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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-governm

International
International

The main ta
adopted by
International

Attention is
rights. ISO s

ISO 11929 w
protection.

This first edit
ISO 11929-4
have been tg

ental_in liaison with ISQ_also take part in the wark

ISO collabarates closely with the

Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part'2.
5k of technical committees is to prepare International Standards. Draft International Stan

the technical committees are circulated to the member bodies for voting. ‘Publication
Standard requires approval by at least 75 % of the member bodies casting-a vote.

P

[«

rawn to the possibility that some of the elements of this document may be the subject of
nall not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 85, Nuclear energy, Subcommittee SC 2, Rad
on of ISO 11929 cancels and replaces ISO 11929-1:2000, ISO 11929-2:2000, ISO 11929-3

2001, 1SO 11929-5:2005, 1SO 11929-6:2005, 1SO11929-7:2005 and 1SO 11929-8:2005,
chnically revised, specifically with reference to the'type of statistical treatment of the data.

Hards
s an

atent

jation

2000,
vhich

© 1SO 2010 — All rights reserved


https://standardsiso.com/api/?name=f87b2e2e5c95f9114d76a54757ba2ab4

ISO 11929:2010(E)

Introduction

The limits to be provided according to this International Standard by means of statistical tests and specified
probabilities allow detection possibilities to be assessed for a measurand and for the physical effect quantified

by th

is measurand as follows:

easurand is present;

the “detection limit” indicates the smallest true value of the measurand which can still'be dets

applied measurement procedure; this gives a decision on whether or not the measureme

q

4

Here

Sincs
meas
proce
the €
chars

acco

randd

acco

Equa
“stan

unce
and

know

[
q

atisfies the requirements and is therefore suitable for the intended measuremghntypurpose;

he “limits of the confidence interval” enclose, in the case of the physicaleffect recognized
onfidence interval containing the true value of the measurand with a spegcified probability.

nafter, the limits mentioned are jointly called “characteristic limits?,

measurement uncertainty plays an important part in this’ International Standard, the
urements and the treatment of measurement uncertainties are carried out by means of
dures according to ISO/IEC Guide 98-3; see also References [1, 2]. This enables the strict

cteristic limits, on the other hand (Clause 6). This International Standard is based on Bayes
ding to References [6 to 19], such that uncertain quantities and influences, which do
mly in measurements repeated several times or in counting measurements, can also |
int.

tions are provided for the calculation 0fthe characteristic limits of an ionizing radiation meas
dard measurement uncertainty” of the measurand (hereinafter “standard uncertainty”). T
tainties of the measurement, as well as those of sample treatment, calibration of the meas
bther influences are taken jnfo*account. However, the latter standard uncertainties are as
n from previous investigations.

tified by the

cted with the
nt procedure

Bs present, a
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valuation of the measurements, on the one hand.(Clause 5), and the provision and calcllation of the
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INTERNATIONAL STANDARD

ISO 11929:2010(E)

Determination of the characteristic limits (decision threshold,

detection limit and limits of the confidence interval) for

measurements of ionizing radiation — Fundamentals and

application

1 $cope
This

calcu
nega
carrie
furth
rate

can g

International Standard specifies a procedure, in the field of ionizing radiation metro
lation of the “decision threshold”, the “detection limit” and the “limits of the~confidence interv
ive ionizing radiation measurand, when counting measurements with greselection of time

d out, and the measurand results from a gross count rate and a background count rate as
r quantities on the basis of a model of the evaluation. In particular{.the measurand can be

s the difference of the gross count rate and the background ceufit rate, or the net activity o
Iso be influenced by calibration of the measuring system, bysample treatment and by other

This |nternational Standard also applies, in the same way to:

g¢ounting measurements on moving objects (see B,2),

easurements with
temeters, see B.3);

linear-scale analogue \'‘count rate measuring

fepeated counting measurements with'random influences (see B.4);

g¢ounting measurements on filters during accumulation of radioactive material (see B.5);
ounting spectrometric multi-channel measurements, if particular lines in the spectrur
onsidered and no adjustment calculations, for instance, an unfolding, have to be carried oy
C.4);

g¢ounting spectfemetric multi-channel measurements if evaluated by unfolding methods
particular, alpha- and gamma-spectrometric measurements (see C.5.5 and C.5.6, respective

ogy, for the
al” for a non-
Dr counts are
well as from
he net count
f a sample. It
factors.

