10)]=5,0uSv.

With a)=q§((Hp (10)/u(HlD (10))=2(3,85)=1,00, the limits of the shortest coverage interval are
identical to those of the probabilistically symmetric coverage interval.
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16.4.7 The best estimate and its associated standard uncertainty

The calculation of the best estimate and its associated standard uncertainty can be omitted since
w=q§{Hp(10)/u[Hp(10)]}=¢(3,85)=1,000. Consequently, the best estimate and its associated

standard uncertainty are equal to the primary measurement result and its associated standard

uncertainty, respectively. The results are given in Table 24 anyway.

16.5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

I
approach are presented in Figure 12.

Table 24 — Results and characteristic values

the

Results Symbol Unit ISO 11929-1 S0 11929-2
Primary repult of the personal dose H_ (10) Sy 19.2 20.3
equivalent P H ’ ’
Standard upcertainty associated with
the primary result u[H, (10)] uSv 5.0 5,6
Relative stgndard uncertainty associat-
ed with the primary result U [Hy, (10)] 1 0,26 0,28
Decision thfreshold Hp (10)* uSv 0,5 0,6
Detection ljmit H, (10)# uSv 1,3 1,2
Best estimdte H, (10) WSV 19,2 20,3
Standard upcertainty associated with -
the best esfimate u[Hp (10)] HSv >0 56
Relative unkertainty associated with the -
best estimdte Upel [Hp (10)] 1 0,26 0,28
Lower limif of the probabilistically sym- <
metric covgrage interval Hp (10) uSv 9,5 12,3
Upper limit| of the probabilistically sym®- >
metric covgrage interval Hp (10) uSv 289 33,1
Lower limit of the shortest coverage <
interval H;(10) uSv 9,5 11,5
Upper limif of the shortest€oyerage >
interval H; (10) uSv 28,9 31,4
f(f,(10)|H,(10), Hy(10) > 0)

n'1n = T 1 L 1 H

0,08 | l l =

0,06 |- : ' H,(10) 3

0,04 ' | 3

0,02 | ! 3

0,00 &

10 20 40
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