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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.

The

des

diffi
edit

Attd

pat

anyj
on 4

Any
con

For

exp

Wo

URI

Thi

and|

Thi
ISO
wit

met
Suppl.1.

Ali

Any
con|

©IS

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‘mee
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 second edition of ISO 11929-4.together with ISO 11929-1:2019, ISO 11929-2
11929-3:2019, cancels and replaces SO 11929:2010, which has been technically revised,
h reference to the type of statistical treatment of the data and extended with resy
hodology of uncertainty asséssment from the ISO/IEC Guide 98-3 and the ISO/IEC Guide

5t 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.
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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.

NOTE1 Conformity with regulatory limits, constraints or reference values can only be demonstrated taking
into account and quantifying all sources of uncertainty. Characteristic limits provide - in the end - the basis for

deciding ac

ISO 11929
It is applic
radiation.

The limits {
allow dete

this measurand as follows:

the “de
by the

the “d
detect
or not
intend

epting results under uncertainty.

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

o be provided according to ISO 11929 (all parts) for specified probabilities efiwrong decis
Ction possibilities to be assessed for a measurand and for the physicaleffect quantified

cision threshold” allows a decision to be made on whether or not the'physical effect quanti
measurand is present;

ion.
ring

ons
| by

fied

ptection limit” indicates the smallest true quantity valuéof the measurand that can still be

bd with the applied measurement procedure; this givesiand allows for a decision on whet
the measurement procedure satisfies the requirements and is therefore suitable for
bd measurement purpose;

the “li

its of the coverage interval” enclose, in the case of the physical effect recognized as pres

her
the

ent,

a coverage interval containing the true quantity value of the measurand with a specified probabillity.

Hereinafte}, the limits mentioned are jointly called-“characteristic limits”.

NOTE 2 ccording to ISO/IEC Guide 99 updated by JCGM 200:2012, the term “coverage interval” is ised
here insteadl of “confidence interval” in order to distinguish the wording of Bayesian terminology from thjt of
conventiondl statistics.

All the chafracteristic values are based on Bayesian statistics and on the ISO/IEC Guide 98-3 as we
[EC Guide 98-3:20087/Suppl.1 and ISO/IEC Guide 98-3:2008/Suppl.2. As explained in detafl in

on the ISO
ISO 11929

of probability distributions-of the possible measurand values.

Since meas
measurem
general pr
see also Re
on the one

2, the characteristievalues are mathematically defined by means of moments and quant

urement uncertainty 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
cedures*according to the ISO/IEC Guide 98-3 and to the ISO/IEC Guide 98-3:2008/Sup]j
ferences [21 to 25]. This enables the strict separation of the evaluation of the measureme

las

iles

h of
the
Dl.1;
nts,
ind.

hand, and the provision and calculation of the characteristic values, on the other h

ISO 11929

(all parts) makes use of a theory of uncertainty in measurementi<2 ™ 28I based 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 values[#ll, 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 extendingthe 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.

© 1S0 2020 - All rights reserved ix
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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
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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 (JCGM:2008). 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
ISO 11929-3. UncertRadiol#[41] which 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 1: Guide to the expression of uncertaint]

measuremsgq

ISO/IEC Gy
expression
JCGM 101:2

ISO/IEC Gy
expression

TH{OTTIT UTICeT taiTty propagation,erthreramaty ticatty or—by—theMomnte—€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, JCGM 100:2008

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.l, ISO/IEC Guide 98-3:2008/Suppl.1,
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 http://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.

hte Xi

tew

f interest

'y meas-

isurement

an

m mass of the test sample
Ny number of Monte Carlo trials performed
X, input quantity (i=1,..,m)
measurand, quantity of interest
G model of evaluation connecting the input quantiti€s'with the measurand
Y=G(X{, X))
X; measured value of the input quantity X, estimate of the true value X; of
X; possible or assumed true values of thextnput quantity X;
u(x.) standard uncertainty of the input guantity X; associated with the estim
Ax; width of the region of the possible values of the input quantity X;
Ul (w) relative standard uncertainty of a quantity W associated with the estima
y possible or assumed-true values of the measurand; if the physical effect g
is not present, then"y=0 otherwise, y>0
y determined.value of the measurand Y, estimate of the measurand, prima
urement fesult of the measurand
Y valu€sy from different measurements (j=0,1,2, ..)
u(y) Standard uncertainty of the measurand associated with the primary mej3
result y
u(y) standard uncertainty of an estimator of the measurand Y as a function o
assumed true value y of the measurand
y best estimate of the measurand
u(y) standard uncertainty of the measurand associated with the best estimat
y* decision threshold of the measurand
y detection limit of the measurand
Ve guideline value of the measurand
¥,y lower and upper limit of the symmetric coverage interval, respectively, o

measurand
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Yoy

f(31y)
f(yly,Y=0)

f(y|y=0)

lower and upper limit of the shortest coverage interval, respectively, of the
measurand

posterior probability density function (PDF) for a true value y given the esti-
mate 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 esti-
mate 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
= aftlhha o caina o AV e occiinn d

L

fly=y*

Ga(7;n,1/1

L

N(x;x,u(x])

—r

R()?;XL,XU

T(%;a,b)

predictive probability density function (PDF) to obtain a measured value yifia tfue
value j=y* of the measurand Y equal to the detection limit y* is assumed

Rl

Gamma distribution as the probability density function (PDF) of thetrue value
of a count rate R given n counts obtained during a counting time ¢/see 1ISO 11929
2:2019, Annex A, for details.

Normal or Gaussian distribution as the probability densityfunction (PDF) of the
true value X of a quantity X given an estimate x with its.associated standard
uncertainty u(x)

Rectangular distribution as the probability density function (PDF) of the true value
x of a quantity X given the lower and upper limits x; and x;

Triangular distribution as the probability‘density function (PDF) of the true valfie
X of a quantity X being the sum of twq quantities, Aand B being assigned rectgn-
gular probability distributions with;the lower and upper limits a; and b; respe¢

tively a;; and b, and with a=qa; +b; and b=ay +b; .

x<0
x>0

estimate of the gross.count rate and of the background count rate, respectively

0
Heaviside step function: H(x)={1 for {

estimate of the(net count rate
number of-epunted pulses obtained from the measurement of the count rate R,

numbep of counted pulses of the gross measurement and of the background meds-
urement, respectively

neasurement duration of the measurement of the count rate RI.

duration of the gross and the background measurement, respectively

estimate of the count rate R;
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
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1-y probability for the coverage interval of the measurand

q, quantile of a distribution for the probability p

D(x) distribution function of the standard normal distribution

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

5 Swmmaryefthisdeewment———

5.1 Procedures according to ISO 11929 (all parts)

[SO[11929-1 standardizes the evaluation of measurements of ionizing radiatienfor a wide range of

modlels of evaluation and the calculation of characteristic limits (decision threshpld, detectig
ts of coverage intervals) on the basis of the ISO/IEC Guide 98-3. However, important exceptions exist
which the procedures do not provide reliable results and other procedures need to be ap
hose described in ISO/IEC Guide 98-3:2008/Suppl.1. Such procedures-are dealt with in I
h the aspects of the procedure and the tools to ascertain whether’'ISO 11929-1 or ISO

lim
for
as t
Bot
suit

It is
pre
Hov
whyd

5.2

Thi
The
alsa
und

NO'I
the

tob
assi

A c1
It r¢
the
mol
i.e.
alsd

able or not for the specific application are described in ISO 11929-1.

Survey on the examples

5 document gives numerical examples _af)elementary applications of ISO 11929-1 and IS

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

E1 The Monte Carlo calculations were performed in this guide with 1 000 000 trials. As a ¢
results for the characteristie-values remain uncertain in the third significant digit. In addition,
e aware that the necessary-niumber of trials depends significantly on the model of evaluation and

iterion whetherISO 11929-1 or ISO 11929-2 is to be preferred in practice is given in [EC
tcommends #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

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

n limit and

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

a characteristic of measurements of ionizing radiation‘\that they have to be perforned in the
bence of a radiation background, which has to be subtracted from a gross measuremer
vever, the procedures described in this documentdikewise are applicable to any me3
re a background or blank contribution has to be subtracted from a gross quantity.

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,

W similar model function and similar or smaller values of the uncertainty of the input quanptities”. See

ISO\1'1929-1:2019, 5.3.

The

©IS

examples, the models, and the data are exemplary and not normative.
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In ISO 11929-1, a quite general model is specified as follows:

X6 .X8 s
y=(x; =%, X3-x, ) =(X) =XpX3 =X, )W (1)
XS .X7 e
with
X .X e
w=_6""8 (2)
XS .X7 cen
Where Xl - lg ;D thC 61 Uoo LUullt ) atc Cllld A2 —IO ;D thC ba\,}\sl Uulld LUullt I CltC. ThC UthCl ;uyut \,luaut; leS,
x;, are callbration, correction or influence quantities, or conversion factors, for instance the emission
or responge probability. In particular, x; is a shielding factor and x, an additional background
correction|quantity. If some of the input quantities are not involved, x;=1 (i=3;i%4), x, =0 and
u(x;)=0 shall be set for them.
NOTE 2 Lenerally, physical quantities are denoted by uppercase letters and have to be carefully distinguighed

tion
ent.

from their v
is made bet
Only lowerg

alues, denoted by the corresponding lowercase letters. However, for sake.af simplicity no disting
ween uppercase letters for quantities and lowercase letters for values throughout this docun
ase letters are used because the examples deal with values rather thafhwith quantities.
In this doc b is:

o]

(3)

ment, the simplest form of Formula (1) used for most exaniples for ease of understandin

y:(x1 — X, )~w=(rg -1 )w
ate
h in

This simple
relative u
Clause 6.

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

Small coupt numbers provide a particular problem in counting measurements since the informagion
about the gssociated count rates is scarce. Anexample 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

Clause 8 gjves an example of a countingurieasurement with uncertain counting geometry where
uncertaintjes of the calibration factoy“are generally large and where, in consequence, a domina
uncertaintl exists for a quantity in the numerator of the calibration factor of Formula (2).

Clause 9 giives an example ofia)counting measurement in form of a wipe test where the uncertainties
are generdlly large and where, in particular, a dominating uncertainty exists for a quantity in|the
denominatpr of the calibration factor of Formula (2).

Clause 10 [is an example where large uncertainties occur due to shielding of the background 3
the case ofmeasurements with a portal monitor.

Clause 11 exempllfles also the general model accordlng toF ormula (1] by deallng w1th the cleara
measuremes 5 eHYEH i
natural rad10act1v1ty in the background.

Clause 12 exemplifies the general model according to Formula (1) by dealing with the y-spectrometry
of 235U with an interference from 226Ra.

Clause 13 deals with the case of measurements of ambient dose rates with a measuring device of
unknown functionality and algorithm, i.e. a so-called black box measurement according to A.4
of ISO 11929-1 where no technical details about the measuring procedure are known and only readings
of a device are available.

The particular cases of counting measurements with unknown random influences from the sample
treatment according to ISO 11929-1:2019, A.2 are dealt with in Clause 14.

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=7c552c1893ebdf653378cc37a2f5d1f8

1SO 11929-4:2020(E)

The case of counting measurements with known random influences from the sample treatment
according to of ISO 11929-1:2019, A.3 is dealt with in Clause 15.

The examples in Clause 16 and Clause 18 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 ISO 11929-1
and ISO 11929-2 is dealt with in Clause 17. In this example it is known that the measurement is a
coupting measurement. However, the actual gross and background count numbers areaupknown. In

spitle of that, the standard uncertainty as a function of an assumed true value of the measu
calqulated using a general feature of the relative uncertainty of the gross indication.

the reader to judge the appropriateness of both methods. In all examples, the probe
metric coverage intervals as well as the shortest coverageiintervals are calculated. The 1
brage intervals and the best estimate and its associated{standard uncertainty are also
ases where the primary measurement result is below:the decision threshold, in spite

ISO 11929 (all parts) requires only to calculate the coverage intervals if the primary me
restilt exceeds the decision threshold.

Small y/u(y)-values, i.e. large relative uncertairties of the primary measurement result, ca
smgll count numbers (example in Clause 7) orto large relative uncertainties of the calibration
latter ones can be due to relatively large ungertainty of a component in the numerator of the
factor (example in Clause 8) or due to such a component in the denominator of the calibrg

(exqmple in Clause 9).

Ag
Sma
i.e.

sho
and

bneral assessment regarding.the relevance of the choice of the coverage interval in 1
1l y/u(y)-values given thé decision threshold is not possible. Therefore, all character
the decision threshold, the detection limit and the limits of the probabilistically symmet
[test coverage interval)are calculated in this document for each example in order to allow
judging about the.rélevance of the different coverage intervals given the actual data.

In models of evalyation with x5 =1, u(x3) = 0 and x4 = 0, u(x,) = 0, the decision threshold does
on the uncertainty of the calibration factor. The decision threshold depends on the un
of x; and x,4n) case of x3 # 1 or x, > 0. The example of a portal monitor is one of the cases

and can be

es for the
0 11929-1

n order to
bilistically
mits of the
calculated
of the fact
asurement

h be due to
factor. The
calibration
tion factor

he case of
stic limits,
ric and the
discussing

hot depend
certainties
where the

decjsion thteshold depends on the uncertainty of the shielding factor. Also, the example for
modlel{gamma-spectrometry of 235U with interference by 226Ra) is such a case as well as t

he general

e example
regarding the clearance measurement with consideration of natural radioactivity.

From the didactic point of view one has to distinguish four cases that often lead to misunderstandings
and, therefore, need clarification.

This case is characterized by y*<y and y* <Y,.. A primary result above the decision threshold was

obtained. One decides to conclude that an effect of the sample was recognized. The detection limit is
lower than the guideline value. One concludes that the measurement method is suitable for the
measurement purpose.

A frequent misunderstanding results from comparison of the primary measurement result with the
detection limit. Such a comparison is not according to the stipulations of ISO 11929 (all parts). The only
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characteristic limit to be compared with the primary measurement result is the decision threshold, 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, A result below the decision threshold was obtained.

One deCId S fr\ r‘nnt*]nr]a that no nFanf nF f]f\n c')mn]a IASS vnr‘ngnlvar]’ fhnug]« \1' mlg]ﬁf ha pv‘ncanf The

detection limit is lower than the guideline Value One concludes that the measurement methof is
suitable for the measurement purpose.

See Clause|7 for an example.

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

This case ik characterized by y*<y and y, <y*. A result above the decisiom.threshold was obtaiped.

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

Neverthelgss, y>y* is a primary measurement result with its agseciated standard uncertainty, which
needs no jystification regarding to the suitability of the procedure.

See Clause|14 for an example.

This case is characterized by y<y* and y. <y*. Aprimary result below the decision threshold fvas
obtained. ()ne decides to conclude that no effect*of’the sample was recognized. The detection limjt is
higher thah the guideline value. One concludestthat the measurement method is not suitable for|the

measuremgent purpose and does not satisfy the measurement purpose. In total, the procedure is[not
suitable and the measurement was not successful.

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

NOTE4  In this document, the guideline value, Ve in comparison with the detection limit, y#, simply sefves

to demonstrate the decision whether or not the measuring procedure is suitable for the measurement purpgose.
This documgnt does not prowide stipulations whether or not a measurement result, y, conforms to requirerpent
from legal for other soufces. Such assessments are beyond the scope of this document. An applicatioh of
1SO 11929-1 to such confoermity assessments can be found elsewherel43],

5.3 General stipulations

First, the model of evaluatlon is glven then the 1nput data as well as thelr PDFS are spec1f1ed The
evaluation of the measurement and the calculation of the characteristic limits according ISO 11929-1
are presented in detail. The standard uncertainties are calculated according to the mathematical
formalism of the ISO/IEC Guide 98-3.

The Monte Carlo calculations according to ISO 11929-2 were performed with the code UncertRadiol4?]
[41], The results of both evaluations (according to ISO 11929-1 and ISO 11929-2) are summarized. Finally,
a comparison of the results obtained by application of ISO 11929-1 and ISO 11929-2 is given together
with a documentation of the results and an assessment of the measurement.

For the purpose of comparison, both the probabilistically symmetric coverage interval and the shortest
coverage interval are calculated. In a real case the regulator or customer has to decide which coverage
interval has to be calculated.
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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 is 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

n factor is

6
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evaluated by applying the ISO/IEC Guide 98-3. See Annex A for an example of the determ
calibration factor.

Counting measurements with small or moderate uncertainties

Definition of the task and general aspects

activity of a radionuclide in a sample is investigated by a countinguneasurement. This is
mple according to the general model of ISO 11929-1.

comparison between the primary measurement result)and the decision threshol

nation of a

simplified

|l provides

rmation on whether or not an activity of the sample is observed. If the primary measureent result

rger than the decision threshold, it is concluded that anractivity of the sample has been g

hideline value a.=3Bq is to be compared with thé“detection limit. If the detection limi

h the guide value, it is concluded that the mieasuring method is suitable for the me
pose.