instruments (hereinafter called

h are to be
t(see C.2 to

(see C.5), in
y)-

me model of
simeters (18],
5O 185891211,

the gvaluation is involved. In this sense, it is also applicable to measurements with albedo do
Furthet-practical examples can be found in other International Standards, for example IS
ISO 969 SO-9697H 98REH—1SO-96991S64670 —SO756 armcHSO282

2 Normative references

The following referenced documents are indispensable for the application of this documen

8[28],

t. For dated

references, only the edition cited applies. For undated references, the latest edition of the referenced

document (including any amendments) applies.
ISO 31-0, Quantities and units — Part 0: General principles

ISO 31-9, Quantities and units — Part 9: Atomic and nuclear physics

© 1SO 2010 — All rights reserved
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ISO/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

ISO/IEC Guide 99:2007, International vocabulary of metrology — Basic and general concepts and associated
terms (VIM)

ISO 3534-1, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in
probability

3 Terms and definitions

For the purchses of this document, the terms and definitions given in ISO 31-0, ISO 31-9, ISO/IEC Guidg 98-3,
ISO/IEC Guigle 99 and ISO 3534-1 and the following apply.

3.1
measurement procedure
set of operanns, described specifically, used in the performance of particular measurements according to a
given metho

[ISO/IEC Gu|de 99:2007, 2.6]

3.2
measurand
particular quantity subject to measurement

[ISO/IEC Gulde 99:2007, 2.3]

NOTE In[this International Standard, a measurand is non-negative and quantifies a nuclear radiation effec|. The
effect is not pfesent if the true value of the measurand is zero. Afexample of a measurand is the intensity of an gnergy
line in a spectfum above the background in a spectrometric measurement.

3.3
result of a measurement
value attributed to a measurand, obtained by measurement

[ISO/IEC Gulde 99:2007, 2.9]

3.4
uncertainty pf measurement
uncertainty
non-negativgd parameter, which characterizes the dispersion of the values which could reasonably be
attributed to the measurand

[ISO/IEC Gulde 99:2007, 2.26]
See also ISQ/IEC \Guide 98-3.

NOTE The uncertainty of a measurement derived according to ISO/IEC Guide 98-3 comprises, in general, many
components. Some of these components can be evaluated from the statistical distribution of the results of series of
measurements and can be characterized by experimental standard deviations. The other components, which can also be
characterized by standard deviations, are evaluated from assumed or known probability distributions based on experience
and other information.

3.5

model of evaluation

set of mathematical relationships between all measured and other quantities involved in the evaluation of
measurements

NOTE The model of evaluation does not need to be an explicit function; it can also be an algorithm realized by a
computer code.

2 © 1SO 2010 — All rights reserved
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3.6

decision threshold

value of the estimator of the measurand, which when exceeded by the result of an actual measurement using
a given measurement procedure of a measurand quantifying a physical effect, one decides that the physical
effect is present

NOTE 1 The decision threshold is defined such that in cases where the measurement result, y, exceeds the decision
threshold, y*, the probability that the true value of the measurand is zero is less or equal to a chosen probability, ¢

NOTE 2 If the result, y, is below the decision threshold, y* the result cannot be attributed to the physical effect;
nevertheless it cannot be concluded that it is absent.

3.7
detec¢tion limit
smallest true value of the measurand which ensures a specified probability of beingl.detedgtable by the
meagqurement procedure

NOTH With the decision threshold according to 3.6, the detection limit is the smallest'true value of the measurand for
which| the probability of wrongly deciding that the true value of the measurand is zero is"égual to a specified palue, £, when,
in fact, the true value of the measurand is not zero.

3.8
limit$ of the confidence interval
valugs which define a confidence interval containing the true{value of the measurand wit] a specified
probability

NOTEH A confidence interval is sometimes known as a credible interval or a Bayesian interval. It is clharacterized in
this International Standard by a specified probability (1—7).

3.9
best lestimate of the true value of the measurand
expegtation value of the probability distribution” of the true value of the measurand, given the fexperimental
result and all prior information on the measurand

NOTH The best estimate, among all possible estimates of the measurand on the basis of given information, which is
assodiated with the minimum uncertainty.

3.10
guideline value
valug which corresponds.te’ scientific, legal or other requirements and which is intended to be asgdessed by the
meagqurement procedure

NOTH 1 The guideline value can be given, for example, as an activity, a specific activity or an activity cpncentration, a
surfage activity.or,a dose rate.