Model of evaluation and standard uncertainty

measurand is the activity in th€ sample. The primary result a of the measurement as an
true quantity value of the measurand is calculated by the model of evaluation using pre:s
counting times

by

standard upeertainty u(a) associated with the primary result a is calculated by

n
u? (a)=r2"u? (w)+w?-u? (r, —2+—g +a? ut
2 el

)=w?-

(w)

bserved.

[ is smaller
asurement

bstimate of
election of

4

(5)

6.3

Avallable information, Input data, and speciiications

The input data and their associated uncertainties are given in Table 1. The PDFs assigned to the input
data and used in the application of ISO 11929-2 are also given in Table 1.

Table 1 — Input quantities and data

Quantity Symbol X; u(x;) PDF Unit
Number of counts of the gross ng 21670 — — 1
measurement
Count time of the gross ty 1200 — — s
measurement
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Table 1 (continued)

Quantity Symbol X; u(x;) PDF Unit
Number of counts of the back- n 73150 — — 1
ground effect
Count time of the back- to 12 000 — — s
ground effect
Calibration factor w 4,1 0,6 N(w;w,u(w)) Bgs

Intermediate values

£ £ 10 N~ 0120 Voot 4t =1
Grosgeotuntrate U TO; 00 O Tz UaLIg,llg,L/ ng S
Courft rate of the back- o 6,10 0,022 5 Ga(ry;ny,1/¢,) sl
groupd effect

The PDFs| of the calibration factor and of the count rates were chosen acgording to

ISO/IEC GY

6.4 Evaluation of the measurement and characteristic limits according to ISO 1192941

6.4.1 Balckground effect

The backg
n, =73150

My

r_
0
)

The standd
u(r 0 )5

6.4.2 Pr

The activit
factor w, wi

w=4,1

Upe) (W

The activit]

. This gives a count rate of

=6,096s1
n,
/—0 =0,0225s1
t2
0

Bqgs , u(w)=0,6Bqs,
=0,146

y a of the.sample is given by

rd uncertainty of the count rate is given by

mary result and its associated standard uncertainty

ide 98-3:2008/Suppl.1; see also [SO 11929-2:2019, 6.3 for a detailed description.

y of the sample is calculated by using the Formula (4). This relation depends on the calibra
hich needs to be evaluated first, as well as its standard uncertainty u(w).

the

round effect of the sample has been measured. The fiumber of the counted pulsef is

(6)

(7)

fion

(8)

with the standard uncertainty

n, n
u(a)=, |r?-u? (w)+w?- —§+—0 =7,20Bq

10

2
t2 g

(9)

(10)
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6.4.3 Standard uncertainty as a function of an assumed true value

The standard uncertainty ii(a) as a function of the true value a is needed to calculate the decision

n
threshold and the detection limit. For a true value &:an=[Fg _t_O]W of the measurand, one expects a
0
. a n . .
gross countrate 7, :_+t_ and with Formula (5) one obtains
w
0
= - a nhy n ~
02 (@)=F2-u* (w)+w?-u? (7, )=w? ~(—+—°+—91+02 uzy (w) (11)

\ng T % )
6.4/4 Decision threshold

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

=k -a(0)=k 2| 2o Mo |0 5048 12
a—1ﬂ'u()—1ﬂ'w‘;+—2—: q (12)
0o &
g
Thed measurement result a exceeds the decision threshold a*,

6.4/5 Detection limit

The probability B issetto5 %. Then, the value of the¢orresponding quantile kl—ﬁ of the standardised
normal distribution is 1,645. The detection limit is\calculated by iteration, which leads to

a* =a* +k1—[3 -ﬁ(a# )

# n n (13)
=a"+ky_g -\/a#2 ut ) (w)+w? a_+_0+_(2) =1,08Bq
tgw tgto to
Singe a=f, k;_,, = 1-B =k . The-detection limit can also be calculated by the explicit formula
2'a) +(k? w)/t,
a* :a*+k1_ﬂ-ﬁ(a £ =1,08Bq (14)

1-k? '“Eel (w)

The guideline valyie/a, exceeds the detection limit a*.

6.4)6 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage interval are calculatdd since the
medsurement result g exceeds the decision threshold a* With m:(b[n,/u(n)]=1 00 and y:0,05 one

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

and kq are equal to 1,960. Then the lower and upper limits of the probabilistically symmetric coverage

interval are given by

a“ =a—k, -u(a)=34,94Bq and a~ =a+k, -u(a)=63,15Bq (15)
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Alternatively, the lower and upper limits of the shortest coverage interval are calculated according to
Formula (16). With @w=®[a/u(a)]=1,00, one obtains p=[1+w-(1-Y)]/2=0,975, and hence the

quantile kp

a< =a—k,-u(a)=34,94Bq and a =a+k, -u(a)=63,15Bq

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

6.4.7 The best estimate and its associated standard uncertainty

(16)

The best estimate a of the activity of the sample and its associated standard uncertainty u(d) are

given by

a=a+

n (a) -exp {—GZ/I:ZUZ (a)}}

and its ass
u(d) =

6.5 Docy

The availg

characteris

Applying 1
that the m¢{

f,(dla
C-H(d)

Analogous
the PDFs u

informatiop, input data, and spe€cifications.” Therefore, the respective posteriors are not repeated

each exam

The integr
exemplary

standard ulncertaintyjare calculated as the mean and the square root of the variance of the PDF accorg

to Formuld
The PDFs 1

=49,05 Bq

o2

pciated standard uncertainty

Juz (a)—(&—a)o& =7,20 Bq

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

ble information is a:{ng,tg,no,to,w,u(w)}; see 6.3" and Table 1. The results

tic limits are summarized in Table 2.

b0 11929-2 the marginal posterior for the true value of the measurand taking into accc
basurand is non-negative is given by

):
+oo
: j Ga(7, ;n, ,1/t,)-Ga(7y;n, ,1/::0)-N[w;w,u(w)]-a[a—(fg -7y )-w] dF, dfy d

nder the integrals are(replaced by those indicated in the tables in the clauses “Avail

ble.

hl is solved using Monte Carlo methods using the code UncertRadiol49l. Annex B giveq
description 6f the procedure following ISO 11929-2. The best estimate and its associz

equired for the calculation of the primary measurement result and its associated stand

uncertaint

17)

18)

and

unt

[19)

formulae are valid for the\marginal posteriors of the other examples in this document if

hble
for

an
ted
ling

(19); the'limits of the coverage intervals are calculated as suitable quantiles of this PDF.

ard

y @s well as for the decision threshold and the detection limit are also given in Annex B.

The PDFs obtained by the Monte Carlo simulations are presented in Figure 1.

Table 2 — Results and characteristic values

Results Symbol Unit IS0 11929-1 ISO 11929-2
Primary result a Bq 49,05 49,05
Standard uncertainty associated u(a) Bq 7,20 7,19
with the primary result
Relative standard uncertainty as- U (a) 1 0,147 0,147
sociated with the primary result
Decision threshold a Bq 0,504 0,510

12
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Table 2 (continued)

1SO 11929-4:2020(E)

Results Symbol Unit 1SO 11929-1 I1SO 11929-2
Detection limit a* Bq 1,08 1,05
Best estimate a Bq 49,05 49,05
Standard uncertainty associated u(a) Bq 7,20 7,19
with the best estimate
Relative uncertainty associated u ( d) 1 0,147 0,147
with the best estimate rel
LowWer Iimit of the probabilistical- Bq 34,94 498
ly symmetric coverage interval X ):
Upper limit of the probabilistical- Bq 63,15 ('1/ 6317
ly symmetric coverage interval b; .
Lower limit of the shortest cover- Bq 34,94 (1(/:5’ 3494
ageinterval O)
Upper limit of the shortest cover- Bq 63,15 '\\ 6313
agdinterval O
(x102) fllaaz0) o )
1’2 :_ AO : _:
Lr ]
08 | ]
0,6 N ]
04 | .
02 ]
0 1 L
30 400 50 60 70 X
Y C\}‘
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C | ]
1 f a 3
O \ ]
os¥ * _;
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SR
< (x107) Flald= a*)
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1 | 3
0,8 \ 3
0,6 | 3
0,4 E
0,2 3
0 | L I
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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 1 — PDFs calculated by Monte Carlo methods according to ISO 11929-2 in red colour
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6.6 Assessment and explanations

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

— The primary measurement result a=49,05Bq exceeds the decision threshold a"=0,504Bq. It is
decided to conclude that an effect from the sample was recognized.

— The detection limit a” =1,08Bq is below the guideline values a.=3Bq. It is decided to conclude
that the measurement procedure is suited for the measurement purpose.

— The loywerand upper Hmits of the probabiiistically Symmetric coverage mmtervat are a<=34,94 Bq

and a=63,15Bq.

— The lower and upper limits of the shortest coverage interval are calculated as a<=34394Bq pnd
a” =63,15Bq.

— The begst 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 measurenjent
result is srpall, the results obtained by application of ISO 11929-2 are prdctically identical with tlose
obtained bl ISO 11929-1:2019, Table 2. The ISO/IEC Guide 98-3, approximations assuming normal PDFs
and using 3 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)dn ISO 11929-2:2019, Annex B, this holds
of for all fesults of measurements with y/u(y)=4, i.e, for measurement procedures with relaftive

uncertaintjes u., (y)<0,25.

For larger [relative uncertainties of the primary measurement result deviations between the limitls of
the two coverage intervals and between the primary measurement result and the best estimate pnd
their respéective standard uncertainties occuixFhis can be due to small count numbers (see Clause 7) or
due to large uncertainties of the calibration\factor. With respect to uncertainties of the calibration fagtor
according to Formula (2), one has to distinguish whether they result from quantities in the numerator
or the denpminator of Formula (2). These cases are dealt with in Clause 9 and Clause 10, respectiyely.
A further qrigin of large uncertairities can be due to those of the shielding factor; see Clause 11 for an
example.

7 Counting measurement with small count numbers

7.1 Defipition of the task and general aspects

This is an ¢xample for the application of ISO 11929-2:2019, Annex A. The activity of a radionuclide fin a
sample is ipvestigated by a counting measurement in which only very low count numbers are obtained
as e.g. in some applications of counting of a-particles. Small count numbers provide a particular
problem in counting measurements since the approximation of the PDFs of the count rates by Gaussian
distributions does no longer hold.

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.

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

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

14 © IS0 2020 - All rights reserved
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7.2 Model of evaluation and standard uncertainty

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

The associated standard uncertainty is calculated by
[\
u? (a)=w?-u? (r, )+r2-u® (w)=w? -tt—§+éJ+az uZ, (w) (21)
g

7.3| Available information, input data, and specifications

The input data and their associated uncertainties are given in Table 3. The PDFS assigned tp the input
dat and used in the application of ISO 11929-2 are also given in Table 3.

Table 3 — Input quantities and data

Quantity Symbol X; u(xg) PDF Unit
Nummber of counts of the gross n 6 — — 1
mepsurement g
Coynt time of the gross meas- — —
urgment tg 1200 S
Nuinber of counts of the back- n 3 — — 1
grojund effect 0
Coynt time of the background — —
oitder § to 1200 s
Caljbration factor w 4,1 0,6 N(w;w,u(w)) Bqgs

Intermediate values

Grdss count rate re 5,00E-3 2,04E-3 Ga(Fg g ,1/fg) sl
gfoft zléc rate of the background o 2 50E-3 1,44E-3 Ga(Fyny,1/t,) o1

Theg PDFs of the ccalibration factor and of the count rates were chosen accordipg to the
ISOJIEC Guide 9843:2008/Suppl.1; see also of [ISO 11929-2:2019, 6.3 for a detailed description.

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

7.411~ ‘Background effect

The background effect of the sample has been measured. The number of the counted pulses is n,=3.

This gives a count rate of
n, 4
1 :t—=0,002505 (22)
0

The standard uncertainty of the count rate is given by

n
0 —
u(ry)= t—2=0,001 44571 (23)
0

© IS0 2020 - All rights reserved 15
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7.4.2 Pri

mary 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 calibration factor is given by
w=4,1 with u(w)=0,6 and u,, (w)=0,146 (24)
The activity a of the sample is given by
"g
a=r -w=| —=-r, tw=0,0103Bq 25)
tg
with the sthndard uncertainty
"s My
u(a)=|r2-u? (w)+w?.| =+— |=0,0104Bq 26)
! t? ¢
g 0
and
U (a)=u(a)/a=1,01 27)
7.4.3 Standard uncertainty as a function of an assumed true value
The standgrd uncertainty ii(a) as a function of the true*value a is needed to calculate the deci$ion
threshold 4dnd the detection limit. For a true value d:fn w of the measurand, one expects a gross cqunt
a|l n
rate Fg =2 0 and with Formula (21) one obtains
wl t,
A, n
w? (@)1 2 -u? (w)+w?-u? (7 )=w?- G N L R W ‘U2, (w) 28)
t,w tty t
8 g 0
7.4.4 Decision threshold
The value|of the quantile Ky, of the standardised normal distribution @(k;_,)=1-a is 1645
assuming 4 probability a,ef5%. The decision threshold of the activity is calculated by
% ~ 2 nO nO
a =k |, u(0)=ky/, - W ;+—2 =0,0138Bq 29)
t
go "0
The measurement result a is below the decision threshold a*.

16
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5 Detection limit

The probability £ 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

# n n
#_ gt N 2 29 L "0 0
a’=a +k1—ﬂ \/a uz, (w)+w [ + +

=0,039Bq
2
tgw tgto to]

(30)

Since a=8, k;_, = 1-8 =k . The detection limit can also be calculated by the explicit Formula (31)

Thd

7.4

Thd

exe
=

the

Alte
=

to 1

Singd
pro

7.4
The

2-a +(k* w)/t,

a* =a*+ky_g-i(a =0,039Bq

1_ ’

B 1-k2 ~ufe1 (w)

guideline value a. exceeds the detection limit a*.
6 Limits of coverage intervals
lower and upper limits of the probabilistically symmetric ceverage interval are
mplarily though the measurement result a is below the“decision threshold
®D(a/u(a))=0,837 and 7y=0,05 one obtains the propabilities p=w-(1-y/2)=0

| —w-y/2=0,979, and hence the quantiles kp and kq are equalto 0,908 and 2,034, respect

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
rnatively, the lower and upper limits of the shortest coverage interval are calcul

,27. With this, the limits of the shortest'\coverage interval according to Formula (33) are

a<=-0,00291Bq and a” :a+kp ‘uta)=0,0234Bq

e the lower limit of the shortest coverage interval according to Formula (33) is negative
reed according to Form(ila{34) and obtains with g=1-w®-y=0,958 the quantile kq =1,71

a~=0Bq and a” =a+kq -u(a)=0,0282Bq

7 The bestestimate and its associated standard uncertainty

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

D(a/u(a))=0,837, one obtains p=(1+wi(1-y))/2=0,897 and hence the quantile kp

(31)

calculated

a“. With

,816 and
ively. Then

(32)

hted. With
is equal

(33)

one has to
8

(34)

u(a)-exp(—az/(ZUZ (a)))

a=da-+ =0,U15 5 bq

o2

with its associated standard uncertainty u (d)

7.5

u(d)z\/uz (a)-(a-a)-a=0,008 20 Bq

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

(35)

(36)

The results and characteristic limits are summarized in Table 4 and the PDFs obtained by the Monte
Carlo simulations are presented in Figure 2.

©IS
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Table 4 — Result and characteristic values

Results Symbol Unit IS0 11929-1 IS0 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 (a) 1 1,01 1,03
ated with the primary result
Decision threshold a Bq 1,38E-2 1,38E-2
Detection lfTmit ar Bq 390E-2 3; DUE.-(L\
Best estimate a Bq 1,33E-2 1 @Lz'
Standard uhcertainty associated with u(d) Bq 8,20E-3 &xE -3
the best esfimate oY
Relative unjcertainty associated with (a) 1 0,62 O V’ 0,68
the best esfimate rel W\
Lower limit of the probabilistically a< Bq 8,54 ) 8,24E-4
symmetric|coverage interval \%
Upper limif of the probabilistically o Bq g\l\f»E-Z 3,38E-2
symmetric|coverage interval &
Lower limit of the shortest coverage a< Bq - 0 0
interval Q
Upper limif of the shortest coverage o qu\ 2,82E-2 2,93E-2
interval ”\
Y
60 -_ T T __
40 | -
20 - =
0 I~ L L
6 0,06 Y
Yt O f(ala= 0)
(o2)
6&*‘" | L L T ‘I | L | L | L | L '—
P A | ]
QSB o | ]
NN | :
§ 20 F | =
&?\ 0 - L j PR [N TN T A T T N N M BN :
% -002 0 0,02 0,04 0,06 0,08 0 1 Y
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Assessment and explanations

assessment according to ISO 11929-1 concludes the following:

The primary measurement result a=0,0103 Bq is below the/decision threshold a =0,01

decided to conclude that no effect of the sample was recognized. In spite of that all ch3
values were calculated and documented in this example.

The detection limit a* =0,039Bq is below the guideline value a.=0,1Bq. Itis decided {
that the measurement procedure is suited for the measurement purpose.

The lower and upper limits of the\‘probabilistically symmetric coverage in
a<=0,000854Bq and a~ =0,0313Bq.

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

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

38Bq.lItis
racteristic

o conclude

ferval are

=0Bq and

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

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 ISO 11929-2; see Figure 2.

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 of low count numbers, the application of ISO 11929-1 is justified.

7.7

011929-2,
stributions

rates, this
\Iso in this

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
just with respect of the count numbers, which are now n, =1 and ng =4.

Table 5 — Input quantities and data

Quantity symbol X; u(x;) PDF Unit
Number of counts of the gross — —
n 4 1
measurement &
© IS0 2020 - All rights reserved 19
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Table 5 (continued)

Quantity symbol X; u(x;) PDF Unit
Count time of the gross measure- ¢ 1200 — — s
ment g
Number of counts of the back- " 1 — — 1
ground effect 0
Count time of the background £y 1200 — — s
effect
Calibrationfactor W 41 06 N(ITI;MI’HZ (Ml}) s B
Intermediate values
Gross counf rate re 3,33E-3 1,67E-3 Ga(ry;n,,1/t,) s
Count rate ¢f the background effect o 8,33E-4 8,33E-4 Ga(ry;my,1/¢t)9 st
NOTE This case with just one background count is regarded as a limiting case. In anhy-reasonable sirgle-
channel coynting 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 zevo background counts is
considered fs 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 fera-detailed description.
7.7.2 Bakkground effect
The background effect of the sample has been measured., The number of the counted pulses is ny|=1.
This gives p count rate of
n, 4
ro=—F0,000833s 37)
t
The standdrd uncertainty of the count ratelis)given by
n, 4
u(ro)z —-=0,000833s 38)
t2
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).
20 © IS0 2020 - All rights reserved
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The calibration factor is given by

w=4,1 with u(w)=0,6 and u_, (w)=0,146 (39)

The activity a of the sample is given by

n
a=r, -w:[—g—ro J-w:0,0103 Bq (40)
tg
with the standard uncertainty
n, n
u(a)=,|rZ2-u? (w)+w? | —=+— |=0,00779Bq 41)
t2 t5
and
U, (a)=u(a)/a=0,756 (42)

7.7}4 Standard uncertainty as a function of an assumed true yalue

The standard uncertainty ii(a) as a function of the true valGg*a is needed to calculate the decision
threshold and the detection limit. For a true value a=r, -w. of the measurand one expects a gross count

a n . .
raté r =——+-2 and with Formula (21) one obtains
g w to
o N _ a n n
02 (@)=F2-u? (w)+w? u? (7, )=a? 12, (w)+w? | —+—+-2 (43)
tw Loty t§

7.7/5 Decision threshold

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

21 Mo Mo
w2 —2 40 1-0,00795Bq (44)
tyto tg

Thd measurementresult a is above the decision threshold a*.

7.716 Detection limit

For| =5 %, the value of the corresponding quantile kl—ﬁ of the standardised normal dis{ribution is

1,645. The detection [imit is calculated by 1teration, which leads to

# n n
a¥ =a* +ky_g- a2 (w)+w?- 440 70 120,0267Bq (45)
t,w oty tg

Since a=8, k;_, = 1-8 =k . The detection limit can also be calculated by the explicit formula
af +(k2.
N 2-a +(k“-w)/ ty

1-k2 ~ufe1 (w)

at :a*+k1_ﬂ.ﬁ(a =0,0267Bq (46)

The guideline value a_exceeds the detection limit a*.
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7.7.7 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)]=0,907 and y=0,05 one
obtains the probabilities by p=w-(1-y/2)=0,884 and g=1-w-y/2=0,977, and hence the quantiles kp

and kq are equal to 1,20 and 2,00, respectively. Then the lower and upper limits of the probabilistically

symmetric coverage interval are given by

a* =a-k, -u(a)=0,000970Bq and a” =a+k, -u(a)=0,0258Bq 47)

Alternativ¢ly, the lower and upper limits of the shortest coverage interval are calculated With
w=®P[a/u(a)]=0,907, one obtains p=[1+w-(1-7)]/2=0,931, and hence the quantile kp is equal

to 1,48. With this the limits of the shortest coverage interval according to Formula (48) were

a< =a- k, -u(a)=-0,00124Bq and a” =a+k, -u(a)=0,0218kBq 48)
Since the lgwer limit of the shortest coverage interval according to Formula (48}1s negative, one hds to
proceed according to Formula (49) and obtains with g=1-®-y=0,955 the quantile kq =1,692

a<=0Kq and a” =a+k, u(a)=0,0234Bq 49)

7.7.8 Thie best estimate and its associated standard uncertainty

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

n (a) -exp {—CIZ/I:ZUZ (a)}}

=a+ =0,011 7 Bq 50)

o2

with its asgociated standard uncertainty u (d)

Q>

u(a)= Juz (a)-(a-a)-a=0,006 62:Bq [51)

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

The resulty and characteristic limits are summarized in Table 6 and the PDFs obtained by the Mgnte
Carlo simujations are préesented in Figure 3.

Table 6 — Results and characteristic limits

Results symbol Unit IS0 11929-1 IS0 11929-2
Primary result a Bq 1,03E-2 1,02E-2
St:?mdard uncertainty associated with the u(a) Bq 779E-3 7 86E-3
primary result
Relative standard uncertainty associated
with the primary result Uy (a) 1 0,756 0,771
Decision threshold a* Bq 795E-3 791E-3
Detection limit a Bq 2,67E-2 2,30E-2
Best estimate a Bq 1,17E-2 1,12E-2
Standard uncertainty associated with the n
best estimate u(a) Bq 6,62E-3 7,20E-3
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Table 6 (continued)
Results symbol Unit IS0 11929-1 I1SO 11929-2
Relatlve_ uncertainty associated with the u_ () 1 0,566 0,643
best estimate rel
Lowe_r limit of th_e probabilistically sym- a< Bq 9,70E-4 1,06E-3
metric coverage interval
U_pper limit o_f the probabilistically symmet- o> Bq 2 58E-2 2 86E-2
ric coverage interval
Lovlver limit of the shortest coverage interval as Bqg 0 I0
Up]l)er limit of the shortest coverage interval a Bq 2,34E-2 2,4}7E-2
Y f(dla, A =0)
: T T T | i T T i T | T i T T | T T :
60 | <} L | } x
wf = | ;
20 | 1
0 - ‘ | L L .
0,04 X
Y
150 -_l T T T | T i T T | T T T | T T T | T T __
C | ]
100 | } 3
: | .
50 | ! .
0 :I 1 l L L L l L L L | L L :
-0,02 0 0,02 0,04 0,06 X
Y flala= a*)
40 ;_l T T T | T i T T -ﬂl‘ i T T T | T T T | T T _;
30 | ‘| E
20 F | =
0 £
0 C | , N — - L -
-0,02 0 0,02 0,04 0,06 X
NOTE The blue PDFs are the respective Gaussian approximations. The blue vertical lines indicpte the best
estifnatenand the limits of the coverage interval (upper panel), the decision threshold (middle paTel) and the
decisian threshold and the detection limit (]m/\lpr panp])

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

7.9 Assessment of the alternative example and explanations

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

— The primary measurement result a=0,0103Bq exceeds the decision threshold a”=0,00795Bq. It
is decided to conclude that an effect of the sample was recognized.
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that the measurement procedure is suited for the measurement purpose.

a“=0,

a” =0,

There arej

which are ¢

calculated

If large rel
does not a

extreme c4g
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of ISO 1197
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The comp
informatio
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00097Bq and a~ =0,026Bq.

023Bq.

The detection limit a* =0,0267 Bq is below the guideline values a.=0,1Bq.Itis decided to conclude
The lower and upper limits of the probabilistically symmetric coverage interval are
The lower and upper limits of the shortest coverage interval are calculated as a<=0Bq and

The best estimate is a=0.011 7 Bg with an associated standard uncertainty u(a)=0.006 6 Bg.

st minor differences between the results obtained by applying ISO 11929-1 and IS0 1192
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h on whether or not a surface,related activity of the sample is observed. If the prin
bnt result is larger than thétdecision threshold, it is concluded that surface related acti

0-2,
ons

this
this

the

factor has large uncertainties. This is a simplified example according to the general m¢del

des
ary
Vity

has been opserved.

A guideling value a.=10Bq is-to be compared with the detection limit. If the detection limit is smdller
than the duide value, it iszconcluded that the measuring method is suitable for the measurenfent
purpose.

8.2 Mod

y

of the true|quantity value of the measurand is calculated by the model of evaluation

The meas

el of evaluation and standard uncertainty

rand is the activity in the sample. The primary result a of the measurement as an esti

nlnate

n, n
=(r —r\w=r -w=|_-8_20|
a—(rg ro)w—rn W—[t " Jw (52)
g 0
The associated standard uncertainty is calculated by
2 2,2 2,2 2|8 Mo | 2 2
u? (a)=w?-u? (r, )+r2-u? (w)=w?- t—2+% +as-us, (w) (53)
g
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Available information, input data, and specifications

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

Table 7 — Input quantities and data

Quantity Symbol X; u(x;) PDF Unit
Number of counts of the gross n 21 670 L . 1
measurement g
Coynt time of the gross measure- ¢ 1200 L . s
meft g
Nummber of counts of the back- ng 73150 L . 1
grojund effect
Coynt time of the background t 12 000 L ). s
effgct
Caljbration factor w 11,5 49075 R(w;3,20) s Bg
Intermediate values
Grdss count rate re 18,06 0,123 Ga(Fg ng ,1/fg ) sl
Coynt rate of the background ~ 1
offdet o 6,096 00225 Ga(ry;ny,1/¢,) S
Theg PDFs of the calibration factor and of the count rates were chosen accordipg to the
ISOJIEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3 for a detailed description. Itfis assumed
in this example that the calibration is badly defineéd-and that only the limits of a range of |calibration
facﬂors (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 uncertaintyof the calibration factor of u_, (w)=0,43.
8.4 Evaluation of the measuremerit and characteristic limits according to ISO 11929-1
8.4]1 Background effect
The count rate of the backgraund effect of the sample measurement has been measured. Thg number of
counted pulses is ng =73150) This gives a background count rate of
n, ¢
ry=—2=6,0965 (54)
t

Its gtandard uncertainty associated with the background count rate is given by

u(rg)s, -2 =0,0225571 (55)

£
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8.4.2 Primary result and its associated standard uncertainty

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

w=11,5 (56)

with the associated standard uncertainty

u(W): 4 9075 57)

The primary result of the measurement is given by

a=(ng ty = /ty)w=137,6Bq 58)

This yieldsthe standard uncertainty associated with the activity

2
n

n n n
u(a):vwl —§+—‘2’ + & -9 | .u2(w)=58,7Bq 59)
te o]l b

8.4.3 Standard uncertainty as a function of an assumed true.value

The standqrd uncertainty @(a) as a function of the true valuea of the measurand is needed to calcuflate
the decisipn threshold and the detection limit. Forxa“true value d:(Fg —Iy)'w one expegcts

A, =t, ‘(@/Ww+ry). This yields with Formula (53)

% (a)qw? ((a/w+r, )/tg +1y/t, )+a? -ufel (w) 60)

8.4.4 De€cision threshold

The value|of the quantile k;_, of-the standardised normal distribution @(k;_,)=1-a is 1645
assuming g4 probability a of 5 %. The/decision threshold of the activity is calculated by

a" =k |, 0 (0)=ky_o, \Jw¥lry /2, +1y /ty) =1,41Bq (61)
The measufred primary-result a exceeds the decision threshold a”.

8.4.5 Ddtectionlimit

The probalility g is set to 5 %. Then, the value of the corresponding quantile k, 3 of the standardijsed

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

at =a" +ki_g -\/wz ((a* /w+r0 )/tg +1y [ty )+a*2u?, (w)=5,63Bq (62)

rel

Since a=f, kl—a :kl—ﬂ =k, the detection limit can also be calculated by the explicit formula
2-a" +(k? -W)/tg

=5,63Bq (63)
1—k2-ufel[w)

a* =a* +k1—ﬂ -fl(a ):

The guideline value a  exceeds the detection limit a®.
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8.4.6 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 . With w=®[a/u(a)]=0,990 and y=0,05 one

obtains the probabilities by p=w-(1-y/2)=0,966 and q=1-w-y/2=0,975, and hence the quantiles kp

and kq areequalto 1,821 and 1,964, respectively. Then the lower 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)
Altgrnatively, the lower and upper limits of the shortest coverage interval are calculpted. With
w=@[a/u(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 Formulax65) weye:

as =a—k, -u(a)=26,73Bq and a” =a+k, -u(a)=248,41Bq (65)
8.4]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/[ZUZ (a)}}
a=a+ =139,09 Bq (66)
ONVA
with its associated standard uncertainty u(a)

u(@)=\Ju? (a)-(d—a)a =57,89 Bq 67)
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
Car]o simulations are presentedin Figure 4.

Table 8 — Result and characteristic values

Results Symbol Unit IS0 11929-1 1S0(11929-2
Primary result a Bq 138 137
Stahdard uncertainty associated with the prima- u(a) Bq 59 59
ry fesult
Rel ati\_/e standard uncertainty associated with U (a) 1 0,428 b 431
the|primary result re
Decision threshold a Bq 1,41 1,56
Detection limit a® Bq 5,63 4,87
Best estimate a Bq 139 138
Sta_ndard uncertainty associated with the best u(a) Bq 57 59
estimate
Relgtive uncertainty associated with the best u_ () 1 0,410 0,428
estimate rel
Lower limit of the probabilistically symmetric < Bq 31 41
coverage interval
Upper limit of the probabilistically symmetric s Bq 253 234
coverage interval
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Table 8 (continued)
Results Symbol Unit I1SO 11929-1 1SO 11929-2
Lower limit of the shortest coverage interval a< Bq 27 40
Upper limit of the shortest coverage interval a Bq 248 233
Y
f(d]a, A 20)
(x10°%)
_I T T T | T | T T 1]
6 g Q
4| ] q/Qq’
2 :_ _: O.)Ib“
0 -I 1 1 1 n (b
0 100 200 300 ,{\?
Y flald= 0) O
| 9
0'6 [ T T T T T T T 1
- & O
04f QQ ]
02F N ]
: N ;
0 [ L l L L Q{n L | ! L
5 s@ 10 X
Y fGala= oy
015F E
01 F .
0,05 F =
0 - X .
Ob’ 5 10 X
NOTE The blue PDFs ar aespective Gaussian approximations. The blue vertical lines indicate the pest
estimate arld the limits of coverage interval (upper panel), the decision threshold (middle panel) and the
decision thifeshold and t tection limit (lower panel).
Figure 4 — calculated by Monte Carlo methods according to ISO 11929-2 in red colouf

8.6 Assessment and explanations

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

The primary measurement result a=138Bq exceeds the decision threshold a“=1,41Bq. It is
decided to conclude that an effect of the sample was recognized.

The detection limit a” =5,63Bq is below the guideline values a.=10Bq. It is decided to conclude
that the measurement procedure is suited for the measurement purpose.

The lower and upper limits of the probabilistically symmetric coverage interval are a<=30,7 Bq
and a~ =253Bq.
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— The lower and upper limits of the shortest coverage interval are calculated as a<~=26,7Bq and
a” =248Bq.

— The best estimate is a=139 Bq with an associated standard uncertainty u(a)=57 Bq.

The results obtained by applying ISO 11929-1 and ISO 11929-2 differ with regard to the detection limits
and the limits of the coverage intervals. This is due to the deviation between the Gaussian distributions
and the actual posterior distributions calculated according to ISO 11929-2 (see Figure 4). The
rectangular PDF of the calibration factor is responsible for the differences. The differences between
the best estimates and their associated standard uncertainties are small because the central estimates
of tfle Tectangular distribution of the calibratiom factor dertical to thatof the mormat distribution
applied in ISO 11929-1.

Considering the differences in the limits of the coverage intervals, the application of ISO 11929-2 is to
be preferred if there are large and dominating uncertainties in the numerator of the’calibratfion factor.

9 [Counting measurements with large uncertainties in the denominator ¢f the
caljbration factor

9.1] Definition of the task and general aspects

Thip example deals with a wipe test. The measurand is thesactivity per unit surface. This is a generic
example of an indirect measurement of a surface contamination using a wipe test. It does pot change
any| stipulations laid down in ISO 7503 (all parts) regarding measurement and evaluation| of surface
confamination. This is a simplified example according®o the general model of ISO 11929-1.

It ig assumed that an area s of a surface has beentwiped with a wiping efficiency e, . The wjipe, i.e. the

sanjple, is measured by an unspecified detector with the counting efficiency e. For simplicity it is

asstimed that the surface emission rate mieasured is equal to the count rate caused by fhe surface
relgted activity a,. This measurement is\an example for a case where the uncertainty of one ¢f the input

quantities is dominating.
Theg comparison between the primary measurement result and the decision thresholfl provides
infgrmation on whether or nét an activity of the sample is observed. If the primary measureient result
is Igrger than the decision threshold, it is concluded that an activity of the sample has been dbserved.

A gpideline value a =0,5Bq cm~2 is to be compared with the detection limit. If the detectfion limit is

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

9.2 Madel of evaluation and standard uncertainty

Theg measurand is the surface related activity in the sample. The primary result a, of the mgasurement

as an estimate of the true quantity value of the measurand is calculated by the model of evaluation

n, /t,—ny /t, ry =Ty
ag :L:(ng /tg —ny [ty)w= & (68)
ep-s-e, ep-s-e,
The calibration factor is calculated by
w=—1 _ (69)
ep-s-e,
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The relative standard uncertainty of the calibration factor u_, (w)=u(w)/w is calculated by

ty (W)=, (p )12, (5) 122, (e, )

9.3 Available information, input data, and specifications

(70)

The efficiency of the detector e, and its associated standard uncertainty u(e,) were independently

determined to be e, =0,30 s-Bq?and u(e,)=0,0155 s1-Bq.

The area Wiped was chosen as s=100 cm? and its associated relative standard uncertainty was.-s€

tto

U (s)=10

For the wip
with an a

rectangular PDF.

The input
dataand u

% by expert guess.

ing efficiency e, pastexperience was thatitrandomly varied in the interval e , €[0;06;0
perage e, =0,34 and an associated standard uncertainty u(e,)=0,162dérived fro

lata and their associated uncertainties are given in Table 9. The PDFs,assigned to the if
bed in the application of ISO 11929-2 are also given in Table 9.

Table 9 — Input quantities and data

Quantity Symbol X; u(x;9 PDF Unif
Number of founts of the gross measure- n 2591 > L 1
ment g
Count time|of the gross measurement ty 360 — — S
Number of founts of the background effect ng 41782 — 1
Count time|of the background effect to 7200 — — s
Efficiency ¢f the detector ep 0,30 0,0155 N(epep  ulep)) Bqlg§1
Wiping effiriency ew 0,34 0,162 R(e, ;0,06,0,62) 1
Wiped ared s 100 10 N(5;s,u(s)) cmj

Intermediate values

Gross counf rate ry 7,20 0,141 Ga(ry ;ng,1/t,) s
Count rate pf the background effeet o 5,80 0,028 4 Ga(ry;my,1/¢,) s

The PDFs d
were chosq
detailed dg

f the efficieney.of the detector, the wiping efficiency, the wiped area, and of the count r
bn according to the ISO/IEC Guide 98-3:2008/Suppl.1; see also I1SO 11929-2:2019, 6.3 f
scriptiofi. It is assumed in this example that for the wiping efficiency only the limits

htes
DI a
of a

range (0,0
wiping effi
The partic

uncertainty is in the d

30

the
48 .

irge

b to 0,62) are known from experience. This leads to assuming a rectangular PDF for
ieficy and a large relative standard uncertainty of the wiping efficiency of u_, (eW ):0
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9.4 Evaluation of the measurement and characteristic limits according to ISO 11929-1

9.4.1 Background effect

The count rate of the background effect is

n
ry=—>=580s"1 (71)
to

Its associated standard uncertainty is given by

I
u(ry)= /}:0,02845—1 (72)
0

9.4)2 Primary result and its associated standard uncertainty

With a calibration factor

w:;=o,o9805-3q-cm-2 (73)
eD -s~ew

and)its standard uncertainty

u(w)=w-u_, (w):W-\/ufel (ep )+u§el (s)+u§el (e, )=0,048s Bq-cm™2 (74)

the [primary result of the measurement is given by

ag :(ng /tg —-ny /ty)-w=0,137 Bq-cm™2 (75)

Thip yields the standard uncertainty

u(ag ):\/W2 -(rg /tg +1y /¢t )+(rg —Ty )2 -u%(w)=0,0683Bq-cm™2 (76)

9.4]3 Standard uncertainty as a function of an assumed true value

The standard uncertainty i(a,) as a function of the true value dg of the measurand is|needed to
caldulate the decisipn threshold and the detection limit. For a true value 4 =(Fg —Iy)'w ope expects

iy Ftg(dg /wWHry) . This yields with Formula (76)

u? (agJ=w?-((ag /w+r, )/tg +1y /t, )+&§u§el (w) (77)

=
1

9.4.4 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

0} =ky_g, T (0)=ky_g, \[W? {1y [ty +1¢ [t)=0,0210Bq-cm™2 (78)

The measured primary result a, exceeds the decision threshold a:.
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9.4.5 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

as# =a: +k1—/3 ~\/w2 ~[(af /w+r0 )/tg +1y [ty 1+a 2 ”Eel (w)=0,121Bq-cm2 (79)
Since a=f, kl_a :kl—ﬁ =k, the detection limit can also be calculated by the explicit formula

. ) 2:05 +(k2-w)/t .
ag =dgftk,_g-ulag )= =0,121Bqg-cm” 80)
b 1-K2-u2, (w)

The guidellne value a . exceeds the detection limit af.
9.4.6 Limits of coverage intervals
The lower and upper limits of the probabilistically symmetric coverage intervalare calculated since|the
measurement result a, exceeds the decision threshold a:. With o=®[a, /ula;)]=0,977 and y=0,05
one obtainf the probabilities by p=w-(1-y/2)=0,953and q=1-w-y/2=0,976, and hence the quantiles
kp and k] are equal to 1,674 and 1,970, respectively. Then the dewer and upper limits of|the
probabilisfically symmetric coverage interval are given by

ag =agi-k, -u(ay)=0,0224Bq-cm™2 and a’ =q; +k, -u(ay)=0,271Bq-cm™ 81)
Alternativgly, the lower and upper limits of the shortest coverage interval are calculated. With
0=®P[a, /u(a,)]=0,977, one obtains p=[1+w@-(1-y)}/2=0,964, and hence the quantile kp is equal
to 1,802. With this, the limits of the shortest coverage interval according to Formula (82) are

ag =ag-k, -u(ay)=0,0136Bq-cm~2 and_d3'=aq; +k, -u(ay)=0,260Bq 82)
9.4.7 The best estimate and its associated standard uncertainty
The best egtimate 61 of the activity of the sample is given by

u exp 2/[211 ]
és =da =0,140 Bq-cm™ 83)
V2

with its asgociated-standard uncertainty u(a,)

u(ds)zz\/uz (a.)-(a —a )a_.=0,064 3 Bq-cm2 84)

9.5 Documentation 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 obtained by the

Monte Carl

o simulations are presented in Figure 5.

Table 10 — Result and characteristic values

Results Symbol Unit IS0 11929-1

ISO 11929-2

Primary result

a Bq cm2 0,137 0,196

S
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Table 10 (continued)
Results Symbol Unit IS0 11929-1 IS0 11929-2
Standard uncertainty associated with the prima- u(ay) Bq cm2 0,068 0,150
ry result
Relative standard uncertainty associated with Upe] (as ) 1 0,50 0,77
the primary result
Decision threshold a: Bq cm 0,021 0,035
Detection limit at Bq cm 0,121 0,099
S
Bedt estimate 4 Bq cm™ 0,140 Q 0,196
s (@)
Stahdard uncertainty associated with the best u(a) Bq cm 0,064 (-l/ v D,150
estlmate S N 4
Relptive uncertainty associated with the best u_(a ) 1 0,4@'9" 0,77
estimate rel s e
Lower limit of the probabilistically symmetric a Bq cm Kl:vaZ ),068
coverage interval s @
Upper limit of the probabilistically symmetric a> Bq cm ~\%v 0,271 D,640
covlerage interval s ~_
Lower limit of the shortest coverage interval as< Bg_\@rzv 0,014 D,054
Upper limit of the shortest coverage interval a \Qq\gm‘z 0,260 D,538
AN
v f(aa,, A z(a‘\\’
= T T T | il T T | T T f
8 F as E
6 F | £
'E | ;
2 F ! =
0 E ! ! | !. L | L L |:
0,6 0,8 X
Y
30 :_I%U T | i I* T T | T T T | T _:
C'i\ | 9s ]
@.: } E
0&0 - | =
é 0 5 L N | ! L L | ! |:
R 0 0,2 0,4 X
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flagas= af)

Y
15 :_ T T | T L:
10 | E
5F E
0 - | L |:
0,4 X
NOTE e btoe PDFsarethe respective Gausstamrapproximmationrs—The btue verticat timestmdicate the pest
estimate arld the limits of the coverage interval (upper panel), the decision threshold (middle panel)-and| the
decision thijeshold and the detection limit (lower panel).
Figure $ — PDFs calculated by Monte Carlo methods according to I1SO 11929-2 ifvr'ed colouf
9.6 Assgssment and explanations
The assessment according to ISO 11929-1 concludes the following:
— Thepr{marymeasurementresult a, =0,137 Bq-cm~2 exceedsthedegisionthreshold a: =0,021Bq-cpn2
.Itis decided to conclude that a contamination of the surface was recognized.
— The dgtection limit af =0,121Bq-cm™2 is below the guidelinevalues a, =1 Bq-cm™2. It is decideld to
conclufe that the measurement procedure is suited forthe measurement purpose.
— The lpwer and upper limits of the probabilistically symmetric coverage interval |are
a$=0,022Bq-cm™* and a? =0,271Bq-cm 2.
— The loper and upper limits of the shortest;coverage interval are calculated as a5 =0,014Bq-c =2
A= -2
and a]=0,260Bq-cm™.
— Thebegtestimateis a, =0,140 Bgcem 2 withanassociatedstandarduncertainty u(a,)=0,064 Bq-cm~2
The results obtained by applying ISO 11929-1 and ISO 11929-2 differ strongly with regard numeiical
values (Taple 10) and the\PDFs (Figure 5). This effect is mainly due to the rectangular PDF in|the
denominatpr. Considering‘these differences, the application of ISO 11929-2 is to be preferred if there
are large ahd dominating uncertainties in the denominator of the calibration factor.
10 Counting measurements with shielding of the background

10.1 Definition 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 background is measured independently without a truck in the portal monitor, a measurement
of the gross effect has to take into account that a truck shields the background. The shielding factor is
assumed from experience to lie between 0,1 and 0,7. A rectangular PDF is assumed for the shielding factor.
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A guideline value r, . =10 s71 is assumed, just for completeness of the example.

10.2 Model of evaluation and standard uncertainty

The measurand is the net count rate observed. The primary result r, of the measurement as an estimate
of the true quantity value of the measurand is calculated by the model of evaluation

=Ny /tg -5, /tO:rg -5, (85)
ThL otaudard uu\,\,rta;ut_y M(lmn ) aooub;at\,d \AY lth thb Pr;lllar)’ lllbaourblllbllt r\,oult lv'n ;O \,al\, l]ated by
u?(r, ):uz(rg)+sz u? (ry)+1d -uz(s):ng /t§+s2 Ny /2 +(ng [t Y -u?(s) (86)

10.3 Available information, input data, and specifications

It islassumed that the shielding factor was determined in independent measurements and itslassociated
stamdard uncertainty was evaluated by applying the ISO/IEC Guide 98-3.

The input data and their associated uncertainties are given in Tablé«11. The PDFs assigned to the input
dat and used in the application of ISO 11929-2 are also given in/Table 11.

The standard uncertainties of the durations of the measuremetits are neglected.

Table 11 — Input quantities and data

Quantity Symbol Xj u(x;) PDF Unit
Nuinber of counts of the gross n 2900 — — 1
mefsurement &
Coynt time of the gross measure- ¢ 180 — — S
mept X

Nummnber of counts of the back-

ground effect Mo 25000 o o 1
Coynt time of the background £ 1800 . . s
effdct

Shiplding factor S 0,400 0,17321 R(s;0,1,0,7) 1

Intermediate values

Grdss count rate ry 16,11 0,299 Ga(7y;n,,1/t,) st
Coynt rate ofthe background s 1
effdct o 13,89 0,0878 Ga(ry;ny,1/¢,) S

Thd PDFs of the shielding factor and of the count rates were chosen accordl g to the
ISO is assumed
in this example that for the shleldmg factor only the 11m1ts ofa range of shleldlng factors (0 1to00,7) 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.
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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

n
ry=—-=13,89s71 (87)
to

and its associated standard uncertainty is given by

u(ro)z\/;£=0,0878s_1 88)
0

10.4.2 Prjmary result and its associated standard uncertainty

Since therq is no calibration of the detector with respect to an activity, the measurand is the net cqunt
rate. The pfimary result of the measurement is given by

I"n =n

o [t =51y /t=10,5657" 89)

and its stapdard uncertainty by

u(r, )=\/rg /tg +s2ory [ty +1 u?(s)=2,424 st 90)

10.4.3 Stdndard uncertainty as a function of an assumed true value

The standard uncertainty 4(r,) as a function of-the true value 7, of the measurand is neededl to

calculate the decision threshold and the dete¢tion limit. For a true value 1 =iy =S one expgcts
ﬁg =ty (7, ¥s°15)- This yields with Formula{(86)

02 (F ), +s71p) [ty +5% 1 [ty +1E02 () 91)

10.4.4 Decision threshold

The value|of the quantile~k; , of the standardised normal distribution @(k,_,)=1-a is 1645
assuming 4 probability’@of 5 %. The decision threshold of the activity is calculated by

g 0

r:; =k, -0 (©)=k,_, -\/s-ro ~(ti+ti]or02 -u%(s)=3,97s1 92)

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

10.4.5 Detection limit

The probability f is set to 5 %. Then, the value of the corresponding quantile k1—/3 of the standardised

normal distribution is 1.645. The detection limit is calculated by iteration, which leads to

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

The guideline value r, = exceeds the detection limit rf .
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10.4.6 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage interval are calculated since the
measurement result rexceeds the decision threshold r;. With w=®[r, /u(r,)]=1,000 and y=0,05
one obtains the probabilities by p=w-(1-y/2)=0,975 and q=1-w-y/2=0,975, and hence the quantiles
kp and kq are both equal to 1,96. Then the lower and upper limits of the probabilistically symmetric

coverage interval are given by

ri=r, —k u(r, )= 5,80s1 and re=r, +k u(r))= 15,3151

(94)

Alte
=
1,96

10.

The

10.
Thd

rnatively, the lower and upper limits of the shortest coverage interval are calcul
@D[r, /u(r,)]=1,00, one obtains p=[1+w-(1-y)]/2=0,975, and hence the quantile kp

. With this the limits of the shortest coverage interval according to Formula (95)dre

rrfzrn—k u(r, )= 5,80s1 and r> r+k u(r))= 15,3151

1.7 The best estimate and its associated standard uncertainty

best estimate f of the net count rate of the sample is given/by

2/[2u
o2n

n its associated standard uncertainty u(
f Y= [2
u(F, )= o

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

u exp

rF =r
n n

+ } =10,56 s1

P )

)f =2,42s71

Table 12 — Results and characteristic limits

hted. With
is equal to

(95)

(96)

(97)

results and characteristic limits are summarized in Table 12 and the PDFs obtained by the
Monte Carlo simulations are presented in Figure 6.

Results Symbol Unit |ISO 11929-1 IS0 11929-2
Prifnary result r s 10,56 10,56
Stapdard uncertainty associated with the prima- u(r.) o1 242 243
ry fesult n
Re_l htive.standard uncertainty associated with the Uy (r,) 1 0,23 0,23
primary result rel~'n
Decision threshold r sl 3,97 3,75
Detection limit rrf sl 795 7,51
Best estimate fn s 10,56 10,56
Sta_ndard uncertainty associated with the best u(? ) o1 2,42 243
estimate n
Rel_atlve uncertainty associated with the best (7 ) 1 0,23 0,23
estimate rel ‘' n
Lower.hmlt of the probabilistically symmetric cov- < o1 5,80 6,53
erage interval n
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Table 12 (continued)

Results Symbol Unit |ISO 11929-1 I1SO 11929-2
Upper_limit of the probabilistically symmetric cov- > ol 15,3 14,57
erage interval n
Lower limit of the shortest coverage interval rn< s 5,80 6,54
Upper limit of the shortest coverage interval re st 15,3 14,58
Y f(dla, A 20)
0,15 | 2 "19
01 F = q,Q
0,05 F E Q?jb‘
o k 19
Or\k
Y f(ald= 0)
o
N T T T T | T T T T | T T T T | T m
015 | e & SHE
- Q ]
01 F 1% =
- \\ ]
0,05 F &0 3
0 - 1 I 1 1 :
0 5 $ 10 X
v flala=a¥
0,15 =
01 F =
0,05 | .
o E - . - i
NG X
NOTE The blue PDFs a@e e respective Gaussian approximations. The blue vertical lines indicate the pest
estimate arld the limits coverage interval (upper panel), the decision threshold (middle panel) and| the
decision thifeshold and detection limit (lower panel).
Figure 6 —& s calculated by Monte Carlo methods according to ISO 11929-2 in red colouf

10.6 Assessment and explanations

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

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

that the measurement procedure is suited for the measurement purpose.

_ -1
rn> =15,3s".

38

The primary measurement result r, =10,56s1 exceeds the decision threshold r; =3,97s71. Itis

The detection limit rf =7,95s71 is below the guideline values r..=10 s1 . Itis decided to conclude

The lower and upper limits of the probabilistically symmetric coverage interval are r,7 =5,8 s1 and
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The lower and upper limits of the shortest coverage interval are calculated as ry =5,8s1 and
r>=15,3 st

The best estimate is r =10,6 s'1 with an associated standard uncertainty u(r )=2,4 sl

The results obtained by applying ISO 11929-1 and ISO 11929-2 exhibit differences up to 10%. This is due
to the deviation between the Gaussian distributions and the actual posterior distributions calculated
according to ISO 11929-2; see Figure 6. The differences are mainly due to the lack of knowledge about

the

The
diff]
the
nor

Con
be

11

11.

Thi
ass
isa
The

shielding factor and its associated rectangular PDF.

coverage mtervals calculated with ISU 11929-2 are smaller than those based on 150 1

brences between the best estimates and their associated standard uncertainties are’sm
central estimates of the rectangular distribution of the shielding factor is identical to
mal distribution applied in ISO 11929-1.

sidering the differences in the limits of the coverage intervals, the application of ISO 11
referred if there are large and dominating uncertainties in the numerator of the shieldin

Counting clearance measurement

1 Definition of the task and general aspects

5 example deals with a measurement using a large waste monitor for clearance measure
imed that the monitor is calibrated with ¢9Co and theresults are ¢°Co-equivalents. Furt
csumed that the different count rates of the individual detectors are combined into a s

monitor counts the gamma-radiation emerging from 300 kg concrete located in a

drujm. Such a monitor is typically calibrated for-different waste packages and different fill

wit

The
cha
sou
assi
cov

NOT
vari
mod

app
meg

NOT

NOTE 3

h several categories of net masses of the waste (parameters of efficiency calibration).

example discussed is dealing with one-specific calibration and is simplified by using or

hnel and no nuclide vector. The calibration measurements were performed with a cert
Ice at 20 different positions in a calibration dummy, which resulted in a representative
iming a homogeneous activity distribution in the waste. The uncertainty in the calibra
b1 especially the effect of arkinthomogeneous distribution of the activity in the waste.

E1 Because of alack ofinternational standardization of clearance measurements and becausg
ety of respective measurement procedures it is emphasized that this example is informative and
el of evaluation nor the data shall be understood as stipulations. This example just serves to ej
ication of the mod€l of ISO 11929 (all parts) and does not anticipate standardization in the field
surements.

929-1. The
hll because
that of the

929-2 is to
g factor.

ments. It is
hermore, it
channel.

ler(;-l-waste-

ng heights

ly the sum
ified point
calibration
ion should

of the wide
neither the
emplify the
pf clearance

as a cuboid

E2 These monitors consist of a lead shielding of at least 5 cm thickness surrounding the wastg
severakplastic scintillation detectors (typically 6 to 24 detectors) in the inner volume in front of t
detectors and the shielding are built up in a way to cover the material in a so-called 4m-geometr
e’large volumes of the detectors, uncertainties due to counting statistics can practically be nej

e shielding.
. According
rlected. Due
a counting

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 HPGe-detectors
the disadvantages of non-nuclide-specific measurements stand in contrast to advantages, in particular, of
significantly shorter measurement duration times and lower measurement uncertainties due to inhomogeneity
of the activity distribution.

A guideline value a,=30000Bq according to the clearance level for unconditional clearance
of 0,1 Bq/g =30 000 Bq/300 kg is assumed.
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11.2 Model of evaluation and standard uncertainty

The measurand is the activity of the sample. The primary result a of the measurement as an estimate
of the true quantity value of the measurand is calculated by the model of evaluation

n, n

=8 0.y _ \w=(r —r-x,— .
a= X3 —X4q +Xy W—(rg Iy X3 —Xgq +X40 )W (98)
t t
g 0
with
X3 COTTECTION Of the backgroumnd count rate for its vartabitity due to work activities iear tie

levice for clearance measurements,

X,, forrection for natural radionuclides, i.e. #OK and the 226Ra and 232Th decay series; i the
material to be measured. The concrete was characterized in independent measufements|for
ts natural radioactivity and the resulting contribution x, to the gross couxdtjrate and its
issociated standard certainty u(x, ) were determined.

X4, forrection for shielding of the background by the material to be measured.
Formula (98) is an example for the general model of ISO 11929-1.

The standdrd uncertainty u(a) associated with the primary measureément result a is calculated by

u?(a)qw? -(rg /tg +x32, Ty /tO +r02 -x% u? (x5 )+u? (x41 )+u? (%47 ))+a2 '“Eel (w) 99)

11.3 Available information, input data, and specifications

It is assunped that the calibration factor as well x34%,,; and x,, were determined in independent
measuremgents and their associated standardvuncertainties were evaluated by applying [the
ISO/IEC Gdide 98-3.

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

The input dlata and their associatéd uncertainties are given in Table 13. The PDFs assigned to the ifjput
data and u$ed in the application of ISO 11929-2 are also given in Table 13.

Table 13 — Input quantities and data

Quantity Symbol X; u( X; ) PDF Unit
Number offcouqits of the gross n 389 589 . . 1
measurement 8
Count time of the gross measurement ty 60 — — S
Number of counts of the back-
ground effect "o 306000 o o 1
Count time of the background effect to 180 — — s
Background correction for changing | 1 00115 | R(%098102) | 1
Background correction of the natural = .
radio%lctivity X 2345 220 N[Xyq5%4q Uu(X4q )] st
Shielding correction X4 276 70 N[X,, %4, ,u(x4,)] st
Calibration factor w 4,58 1,374 N[w;w,u(w)] s Bq

Intermediate values
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Table 13 (continued)

Quantity Symbol X; u( X; ) PDF Unit
Gross count rate ry 6 493 10,40 Ga(fg ing ,1/tg ) s1
Count rate of the background effect ro 1700 3,07 Ga(ry;ny,1/t,) st

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

4

11.

11.
Thd

Its 4

11.
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I 1 4= £ il 'y pa | 1 . agadnd 1s e A3 i I1LCO
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1.1 Background effect

count rate of the background effect is
n

ry=->=1700s"1
t

issociated standard uncertainty is given by

u(r, )=\/ZE=3,07 s71
0

1.2 Primary result and its associated standard uncertainty

primary result of the measurement is given by

Mg Ny
a=| BVt x4y (W=12477 B4
g 0

the associated standard uncertainty by

u(a):\/w2 -[rg /tg +x§ Ty /to +r02 -u? (x5 )+u? (x49 )+u? (x4 ):|+a2 -ufel (w)
=3891Bq

1.3 Standard uncertainty as a function of an assumed true value

decisionthfeshold and the detection limit.

n

w

standard urgertainty &(a) as a function of the true value a of the measurand is needed {

- . [a - :
atfue value d one expects fi, :(—+—0~x3 +X41 —Xy5 }tg . This yields with Formula (99)

a mn
_+_
u?(a)=w?-| (W ¢

+r02 -u? (x5 )+u? (x41 )+u? (x4)

2
X3 +Xyq — Xy /tg+x3~r0/t0 Y
+as-us, (w)
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11.4.4 Decision threshold

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

a’ =k,_,-u?(0)

n
:kl—a'W’\/(t_o'X3+X41 —Xy J/tg+x§-r0/t0+r0 2()(3)+u (x41)+u (x47) (105)
0

1"1A"lh

/FF7 DY
The measul:ed 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 kl—ﬁ ofthe standardjsed

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

=a Wt

~# n
0
w2. { — X3 Xy~ Xy /tg+x§-ro/to+r02~u2(x3)+u2(x41)+u2(x42)
a Kk B

(106)
#2 2 I(W)

=4618Bq
The guideljne value a. exceeds the detection limit at.

11.4.6 Limits of coverage intervals

The lower and upper limits of the probabilistically §ymmetric coverage interval are calculated since|the
measurempnt result a exceeds the decision threshold a”. With w=®[a/u(a)]=0,999 and y=0,05 [one

obtains thg probabilities by p=w-(1-y/2)=0;974 and q=1-w-y/2=0,975, and hence the quantiles kp
and kq ard equal to 1,95 and 1,96, respectively. Then the lower and upper limits of the probabilistidally

symmetridcoverage interval are given by
a“ =a- k, -u(a)=4894Bq ahd a~ =a+k, -u(a)=20104Bq (107)

Alternativgly, the lower{and upper limits of the shortest coverage interval are calculated. With
w=P[a/u(a)]=0,999, ane obtains p=[1+w-(1-y)]/2=0,975, and hence the quantile kp is equdl to

1,954. With this the\limits of the shortest coverage interval according to Formula (108) were

as< =a- k, “w(a)=4872Bq and a” =a+k, -u(a)=20081Bq (108)

11.4.7 The best estimate and its associated standard uncertainty

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

= yesl- Z/PU ] =12 486 Bq (109)

o2

with its associated standard uncertainty u(a)

u(d)=\/u2 (a)-(a-r )a=3876 Bq (110)
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11.5 Documentation of the results obtained by ISO 11929-1 and ISO 11929-2

The results and characteristic limits are summarized in Table 14 and the PDFs obtained by the
Monte Carlo simulations are presented in Figure 7.

Table 14 — Results and characteristic limits

Results Symbol Unit 1SO 11929-1 ISO 11929-2
Primary result a Bq 12 477 12 477
St:jmdard uncertainty associated with the e Ra 2801 901
prifiary result N T .
Relptive standard uncertainty associated u_ () 1 031 (l}). 31
with the primary result rel ’ (LQ ’
Dedgision threshold a Bq 1747 o«b" 1819
Defection limit ot Bq 46180, 4350
Bedt estimate a Bq 12486 1P 482
Stahdard uncertainty associated with the N
begt estimate u(a) Bq ({\%9876 3895
: : : : \)
Rel ative uncertainty associated with the u_ (@) 1 << O 0,31 0,31
begt estimate rel a2\
Lowe.r limit of thg probabilistically sym < ‘Q 4894 4076
mefric coverage interval N
U_ppﬁer limit qf the probabilistically symmet- & ¢ Bq 20 104 20376
ric fFoverage interval OO
Lower limit of the shortest coverage interval cf,$ N Bq 4872 4946
Upper limit of the shortest coverage interval &";’ Bq 20 081 20 231
9
Y C\)j‘:\
N dla, A =0
(x10%) oY fleazh)
i | T T T°T T T T T T
1 F | =
- O® \ E
08F O a” a” E
0,6 -~ ° | =
= \ =
| 3
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The coverage interval$ealculated with ISO 11929-2 differ only slightly from those based on 1SO 1192
bnces between the best estimates and their associated standard uncertainties are siall

The differ
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'he blue PDFs are the respective Gaussian approximations. The blue vertical lines indicate the
d the limits of the coverage interval (upper panel), the decision threshold (middle panel)yand
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f — PDFs calculated by Monte Carlo methods according to ISO 11929-2,in red colou

ssment and explanations
ment according to ISO 11929-1 concludes the following:

imary measurement result a=12477 Bq exceeds the depision threshold a*=1747Bq.
d to conclude that an effect from the sample was recognized.

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

ver and upper limits of the probabilistically symmetric coverage interval are a<=4 894
=20104Bq.

ver and upper limits of the shortest coverage interval are calculated as a<=4872Bq
081Bq.

st estimate is a=12 486-Bq with an associated standard uncertainty u(a)=3 876 Bq.

5 obtained by applying [SO 11929-1 and ISO 11929-2 exhibit differences of less than 1(
nces are due to the-deviation between the Gaussian distributions and the actual poste
s calculated aceerding to ISO 11929-2; see Figure 7.

e central estimates of the rectangular distribution of the calibration factor is identical to

of the norr11al distribution applied in ISO 11929-1.

best
the

[t is

btection limit a* =4618Bq is below the guideliti@ values a.=30000Bq . It is decidedl to

Bq

and

%.
rior

9-1.

that

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.

NOTE 1

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

Itis 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 (69Co) been selected. By increasing the mass to

several 100

44

kg or smaller photon energies (e. g. 137Cs) it can be necessary to use an approach as given in A.3.
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12 Gamma-spectrometry of Uranium-235 with interference by Radium-226

12.1 Definition of the task and general aspects

When measuring 235U by y-spectrometry via the gamma-line at 186 keV there is an interference with
the gamma-line of 226Ra. If radioactive equilibrium between 226Ra and 214Bi can be assumed, the
interference can be corrected for via the gamma-line of 214Bi at 609 keV taking into account the ratios
of the different emission probabilities and detector efficiencies. This is an example according to the
general model of [SO 11929-1.

v O
ground caused

it i3 assumed that the efficiencies at the different y-energies were measured’independently with
suitable reference sources, thus avoiding covariances. A more detailed calculation was |performed
in Reference [39].

A spil sample is investigated by gamma-spectrometry for 235U via-the 186 keV gammp-line. The
intdrference of this line with the gamma-line from 226Ra and a coftribution to the backgreund by an
impurity 235U in the detector material has to be taken into account. The measurand is the activity
of 285U per unit mass.

It ig assessed whether the primary measurement result exceeds the decision threshold and[an activity
of 2p5U per unit mass is recognized in the soil sample.

No [guideline value for the activity per unit mass\of 235U is given. Therefore, a compar{son of the
detection limit with the guideline value is not needed. In spite of that, the detection limit is| calculated
for fompleteness.
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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

_[ "g186 609 €Ra186 f186 Mu186 ™ 186,0 | 1
t t

m
€Ra 609 €609 t t €186 €y 186 M
(111)

1

€106 °€11 19, M
7

_ B Ra,186 "f186 B .
=| Tg,186 ~"h,609 "v,186 ~"h,186,0

€p- en0 €cng
4 J

In order tp avoid a covariance Formula (111) is slightly rearranged and yields the final modgl of

. . . . 1 . €
evaluation|with the calibration factor w=——— and a correction factor k= Ra,186

€u,186 M €Ra,609 €609
e, 186 ‘Ra,186 'uise "mase0 | 1

__r .
m n,609 . .
F186 €Ra609 €609 €186 €186 ) C€u,186 ™M

(112)

2,186 kU186 _n,186,0
L 609 T e
186 186 186

The standdrd uncertainty u(am ) of the measurand associated with thedestimate a,, is calculated hy

L ( da
(=, (a_m] u? (x;) (113)
which yields

'g186 1 609 ;o "u1se 1o "niseo 1
2 2
5 t  efgg t t t €186
2
u“(&,q.) 2
1867 _ = 2(1Y).r2
+ 22 (rg,186 "y 486 rn,186,0) +u” (k)1 609
L 186

2
2 €186
u(a )=w

- +a2 -ut (w) (114)

€Ra,186

The standdrd uncertainty of the correction factor k= is given by

€Ra,609 "€609
u? (k)gk? '[Ufel (eRa,186 Pz, (eRa,609 )+ul, (€609 )] (115)

, : . . 1 o
The relativie standatd uncertainty of the calibration factor w=————— is given by
e ‘m
U,186

uly (w)=iidy (ey 186 )+ (m) (116)

The following symbols are used in this example:

t count time

My 186 number of gross counts in the peak at 186 keV

M, 609 number of net counts in the peak of 226Ra at 609 keV

1y 186 number of counts in the background under the peak at 186 keV

N, 186.0 number of net counts in the peak at 186 keV due to activity of the impurity in the detector
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Ts186 gross count rate in the 186 keV peak

1,609 net count rate in the 609 keV peak

1,186 background count rate in the 186 keV peak

11860 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 600 emission probability of the 609 keV gamma-rays of 214Bi

ey 186 emission probability of 186 keV the gamma-rays of 235U

€18k detector efficiency at 186 keV

Egob detector efficiency at 609 keV

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

w calibration factor

12.3 Available information, input data, and specifications

The input data and their associated uncertainties are given in Table 15. The PDFs assigned to the input

data and used in the application of [SO 11929-2 are:also given in Table 15.

Table 15 — Input quaritities and measurement data

Symbol

peak

Quantity for x; X; u(x;) Unit PDF
Coynt time t 15000 — S
Numnber of count in the gross
pedk at 186 keV g 186 7468 o 1
Numnber of counts in the net pedk
of 21?431 at 609 keV i Mmooy | 6957 - !
Numnber of counts in the back- n 6181 . 1
ground under the peakat 186 keV| U186
Numnber of countsin the net peak
at 186 keV due\to the activity of My 186,0 207 — 1
the|impurity.of the detector
Emlssion robability of ~ .
thel186 kégv gammaﬁine of 226Ra | CRaige | 00351 | 10,0006 1 N[€ra,186 :€Ra,186 Y[ €Ra,186 )]
Detector efficiency at 186 keV €186 0,800 0,064 1 N[€ g6 €156 U(E156 )]
Emission probability of ~ .
the 609 kfv gamma?,line of 214Bj | CERa609 0,446 0,005 1 N[€ra,609 :€Ra,609 U(€Ra,609 )]
Emission probability of ~ .
the 186 kEV gammaﬁine of 235U €u 186 0,572 0,005 1 NIy 16 €0 186 4(% 186 )]
Detector efficiency at 609 keV €609 0,551 0,033 1 N[€509 €509 U(Eggg )]
Mass of the test sample m 0,750 0,038 kg N[m;m,u(m)]
Intermediate values
Gross count rate in the 186 keV Iy 186 0,498 0,005 76 o1 Ga(Fg ing ‘1/tg )

© IS0 2020 - All rights reserved
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Table 15 (continued)

X; Unit PDF

Symbol
for x, i u(x;)

Quantity

Net count rate in the 609 keV peak| 1, 609 0,464 0,005 56 s1

keV peak

Background count rate of the 186

186 0412 | 000524 | st Ga(7;n,1/t)

Count rate in the net peak at 186
keV due to the activity of the T .186,0 0,0138 | 0,000959 s1 Ga(r;n,1/t)
impurity in the detector

The PDFs ¢f the count rates and of the input data, except the given actual numbers of counts, \;tere
chosen accprding to the ISO/IEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3 for-a.detaliled
description.

12.4 Evaluation of the measurement and characteristic limits according t0/JSO 1192941

12.4.1 Background effect

The backgt

0,186 7

The standd

u<rU,18

12.4.2 Pr

For the cal
correction

ound under the peak at 186 keV is ny; 5, =6181 which yields a.count rate of

n,
U186 _0,41251 117)

rd uncertainty of background under the peak at 186 keV is

n
)=\ 2% =0,00524 571 (118)
D tz

imary result and its associated standard uncertainty

culation of the primary measurement result a,,, the activity per unit mass of 235U, first/the
factor k and its associated standard uncertainty u(k) are determined.
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The calibration factor w is calculated by

W=;=2,331 Bqs/kg (119)
€y,186 M

with the relative standard uncertainty

urel(w):\/urzel(eU,186)+ur2el(m):0'0514 (120)

and the standard uncertainty

u(w)=u,, (w)-w=0,120Bqs/kg (121)

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

€Ra,186

k= =0,143 (122)

€Ra,609 "€609

and|its relative standard uncertainty is

Urel (k):\/uzrel (eRa,186 )+ rel (ERa 600 ) +1rel (€609 ) =0, 0638 (123)

and)its standard uncertainty is

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

With the correction factor k and the calibrationfactor w the primary measurement result a,} is

T, I r.
a = &80 _p o ok—-2186 1880 K0 0554Bq/g (125)

€186 €186 €186

with the standard uncertainty

'g186 1) 609 ;o Tu1se 1 Tnigeo 1
2 2 2
e L &g Loege |,
u(a, )= (w +az u, (w)
m 2 m “rel (126)
Uré (€186 ) 2 2 2
+—~(r -1 -r ) +u“(k)r
2 g,186  'U,186  'n,186,0 1,609
€186 i
=0y0302Bq/g
12.4.3 «Standard uncertainty as a function of an assumed true value
cfamdaed st oty SN ) oo o O abio Af b b ol o aftha o ciiean A 3cl
The-standard-uneertatnty—t{e—as-atunctionof-the—true—vatbe—ad—ofthe-measurand—is needed to

calculate the decision threshold and the detection limit. For a true value a, one expects

a

Fo_e Im . .
Te.186 €186 "7 €186 Tn,609 K+1y 186 T1h186,0 -
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This yields with Formula (126)

Eqg -0 1 5 d 1
186 Im _ 0,609 ;o U186
(=609 €186 K +Ty 186 TTha86,0) 7+ ke + "
w g4, -t t t ¢
PN 186 186
u (am)_w ~ 2
r, a
n,186,0 2 m . 2 2
A 22 +ug (€186 )'[_W 1,609 k) +ut (k) 1y 609
L 186 i
2 2
+ag -uz; (w)
12.4.4 Degcisionthreshold

(127)

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

1

* ~
a, =k, -u(0)
1 "h,609 u,186
. . . : Je2 ’
(rn,609 €186 k+rU,186+rn,186,0) > ke +
efget T t
=kl -w
o r 1
n,186,0 2 2 242 2
+ N +urel(£186)-rn6o9 k“+u [k)~rn'609
186 '
=0,)0455Bq/g

The primafy measurement result a, exceeds the decision threshold a:n.

12.4.5 Detection limit

For f=0,05is k1—/3 =1,65 and by solving the implicit Formula one obtains the detection limit

# Jilat
a —am+k1_ﬂ u(ayy )

2
€186

o

1869 1

(———+h600-€186 "KtTy186 TTh186,0) 3
w Eige 't

r I 1 T 1
n609- o 0186 1 "n1860

t t 2 t 2

=a +k
al +ki_gw- |+
€186

€186

2
a’ #2

a
m . 2 2 m 2
—W +1, 609 k | +u“(k) h609 v

2
+ur (€166 )

=0,0992Bq/g

w2 Urel

(w)

(128)

(129)

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 kp and kq are equal to 1,576 and 1,974, respectively. Then the lower and upper limits of the

probabilistically symmetric coverage interval are given by

ay, =ay, =k, -u(a,, )=0,00779Bq/g and a’ =a +k, ~u(am ):O,115 Bq/g

Alternatively, the lower and upper limits of the shortest coverage interval are cal

(130)

culated. With

0=®[a_, /u(a, )]=0,9667, 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

a, =a, —kp -u(a,, )=0,00281Bq/g and a_ =a +kp -u(a,, )=0,108Bq/g

12.4.7 The best estimate and its associated standard uncertainty

The best estimate dm of the activity of 235U per unit mass of the sample is given by

expl_ag 2 2
a_=a +u(am)e s /[2u (am)]}:0,0577Bq/g

mom o2

with its associated standard uncertainty

u(a_)=yu? (a_)-(d_-a_)a =0,027 9 Bq/g

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

Thqg results and characteristic limits are sumimarized in Table 16 and the PDFs ob
Monte Carlo simulations are presented in Figure 8.

Table 16:~Result and characteristic values

(131)

(132)

(133)

taimed by the

Results Symbol Unit I1SO 11929-1 1S0(11929-2
Prinary result a, Bq/g 0,055 4 (,056 4
Stahdard uncertainty associated with the prima-
ry fesult u(ay, ) Bq/g 0,030 2 4,030 8
Re_l htive standard uncertainty associated with the U (a) 1 0,545 546
prijnary result rel*"m
Dedgision threshold a:n Bq/g 0,045 5 0,047 5
Detflection limit aﬁl Bq/g 0,099 2 (4,099 1
Beqt estimate a. Bq/g 0,057 7 (,058 1
Sta_ndard uncertainty associated with the best u(a ) Bq/g 0,027 9 0,029 1
estimate m
Rel_atlve uncertainty associated with the best u_(a ) 1 0,484 0,501
estimate rel \'m
Lower llmlt of the probabilistically symmetric < Bq/g 0,007 79 0,008 18
coverage interval m
Upper 11m1t of the probabilistically symmetric s Bq/g 0,115 0,121
coverage interval m
Lower limit of the shortest coverage interval ag, Bq/g 0,002 81 0,002 10
Upper limit of the shortest coverage interval ag, Bq/g 0,108 0,111
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Y f(d,la,,A_=0)

-0,05 0 0,05 0,1 0,15 X

NOTE ]
estimate an
decision thy

Figure $§ — PDFs calculated by M@e’Carlo methods according to ISO 11929-2 in red colou

12.6 Asse€

The assess

— The |

*®_
a, =(|

in the

LR RARE AR RRE AR
bl b b b b b o

X

'he blue PDFs are the respective Gaussian\ﬁbproximations. The blue vertical lines indicate the
d the limits of the coverage interval upper panel), the decision threshold (middle panel) and
eshold and the detection limit (low&)’ el).

ssment and explgggﬁons
N\

ment accordir&so 11929-1 concludes the following:

,0455% g'1.Itis decided to conclude that an activity per unit mass of 235U was recogn

)rimaryﬁzurement result a_ =0,0554Bq-g1 exceeds the decision threslold

best
the

zed

ba k
2

— Sincer

0 guldeline value 1s given the assessment oI the measurement procedure 1s omitted.

— The lower and upper limits of the probabilistically symmetric coverage interval are calculated as
a,“=0,0078Bq-g’! and a>=0,115Bq-g!.

— The lower and upper limits of the shortest coverage interval are calculated as a,_~=0,0028 Bq-gl
and a_>=0,108Bq-g!.

— The best estimate is calculated as ém =0,057 7 Bq- g1 with an associated standard uncertainty

u(d, )

52

=0,027 9Bq- g'1.
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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 Definition of the task and general aspects

Mez
algg

bnality and
A4).

surements of ambient dose rates with a large volume plastic detector of unknown functi
rithm are taken as an example for so-called black-box measurements (ISO 11929-1:2019

hminated it
other area

ed on repeated measurements of ambient dose rates in an area considered-iot to be cont
jvestigated whether an enhanced dose rate can be seen by repeated méasurements in af
bected to be potentially contaminated.

Bas
is iy
sus

A gtiideline value y_ =50 nSv-h™1 is assumed for completeness of theexample.

13.2 Model of evaluation and standard uncertainty
Thg measurand is a net dose rate as a difference between series of measurements of a Hackground
areq and of a gross area potentially contaminated. The characteristic limits, the best estimdte, and the
ass¢pciated standard uncertainty are calculated for this measurand.
NOTE Since the physical quantity of the particular dose rate is not specified the symbol y is us¢d.
Thg model of the evaluation is given by
y:(xg —Xp )'w (134)
ith th f th d back d d Ly d
with the means of the gross‘and background measurements, x ng ; an xb __)_,Xb,i , an
g i=1 , i*1
1/2
with the standard.déviations of the gross and background measurements, Sg = Z(X ; —)?g )
Oy 1/2
— ¥ )2 ;
and s, = h _12(’%,1‘ Xy, ) , respectively.
Accerdingtothe ISOAECGHide 98-3-2008/Supph2008,6-4-9-the repeatedmeasurementsate assumed

to be drawn from a Gaussian distribution with unknown mean and variance. Consequently, the PDF is
the t-distribution ¢, 4 (X,s% /n).The variance of this distribution then yields the standard uncertainties
associated with the means of the gross and background measurements

1/2
x)-| B " d u(%,) ("b_l Jl/z i (135)
u(Xy —— and u(x;, )= —_—
f— b —
3 [ng nb 3 /nb
NOTE Obviously, Ny, >3 isrequired.
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Then the standard uncertainty associated with the primary measurement result y is calculated by

u? (y)=w? [u? (X, )+u? (3, )]+ v Uy (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 [SO 11929-2 are also given in Table 17.

Eabletr—1 tatai " l

Quantity Symbol Value PDF
Number of feadings related
to the gross and to the back- Ng, Ny, 28, 27
ground mefsurements
358,370, 337,229, 339, 186, 207, 194, 198, ~
Gross effect in nSv h-1 Xg i 170,154, 177,170, 157,184, 147,151, 127, 213, N[)?g ;)?g ,u()?g )|
192,138, 170, 134, 135, 123, 153, 124, 146
95, 82, 69, 80, 83, 73,70, 75, 76, 79,8078, ~
Backgroungl effect in nSv h-1 Xp,i 77,71,74,71,72, 69,68, 68,71, 75{80, 81, N[x, ;X u(xy )l
74,76,77
Calibration|factor, assumed
to be unitywith 30% relative | w,u(w) 1;0,3 N[w;w,u(w)]
uncertainty
The PDFs| of the calibration factor and of the couint" 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 fand

[SO 1192941:2019, A.4 for the general methodology.

13.4 Evaluation of the measurement and.characteristic limits according to ISO 1192911

13.4.1 Background effect

The backgt

are given i

Ty
—1-2be1. =75,70mSv-h~1

ound effect was obtained by repeated ny, readings. The values of the individual readings |x,

1 Table 17. One calculatesthe mean background measurement by

i

Xy, = (137)
Ml i1
with a starjdard dewiation
L n —‘1/2
Sp=| =D (=X, Y| =5,90nSv-h~" (138)
m,—15
and a standard uncertainty
u(xy, )= -——==1,18nSv'h (139)
n
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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

Xg,i

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

n
o1 9
%, _ngxg‘i =192,25nSv-h
=

with a standard deviation

and

Thi

The

13.

Thd
the

For

and

172

n

1 3 _

LY (g 7 | =71,72nsvhct
g i=1

Sg:

a standard uncertainty

1/2

X g ! s 14,09 nSv-h~1

u(x, )= -—===14,09nSv-h~
g _ [
ng 3 ng

5 yield the primary result

y=(%,~X,)w=116,55 nSv-h1

standard uncertainty associated with the primary mé&asurement result is given by

u(y)=\w? [u? (%, )+ (%, )]+ y2 1, (W) =37,71nSv-h!

1.3 Standard uncertainty as a function’ of an assumed true value

standard uncertainty as a functionof an assumed true value is not explicitly available.
following procedure is applied.

a true value of the measurand y=0 one expects with ISO 11929-1:2019, Formula (A.24)
n,~1 n. -1
2 (y=0)=w? | —El 4D s
ny ‘(ng -3) n,-(n,-3)
the decision'threshold

* k ng -1 nb -1
y = “W:S, - +
o b ng-(n,—3) ny-(n,-3)

Acc

result, y>0, and its associated standard uncertainty, u( y), are known

i ()=t (0)(1-y/y)+u*(y) /vy

13.4.4 Decision threshold

©IS

02020 - All rights reserved

(140)

(141)

(142)

(143)

(144)

Therefore,

(145)

(146)

1 1Ico-44090-4 92040 « - .1 £ 11 : 1 . 1 . £ Pl L 1 ~
OI'Ulllg tU 10U 11747°1.2U17, 0.9, LUIC 101HOWIIlg THICdI ILCT PUIAUOIT OILCID SUITICES, 11 Ullly u(O), one

(147)
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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

13.4.5 Detection limit

ng -1

ny ‘(ng -3) n,-(n,-3)

*

n -1
y b

=2,72nSv-h1

(148)

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

normal ditribution is 1,645. The linear interpolation according to Formula (147) leads with |the
auxiliary quantity a according to Formula (149)
- ~ L2 2 ~2

a=k, | -u(0)+5{(k1_ﬁ [y)[ @ (»)-@(0)]} (149)
to the deteftion limit

y* =atJa? +(kE_g Kk}, )i%(0)=38,39nSv-h"! (150)
The guidellne value exceeds the detection limit.
13.4.6 Limits of coverage intervals
The lower and upper limits of the probabilistically symmetricicoverage interval are calculated sincethe
measurempnt result y exceeds the decision threshold y*: With w=®[y/u(y)]=0,999 and y=0,05
one obtain 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 probabilistically symmdtric
coverage interval are given by

y<=yrk,u(y)=43,25 nSv-h~1 and y¥ sy+k,u(y)=190,48 nSv-h1 (151)
Alternativgly, the lower and uppef limits of the shortest coverage interval are calculated. With
w=D[y/u[y)]=0,9990, one obtains p=[1+w-(1-y)]/2=0,9745, and hence the quantile kp is equal
to 1,96. With this, the limits of the shortest coverage interval according to Formula (152) are

y<=yrk, u(y)=42,93 nSv-h~1 and y> =y+k,u(y)=190,16 nSv-h1 (152)
13.4.7 Thie bestestimate and its associated standard uncertainty
The best egtimate y of the measurand is given by

X u(y)-exp{—yz/[Zu2 (y)]}

=y+ =116,67 nSv-h1 (153)
V2T

with its associated standard uncertainty u(y)

u(j/):\/uz (y)—(j/—y)j/:37,52 nSv h™1 (154)

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.
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Table 18 — Result and characteristic values

Results Symbol Unit I1SO 11929-1 | ISO 11929-2
Primary result y nSv hl 116,55 116,6
Standard uncertainty associated with the primary u(y) nSv/h 3771 379
result
Re.latlve standard uncertainty associated with the Uy () 1 0,323 0,325
primary result re
Decision threshold vy nSv hl 2,72 2,84
Deffection 1imit v NSV IT T 38,39 32,00
Bedt estimate y nSv h? 116,67 116,60
Stapdard uncertainty associated with the best estimate| u( ) nSv ht 37,52 37,83
Relptive uncertainty associated with the best estimate Uy (») 1 0,321 0,324
Low-er limit of the probabilistically symmetric cover- e nSv hl 4325 46,54
agelinterval
Uppgr limit of the probabilistically symmetric cover- e nSv hd 190,48 194,98
agelinterval
Lower limit of the shortest coverage interval y< ASvhl 42,93 43,78
Upper limit of the shortest coverage interval y> nSv h1 190,16 191,80
Y
(x102) flyX=0)
1’2 ;_I | T T i T T | I T T T i | T T T _z
1 | | | 3
. : -z
0,6 F | | E
04 F I I =
0 o , - .3
0 100 200 X
v fy1y = 0)
0,25+ I - ' E
0.2 Lo E
2 | y E
0,15 F I 3
01 F 3
0,05 |
0 - —_—
a = 40 AV4
U JU 1UU N
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Y
(x102) fly=y"
2 F 3
15 .
1 F =
05 .
0 E 1
X
NOTE The blue PDFs are the respective Gaussian approximations. The blue vertical lines indicaterthe’pest
estimate arld the limits of the coverage interval (upper panel), the decision threshold (middle panel))and| the
decision thijeshold and the detection limit (lower panel).
Figure 9 — PDFs calculated by Monte Carlo methods according to ISO 11929-2\in red colouy
13.6 Assgssment and explanations
The assessment according to ISO 11929-1 concludes the following:
— Theprjmary measurementresult y=116,55nSv-h"! exceeds th€décision threshold y*=2,72nSvfhl
. Itis dpcided to conclude that a difference between the two investigated areas was recognized,
— The ddtection limit y* =38,39nSv-h"1 is below the guidefine values Y, =50 nSv-h'l. It is decidefl to
conclufe that the measurement procedure is suited for the measurement purpose.
— TheloWwerandupperlimits ofthe probabilisticallysymmetric coverageintervalare y<=43,25nSv|h1
and y1=190,47 nSv-h'l. They are equal to those of the shortest coverage interval.
— Thebeftestimateis =116,67 nSv-h'! ithanassociatedstandarduncertainty u( $)=37,52 nSv|h'1
The model of evaluation is linear, and there are no dominating large uncertainties so that the applicafion
of ISO 11929-1 is justified. This(iS)a case with moderate relative uncertainties. The results obtained by
applicatior] of ISO 11929-2 are-practically identical with those obtained by ISO 11929-1:2019, Tablq 18.
The ISO/IEC Guide 98-3 approximations, assuming normal PDFs and using a Taylor expansion truncgted
after the lihear term, hold:
14 Counting measurements with unknown random influence of sample treatment
14.1 Definition of the task and general aspects

This is an example for the application of ISO 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 ¢, respectively,
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the numbers ﬁg and n, of the recorded events averaged according to Formulae (157, 158) are available.

This first yields the estimates 7, :ﬁg /tg and 1, =n, /t, of the respective mean count rates.

8

A guideline value a . =0,5 Bq-kg! is assumed.

14.

The measurand is the specific activity a

2 Model of evaluation and standard uncertainty

(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

caleulated

The

wh

The

are

The

NOT

14.

The
det

The
unc

model of the evaluation is given by

n, n r—
a, = £_0 \y=-8 —(r —TIy)w
tg tO m-K-€
bre
1
w=
m-K-e
mean value of the background counts n, and its standard/uncertainty u? (ny) of the
given by
1 Q 1 m
- - 2 (7 = = 0
Ny=—>» ny.; u“(ny)=—-In + + n, . —n
=DM+ W (A)=—|T 30m Z(o, iy )’
0 j= 0 0 i=1
mean value of the gross counts ﬁg and jts uncertainty u? [ﬁg) of the values ng ; are giv
L3 >0,
n, . ; (n )—— + (n, . —n)
g g g g — gl 8
Mg =1 My my=3 ° mg=3.3
E Obviously, my,m, >8 isrequired.
3 Available information, input data, and specifications

efficiency of the“detector x and its associated standard uncertainty u(x) were ind
prmined to bex=0,51 s1.Bq!and u(x)=0,02 s1.Bql

mass of.the sample was determined by a balance to be m=0,1kg. Its associated relatiy

ertainty was set to u,, (m)=10 % according to the specifications of the balance.

The

(155)

(156)

yalues ng ;

(157)

En by

(158)

bpendently

e standard

chemical yipld c was determined hy separate nvpprimpnfcl which resulted in an avera

e €=0,57

and

an associated standard uncertainty u(e)=0,04.

The input data and their associated uncertainties are given in Table 19. The PDFs assigned to the input
data and used in the application of [SO 11929-2 are also given in Table 19.

Table 19 — Input data, intermediate values

Standard

Quantity Symbol Value . PDF

uncertainty

Number of samples and blank
samples

mg, mg 575

g’
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Table 19 (continued)
. Standard
Quantity Symbol Value uncertainty PDF
1832; 2 259; -
Number of recorded events for the 0 2 138, 2 320, N[F 57 u(d, )]
samples (gross effect) &1 1 649 g''g g
Number of recorded events for the n 966; 676; 911; NIE. -7 _
blanks (background effect) 0 856; 676 (g 5mq u(g )]
Measurement durations te by 30000s -
Sample mafs (general) m with u(m) 0,100 kg 0,01 kg N|m;m,u(m)|
Detection dfficiency K with u(x) 0,510 0,020 s1Bq N[K;x m(K)]
Chemical yleld € with u(e) 0,570 0,040 N[&;eku(e)]
Intermediate values
Quantity Symbol Value
Mean valuds ﬁg My 2 039,6; 817,00
Empirical standard deviations S Sg 288,14; 134,46
Standard uhcertainty U(ﬁo ),U(ﬁg ) 87,88; 185,57
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 pnd
ISO 1192941:2019, A.2 for the general methodology.
14.4 Evaluation of the measurement and characteristic limits according to ISO 1192911
14.4.1 Background effect
The count| rate of the background effect hastbeen measured by repeated m, analyses of blank

samples. 1

background count rate by

n,
,70=_0
t
0

-0,0680571 a

The standdrd uncertainty associated with the background count rate is given by

u(ip)

14.4.2 Pr

2 —

u=\n
J:o,ooz 9351 (1

tZ

0

mary result and its associated standard uncertainty

'he numbers of counted pulseS;n); are given in Table 19. One calculates the mean

59)

60)

The mass-related activity is calculated from Formula (155). This Formula depends on the calibration
factor, the input quantities of which and their associated standard uncertainties were determined
independently.

60
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This yields a calibration factor calculated by

w= =34,40s Bq-kg™!

m-K-e

(161)

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

whi

Urel (W)=\/ur2e1 (m)+u?, (€)+u?, (x¥)=0,0810

ch yields

The

Thd

14.

Thd
the

For

whi

If o1

14.

The
ass

u(w)=2,79s Bq-kg™1

primary result a_ of the measurement is given by

r.—r, n. n
a., -8 0 |8 0 -w=1,40Bq/kg
mke |t, t

u(ay, )=\ w2 (12 (7,) /2 +u2 (7y)/13) |+ a2, U2, (w)=0,26 1 Bif/kg..

1.3 Standard uncertainty as a function of an assuined true value

standard uncertainty as a function of an assumed true value is not explicitly available.
following procedure is applied

a true value of the measurand y=0 one-expects Xg =X, and hence one receives

u?(0)=2-w? u? (%)
ch allows calculating the decision threshold.

ply 4(0)=u(a,, ), a,,;50and u(a,, ;) are known, the following linear interpolation car

@2 (4, )=02 (0)- (1G5, Jay, 1 J+u? (a1 )Gy [,

1.4 Decision threshold

valuesof”the quantile k;_, of the standardised normal distribution | (k;_,)=1—¢
iming a probability @ of 5 %. The decision threshold of the activity is then calculated by

(162)

(163)

(164)

standard uncertainty u(a,, ) associated with the primary measurement result a_ is calculated by

(165)

Therefore,

(166)

be used

(167)

y is 1,645

©IS

ar, =k, _, 0(0)=k,_, -w-/2:u? (7)) [t} =0,234Bq/kg

02020 - All rights reserved
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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
quantity a according to Formula (169)

a=k,_,, -i(0)+ %{(klz_ﬁ a1 ) (w2 ()22 (0) ]} (169)

leads to the detection limit

af =atJa? +(k}_5 —kE, )i (0)=0,546 Bq/kg 0170)
The detectjon limit exceeds the guideline value.

14.4.6 Limits of coverage intervals

The lower and upper limits of the probabilistically symmetric coverage intervalare calculated since|the
measurement result a exceeds the decision threshold a:n. With w=®}a_ /u(a,)]=0,999 @and
¥=0,05 ome obtains the probabilities p=w-(1-y/2)=0,975 and q=1-@)y/2=0,975, and hence|the
quantiles o and kq are equal to 1,96 and 1,96, respectively. Then, the lower and upper limits of|the

probabilistlically symmetric coverage interval are given by
ay =a —k, -u(a,, )=0,890Bq/kg and a’ =a, +k, -u(a,, )51,91Bq/kg (171)

Alternativgly, the lower and upper limits of the shortest coverage interval are calculated. With
0=®[a_ /u(a,)]=0,999, one obtains p=[1+w@-(1-3){/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 (172) are

ay, =ah -k, -u(a,, )=0,890Bq/kg and g =a+k, -u(a,, )=1,91Bq/kg (172)

14.4.7 Thie best estimate and its associated standard uncertainty

The best egtimate dm of the activity of the sample is given by

u (am )-exp {°a12n /[Zuz (am )J}

a =al + =1,40 Bq/kg 173)

m = oom

with its asgociated Standard uncertainty u(a_ )

A = 2 (A _ A —
u(a )_,V/u (nm) (nm nm)nm =0 261 Bq/kg [a74)

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

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 a., Bq/kg 1,40 1,411
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Table 20 (continued)

Results Symbol Unit IS0 11929-1 IS0 11929-2
Standard uncertainty associated with the primary
result u(a,, ) Bq/kg 0,261 0,265
Re_latlve standard uncertainty associated with the Uy (a.) 1 0,186 0,188
primary result rel +7m
Decision threshold a, Bq/kg 0,234 0,237
Detection limit af:l Bq/kg 0,546 0,545
Begt estimate a. Bq/kg 1,40 Q,Q 1,411
Staphdard uncertainty associated with the best S \\0)¢
Soapeare u(@_) | Ba/kg 0,261 b{]’ 0,264

4
Relptive uncertainty associated with the best estimate (a_) 1 0 (1'@ 0,187
rel \"'m C\
— P : § N~
Lowgr limit of the probabilistically symmetric cover < Bq/kg M. 0,890 0,918
agelinterval m
Upper limit of the probabilistically symmetric cover- > o
agelinterval am B qﬁgg\ 191 136
A\
o . <
Lower limit of the shortest coverage interval ag, <§q/kg 0,890 0,902
Upper limit of the shortest coverage interval a;l\\Q Bq/kg 191 1,94
)
2 1
n L
2,5 X
X
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% flayld, = at)

(e
T

NOTE

decision thifeshold and the detection limit (lower panel).

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

14.6 Ass¢ssment and explanations

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

— The priimary measurement result a_ =1,40 Bq-kg™! exceeds the dedigion threshold a:n =0,23Bq-kg
.Itis decided to conclude that an activity per unit mass of the sample was recognized.

— The dgtection limit a” =0,55Bq-kg™ exceeds the guidelin&value a__=0,5Bq-kg™. It is decidefl to

conclufe that the measurement procedure is not suited\for the measurement purpose in spite offthe
fact thpt a contribution of the sample was recognized:

— Theloyer and upper limits of the probabilisticallysymmetric coverage interval are a; =0,89 Bq-kg’

and a7]=1,91 Bq-kg™. These limits are identical with the limits of the shortest coverage interval.

— The best estimate is a =140 Bq-kg! with an associated standard uncertainty u(a_)=0,26 Bq-Kg’

The model of evaluation is linear, and there are no dominating large uncertainties so that the applicafion
of ISO 11929-1 is justified. This is a,case with small or minor relative uncertainties. The results obtained
by applicafion of ISO 11929-2 are’/practically identical with those obtained by ISO 11929-1:2p19,
Table 20. The ISO/IEC Guide 98-3-approximations, which assume normal PDFs and make use of a Taylor
expansion fruncated after thelinear term, hold.

Note that ip spite of théfact that according to the comparison of the detection limit and the guide]ine
value the rheasurement-procedure is not suited for the measurement purpose, an effect of the sample
has been recognized/ The primary measurement result and its associated standard uncertainty [can
well be usdd 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
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
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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

S22 7192 72
_. n+u* n+v“n
uz(n)z =
m

with d=u/n (175)

4 4 m
nr—x T

and| with the auxiliary quantity u®= n+ 3Z(ni —-n)? for any counts of the medasurement
m_ —
i=1

profedure.
The influence parameter 9 can be calculated from the data of counting measurements of m| reference

sanjples by
ﬁzz(mruz (n.)—n, )/ﬁr2 or ¥=u_/n, (176)

If 9f <0 results, the approach and the data are not compatible. The‘fumber m_. of the refererjce samples
shopld then be enlarged or ©#=0 shall be set. Moreover, #<0,2 should be obtained. Otherwise, one can
profeed according to the example in Clause 14.

A gtiideline value a_ =1 Bq-kg! is assumed.

15.2 Model of evaluation and standard uncertainty

Thg measurand Y is the specific activity A4, “(activity of the sample divided by the total mpass of the

sanjple) for which the characteristic limits,the best estimate, and the associated standard yncertainty
are|calculated.

In the case of known influences, the following expressions are valid for the mean gross cofint rate Ty

and the mean background countrate, 1y
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The model of the evaluation is given by

n, n r,=h
a, = _&_0 ‘W= g :[r _ro)-w (177)
t, ot mk-e 8
g 0
where
1
w= (178)
m-K-e
Then the S audou d UIitTlI ta;utica Uf thC ba\,}\sA Uulld Cllld thc 51 Uoo LUullt ) atc al'tT sivcu by
u? (r, )i (ng +0% 12 ) /té and u? (1 )=(n, +9% -n3 )/} (179)
The relativie standard uncertainty of the calibration factor u_, (w)=u(w)/w is calculated’by
u?el (w :ufel (m)+ufel (8)+u§el (x) (180)
The stand

Formula (1j79) by

u(am)zz\/wz-[u2 (rg )+u2 (rO )]+ar2n~u?el(w) (181)

15.3 Available information, input data, and specifi¢ations

hrd uncertainty of the measurand is calculated with u? (rg) and u? (ry) according to

p

The efficiepncy of the detector x and its associated-standard uncertainty u(x) were independehtly

determine

1 tobe k=0,51s1-Bq! and u(x)=0,02s51"Bql.

The mass ¢f the sample was determined by a balance to be m=0,1kg. Its associated relative standard

uncertaint

The chemi
associated

y was set to u, (m)=10 % by ekpert guess.

cal yield € was determined by separate experiments which resulted in €=0,57 and an
standard uncertainty u(&)=0,04.

The input dlata and their associated uncertainties are given in Table 21. The PDFs assigned to the irjput

dataand u

bed in the application of ISO 11929-2 are also given in Table 21.

Table 21 — Input data, intermediate values

Quantity Symbol Data
Number of pamples; blanks and mg, Moy, m, 1,1,20
reference shmples
Number of recorded events for the ng.; 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 n, 817
blanks (background effect)
. Standard

Quantity Symbol Value uncertainty PDF
measurement durations to Lo, & 30000s —
Sample mass m with u(m) 0,100 kg 0,01 kg N[m;m,u(m)]

66
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Quantity Symbol Data
Detection efficiency k with u(x) | 0,51s1Bq? 0,02 s1Bq? N[K;x,u(x)]
Chemical yield & with u(ée) 0,57 0,04 N[&;e,u(€)]
Intermediate values
Quantity Symbol Value
Mean values ﬁr 73 946,5
Auxiliary quantity u, 10771,3
Inﬂluence parameter ¥=u, /n, 0,146

The
ISO
ISO

15.

15.

By s

wit

Thi

15.

The
nun

PDFs of the calibration factor and of the count rates were chosen, accordi
IEC Guide 98-3:2008/Suppl.1; see also ISO 11929-2:2019, 6.3, for a detailéd descr
11929-1:2019, A.3 for the general methodology.

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

1.1 Determination of the relative uncertainty of the sample treatment

inalysing m,. reference samples, the relative uncertainty ofthe sample treatment was det
O=u,/n.

h the auxiliary quantity, u

m, -1_ 1
2 _ 2
r_m -3 L m, 3Z(n”—n)

5 vields the relative uncertainty of the sample treatment

m, -1_
o=l My
n.\'\m. -3

1.2 Background éffect

u

}EU%l—n)2—0146

count rate of.the background effect has been measured by an analysis of a blank s
wber of counted pulses ny is given in Table 21. One calculates the background count rate

n
ry=-2=0,027 257
Lo

hg to the
iption and

1929-1

ermined by

(182)

(183)

(184)

hmple. The
Py

(185)

[ts standard uncertainty associated with the background countrate is given by

92 .n
u(ry)= To* -—000408s—1

2
to

15.4.3 Primary result and its associated standard uncertainty

(186)

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.

©IS

02020 - All rights reserved
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The calibration factor is calculated by

W= =34,40s Bq-kg™! (187)
m-k-g

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

Uy (W)=Ju2, (m)+u2, (£)+u2, (k) =0,0810 (188)
which yields
u(w)=R,79s Bq-kg~1 (189)

The primaty result a_ of the measurement is given by
T 1o
a,=|1-—— (w=1,40Bq/kg (190)
. &

The standgqrd uncertainty u(a,, ) associated with the primary measurementwesult a_ is calculated as

u(a, )22\/W2 -[(ng +02-n2) 2 +(ny +02 -1 ) /63 ) |+a2, -2, (w)=0,389Bq/kg (191)

15.4.4 Stdndard uncertainty as a function of an assumed true value

The standgrd uncertainty @(a, ) as a function of the true value a of the measurand is neededl to
calculate the decision threshold and the detection limit;

For an assyimed true value of the measurand a_, one expects ﬁg =d_ /w+n, /t, and one obtains With

Formula (1j81) and u? (ny) and u? (ng) from Fermula (179)

o N . 2,9 1 n n?-9% n,+09%-n?
u(am)::\/aIZn [192+ufel(w):|+am-w£ (; +—}+W2Lt 0 L0~ 40 0 (192)

. 2 2
0 tg 0 tg to to

15.4.5 Decision threshold

The value|of the quantile“k; , of the standardised normal distribution | (k,_,)=1-o is 1645
assuming 4 probability*@of 5 %. The decision threshold of the activity is calculated by

" n nz 9%  n,+0%-n?
a =k1a\/w2{t 0 490~ 40 0 1=0,327Bq/kg (193)

. 2 2
olg £ to

The measured primary result a_ exceeds the decision threshold a:n.
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15.4.6 Detection limit

The probability f is set to 5 %. Then, the value of the corresponding quantile kl—[i of the standardised

normal distribution is 1,645. The detection limit is calculated by

at =a_+
2n, 9% 1 n n¢-9% n,+0%-n?
#2( 92,2 # 0 2 0 0 0 0
ki_p \/am [ 02 +u2, (w) ]+af, .w[ ; +t—]+w [t PRSI (194)
0 g 0"g 0 0
=0,826 Bq/kg

The guideline value a_ . exceeds the detection limit affl.
15.4.7 Limits of coverage intervals
Thelower and upper limits of the probabilistically symmetric coverage interyabare calculatgd since the
megsurement result a_ exceeds the decision threshold aI*rl - With 0=®[a,, fu(a,)]=1,00 apd y=0,05
one|obtains the probabilities by p=w-(1-y/2)=0,975 and q=1-w-y/2=0,975, and hence the quantiles
kp and kq are both equal to 1,96. Then, the lower and upper limits. of the probabilistically [symmetric
coverage interval are given by

ay, =ay, —k, -u(a,, )=0,641Bq/kg and o> =a +k, -u(a,¥=2,165Bq/kg (195)
Altgrnatively, the lower and upper limits of the shortest coverage interval are calculpted. With
o=@[a_ /u(a,)]=1,00, one obtains p=[1+w-(1=73}]/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 (196) are

ay, =0y, —k, -u(a,, )=0,640Bq/kg and*a> =a +k, -u(a,, )=2,16 Bq/kg (196)
15.4.8 The best estimate and its associated standard uncertainty
The best estimate &m of the activity of the sample is given by

2 2
ula_)-expy~a 2u“ (a
ONVA

with its associated standard uncertainty u(a,)

u(a =y (a_)-(a_-a_)a_ =0,389 Bq/kg (198)
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 IS0 11929-2
Primary result a, Bq/kg 1,40 1,412
Standard uncertainty associated with the prima-
ry result u(a,, ) Bq/kg 0,389 0,393
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Table 22 (continued)

Results Symbol Unit I1SO 11929-1 I1SO 11929-2
Relative standard uncertainty associated with
the primary result Ut (O ) 1 0,277 0,278
Decision threshold a Bq/kg 0,327 0,330
Detection limit ar”‘; Bq/kg 0,826 0,823
Best estimate dm Bq/kg 1,40 1,41
Standard uprcertainty associated withrthebest =
estimate u(am ) Bq/kg 0,389 0,3;3‘%
; ; ; : 74
Relgtlve unicertainty associated with the best u_(a ) 1 0,277 ’q%g
estimate rel \'m N -
i . Y . Vad
Lower limif of the probabilistically symmetric < Bq/kg 0,641 (1(/3_) 0,665
coverage irjterval m ‘
. — : AN
Upper llm}j of the probabilistically symmetric s Bq/kg 2’%\ 2210
coverage irfterval m
Lower limit of the shortest coverage interval ag, Bq/kg « 0 0,647
N
Upper limif of the shortest coverage interval a, Bq/kg C 9) 2,16 2,190
1 ;_I T T T T _i
08 3
0,6 F 3
04F .
02F =
0 E —
3 X
Y
2 - T T T | T T T T | T T T I__
LSE £
1 E £
05F £
0 b I 1 I 1 1 1 1 I 1 1 1 1 3
Q?“ X
&?I,‘l_ g_ LI I B R _;
S 12 3
1 F E
08F 3
0.6 F E
04F 3
02F E
0 b | IR 3
-0,5 0 0,5 1 1,5 X
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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6 Assessment and explanations

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

The
of I
by

Tab
truj

Notl
low]
con

16

16.

As §
nun

dos
Itis
furt
cali

dur

A gtiideline value’ef Hp'r (10)=10%Sv is assumed in the example.

16

£ Model of evaluation and standard uncertainty

The primary measurement result a_ =1,40 Bq-kg™! exceeds the decision threshold a:n =0,33Bq-kg!

. It was decided to conclude that an activity per unit mass of the sample was recognized.

The detection limit a =0,83Bq-kg™! is below the guideline value a__=1Bq-kg™. It is
conclude that the measurement procedure is suited for the measurement purpose.

decided to

TheTowerand upper HmItS of the probabiisticaly Sy mImetric Coverage Intervatare a, =

and a; =2,17 Bq-kg!'. These limits are identical to the limits of the shortest coveragé int

The best estimate is &m =1,40 Bq-kg™! with an associated standard uncertainty u(élm )=0,

model of evaluation is linear, and there are no dominating large uncertaintiesso that the
b0 11929-1 is justified. This is a case with small or minor relative uncertainties. The resul

le 22. The ISO/IEC Guide 98-3 approximations, assuming normal PDFs’and using a Taylor
icated after the linear term, hold.

e that the increased effort to determine the relative uncertainty of the sample tred
ered the detection limit compared to the otherwise identical example in Clause 13 so th
cludes that the measurement procedure is suited for the measurement purpose.

Dose measurement using an active per'sonal dosemeter

1 Definition of the task and general aspects
in illustration for the application of {§0°11929 (all parts) to others than counting measu
nerical example for the determihation of a personal dose equivalent Hp (10) with
emeter and the calculation of thecharacteristic limits is given in this Clause 16.
assumed that the dosemeter is used for an entire working day and afterwards the dose i

her assumed that in the) context of the calibration of the dosimetry system the cory
bration factors and the background dose rate My due to the ambient radiation during th

ption t, and theirasSociated standard uncertainties were independently determined.

,64 Bq-kg!
brval.
39 Bq-kg!.

hpplication
s obtained

hpplication of ISO 11929-2 are practically identical with those obtained by ISO 11929-1:2019,

expansion

tment has
ht now one

rements, a
an active

s read. Itis
ection and
e exposure

The hodel of the evaluation is given by
: N, :
HID(10)=(Mg -M,-t, )-r—=(Mg -M, -t )w (199)
rel
with
Hp (10) personal dose equivalent in uSv;
Mg reading of the dosemeter in uSv;
Mb background dose rate during the time of exposure in uSv per hour;
te time of exposure in h;
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calibration factor measured independently in a reference radiation field;

relative response as determined e.g. during type testing;
composite calibration factor;

constant standard uncertainty of Mg.

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

2
u (Hp

with

2
Urel (W

16.3 Ava]:

The input

10)=u? (M, ~M, t,)w?+(M, ~M, -t,) >u*(w)

able information, input data, and specifications

(400)

=y? (M, )w? +u? (M)t -w?

+H, (10) 212, (w)

_urel(lV )+ure1( el) (2 01)

ta and their associated uncertainties are given in Table 23.The PDFs assigned to the ijput
data and u$ed in the application of ISO 11929-2 are also given in Table'23

Table 23 — Input quantities and data for personal dose

Qpantity Symbol X; u(x; ) PDF Unit
) Rectangular as the display
Reading of fhe dosemeter Mg 20 0,288 7 has a resolution of 1 digit, uSv

half-width 0,5 digits

Gaussian as the value was de-

Backgroungl dose rate Mb 0,1 0,016 0 termined by several repeated| pSv hit
measurements
Time of exgjosure t, 8 — — h
Rectangular as the official
verification measurement
Calibration|factor N, 1,0 0,115 47 | only requires "result shall be 1
within £20 %",
half-width 0,20
Rectangular as the type ap-
Rela.tlve response aiid cor- r 1,0 0,230 94 proval requirement is "result 1
rection facfor re

shall be within +40 %",
half-width 0,40

With regard to the calculation of the decision threshold and the detection limit, the gross indication M

g

is the analogous quantity to the gross count rate x; in the general model of evaluation given in

ISO 11929-1. However, the actual example is not a counting measurement and demonstrates that the
possible application of [SO 11929 (all parts) extends far beyond counting measurements. The particular
feature of this example is that the gross indication Mg 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.
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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(M; )=0,0160 uSv-h1,

16.4.2 Primary result and its associated standard uncertainty

Wit

and|

16.

The

to ¢

Thi

16.

The
ass

Thd

equfivalent greater than zero has been detected.

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

. N, .
0
Hy (10)=(M, —M, £, }—-=(M, ~M, 't, ) w=19,20uSv

rel

its associated standard uncertainty

ulH,, (10)]=\Ju? (M, )} w? +u? (M, )t 2-w? + H_ (10) 12, (W) =4,97 Sy

1.3 Standard uncertainty as a function of an assumed true value

standard uncertainty ﬁ[ﬁp (10)] as a function of the truevalue ﬁp (10) of the measuran

plculate the decision threshold and the detection linyit:
5 function is available in this example. Since u(Mg )J=u=const., ﬁ[ﬁp (10)] is given by

i [H,(10)]=u? w? +u? (M, )t ,2-w? +H (10 % (w)

rel

1.4 Decision threshold

value of the quantile k;_, -of the standardised normal distribution | (k;_,)=1—¢

H,(10)" =ky_, u(0)=k,_, w- u? +u2(Mb).t§ =0,519 uSv

measurement result Hp(10) exceeds the decision threshold Hp(10)>k and hence a per

be

(202)

(203)

1 is needed

(204)

k is 1,645

iming a probability a of 59.The decision threshold is calculated from Formula (204). With the data
from Table 23 the decision thréshold is

(205)

sonal dose

©IS

02020 - All rights reserved
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16.4.5 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 follows from Formula (204) with the decision threshold
as given in Formula (205).

H, (10)*= H, (10)"+ kg -u[Hp (10)=H, (10)*]
(206)

" . 2
=H, (10)"+k;_g -\/uz W+ (My)-t.2-w?+H (10)#502 ) (w)

The 1mp11 it Formula (206) is solved hy iteration. As the initial value for the iteration is selected
e e

2-H; (10)~1uSv . This iteration is almost always convergent; otherwise the measurement procedure is

completelylunsuitable. Using the data from Table 23 the detection limit is

H,(10 # =H, (10)* +hky_g -a[FIp (10)=H, (10)#]=1,27 uSv (407)
Since a=f, ky_,, = 1-B =k . The detection limit can also be calculated by the explicit formula

2-Hp(10)*
H,(10 # = =1,27 uSv (408)

1-k? ~ufel (w)
The detectfion limit is compared with the limit for legal or other requirements. If the detection limjit is

smaller thgn the limit, the method for determining the photon dose is useful in the personal dosimetry.

16.4.6 Limits of coverage intervals

The limits [of the probabilistically symmetric coveragerinterval, HS‘(lO) and H; (10) and y=0,0% of

the personpl dose equivalent is calculated for the probability 1 - y = 0,95 for the obtained value of|the
personal [dose equivalent Hp (10)=19,20Sv with the associated standard uncertajnty

u[Hlo (10)]#5,97uSv . From the standard nermal distribution results the parameter

=D LIp(lo)/u[Hp(10)]:615(3,85)=1,00 (409)
and with
p=w-(1-y/2)=0,025 andg=1-w-y/2=0,975 (210)

and the quantiles of the standardised normal distribution kp:1,96 and kq =1,96, respectively, lone

obtains the limits.of the probabilistically symmetric coverage interval

HS (10)=H(10)—k,, u[H, (10)]=9,47 pSv (211)

and

HE (10)=H, (10)+k, -u[H,(10)]=28,94 uSv (212)

The limits of the shortest coverage interval, H;(IO) and H; (10), of the personal dose equivalent is

calculated for the probability 1 - y = 0,95 for the obtained value of the personal dose equivalent
Hp (10)=19,2uSv with the associated standard uncertainty u[Hp (10)]=5,0uSv.

With a)=<I>(Hp (10)/u[Hp (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=d>{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.

Documentation of the results

The results and characteristic limits are summarized in Table 24 and the PDFs obtained by the

Mopte-Carlo-appreacharepreseptednigtretz—m—M —M8M———————————————

Table 24 — Results and characteristic values
Results Symbol Unit I1SO 11929-1 1SO 11929-2
Pri mary result of the personal dose H_(10) uSv 19,2 0.3
eqyivalent p
Stahdard uncertainty associated with H (1
the|primary result ul p (10]] nSv >0 >0
Relptive standard uncertainty associat- H (1
ed vith the primary result Urel [ p (10]] 1 0,26 P28
Degision threshold Hp (10)° WSV 0,5 0,6
Deflection limit H, (10)* N 1,3 1,2
Bedt estimate I:Ip (10) uSv 19,2 0,3
Stahdard uncertainty associated with 2
the|best estimate u[Hp (10)] uSv 5,0 5,6
Relptive uncertainty associated with 2
the|best estimate Lrel [Hp (10)] 1 0,26 p.28
Lowe_r limit ofth_e probabilistically sym- H(10) uSv 9,5 23
mefric coverage interval p
Uppe_r limit of thf: probabilistically:sym- H>(10) uSv 289 831
mefric coverage interval p
_Lower limit of the shortestcoverage H<(10) uSv 9,5 15
int¢rval p
_Upper limit of the shorfest coverage H>(10) uSv 289 b1 4
int¢rval p
Y F,(10)| H,(10), H,(10) 20)

0‘1 N T T T T T T T T |I T T T T | i T T T

0,08 F | 3

666+ | ]

0,04 | | 3

0,02 F I 3
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Y f(H,(10)|H,(10) =0)

T[T T[Ty

NOTE ]
lines indicat
the decision

Figu

16.5 Ass¢

Since the r¢

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

[T oo iy

-1 0 1 2 3 X
'he blue PDFs are the respective Gaussian approximations according to1SO 11929-1. The blue ver

e the best estimate and the limits of the probabilistically symmettic coverage interval (upper pa
threshold (middle panel) and the decision threshold and the détection limit (lower panel).

re 12 — PDFs calculated by Monte Carlo methods‘a€cording to ISO 11929-2 in red

ssment and explanations

bsults in Table 24 as well as the PDFs in Figure 12 exhibit relatively strong deviations betw

the calculdtions according to ISO 11929-1 and-ISO 11929-2, the assessment is therefore based on

results obt]

— The
Hp (10
recogn

— Thed¢

pined by ISO 11929-2. One concludes'the following:

)=0,5uSv. It is decided-ta_conclude that a personal dose equivalent greater than zero

ized.

tection limit Hg (10)=1,3uSv is below the guideline values Hp +(10)=10uSv . Itis conclu

that the measureméntprocedure is suited for the measurement purpose.

— The 1
H;’(l(

bwer and) ‘upper limits of the probabilistically symmetric coverage interval
)=9,51Sv and HE(10)=28,9|JSV.

— The loy

Fical
hel),

een
the

brimary measurement result Hp(10)=19,2uSV exceeds the decision threshold

Wwas

ded

are

nd

wer'and upper limits of the shortest coverage interval are calculated as H: (10)=9.5uSv

H (10)=28,9uSv .

— Thebestestimateis I-AIp (10)=19,2 pu Sv withanassociatedstandarduncertainty u[I-AIp (10)]=4,9 ¥%Sv

Because the model of evaluation is not linear, the results obtained by application of ISO 11929-2 differ
from those obtained by ISO 11929-1:2019, Table 23. The GUM approximations, assuming normal PDFs
and using a Taylor expansion truncated after the linear term, is not sufficient (see Figure 12) and the
application of ISO 11929-2 is to be preferred.

There are also differences between the limits of the probabilistically symmetric coverage interval and
those of the shortest coverage interval. The decision, which of the coverage intervals should be used for
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