NOTH 2 7\ The comparison of the detection limit with a guideline value allows a decision on whether or not the
measprement procedure satisfies the requirements set forth by the guideline value and is therefore spitable for the
intended measurement purpose. The measurement procedure safisfies the requirement if the detection Timit is smaller
than the guideline value.

3.11
background effect
measurement effect caused by radiation other than that caused by the object of the measurement itself

EXAMPLE Natural radiation sources.
3.12
net effect

contribution of the possible radiation of a measurement object (for instance, of a radiation source or radiation
field) to the measurement effect

© 1SO 2010 — All rights reserved 3


https://standardsiso.com/api/?name=f87b2e2e5c95f9114d76a54757ba2ab4

ISO 11929:2010(E)

3.13
gross effect

measurement effect caused by the background effect and the net effect

3.14

shielding factor
factor describing the reduction of the background count rate by the effect of shielding caused by the
measurement object

3.15

relaxation time constant

Lin

hinkh o

after

duration in w
stopping the

3.16
background
(spectrometr|

NOTE TH
(for instance, f

4 Quant

The symbols

quantities ar¢ denoted by upper-case letters but shall be carefully distinguished from their values, denot

the correspq

$o
™

[(]

th artnut cional ~f ~
ot C—ootpoutrSigrar oo

sequence of the input pulses

¢ measurements) number of events of no interest in the region of a specific line-in"the spect

e events can be due to the background effect by the environmental radiation andjalso to the samplg
rom other lines).

ties and symbols

for auxiliary quantities and the symbols only used ,in\the annexes are not listed. Ph

nding lower-case letters. In addition, the special\'quantities and symbols for unfoldi

itself

ysical
bd by
g in

ative

spectrometri¢ measurements given in C.5.1 and for Bayesian statistics given in F.2.1 are used.

m number of input quantities

X; inppt quantity (i =1,..., m)

x; estlmate of the input quantity X,

u(x;) stapdard uncertainty of the inpatyquantity X, associated with the estimate x;

hq(x4)  stapdard uncertainty u(x4) ‘as a function of the estimate x4

Ax; width of the region of-the possible values of the input quantity X;

u(w) relative standard.uncertainty of a quantity Y, associated with the estimate w

G mogel function

Y randoem variable as an estimator of the measurand; also used as the symbol for the non-neg
measurand itselt, which quantitfies the physical effect of interest

y true value of the measurand; if the physical effect of interest is not present, then y =0; otherwise,
y>0

y determined value of the estimator Y, estimate of the measurand, primary measurement result of the
measurand

Y values y from different measurements (; =0,1,2,...)

u(y) standard uncertainty of the measurand associated with the primary measurement result y

4 © 1SO 2010 — Al rights re
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round effect,

ct and of the

u(y) standard uncertainty of the estimator Y as a function of the true value y of the measurand

P best estimate of the measurand

u(p) standard uncertainty of the measurand associated with the best estimate j

y* decision threshold of the measurand

y# detection limit of the measurand

Vi approximations of the detection limit y#

Vr guideline value of the measurand

y<, " lower and upper limit of the confidence interval, respectively, of the measurand

P; count rate as an input quantity X,

Pn count rate of the net effect (net count rate)

Py count rate of the gross effect (gross count rate)

o count rate of the background effect (background count rate)

n; number of counted pulses obtained from the measurement of the count rate p;

ng, fg number of counted pulses of the gross effect and-of the background effect, respectively

t; measurement duration of the measurement’of the count rate p,

lg, measurement duration of the measurement of the gross effect and of the backg
respectively

r; estimate of the count rate p;

g p estimate of the gross count rate and of the background count rate, respectively

7y, {o relaxation time constant of a ratemeter used for the measurement of the gross effe
background effech, respectively

o, fp probability, of the error of the first and second kind, respectively

1-y probability for the confidence interval of the measurand

kp . kq guantiles of the standardized normal distribution for the probabilities p and ¢, res

()

instance p=1-a, 1- 5 or 1-y/2)

pectively (for

distribution function of the standardized normal distribution; <I>(kp)= p applies

5 Fundamentals

5.1

General aspects concerning the measurand

A non-negative measurand shall be assigned to the physical effect to be investigated according to a given
measurement task. The measurand shall quantify the effect. It assumes the true value y =0 if the effect is not
present in a particular case.

© 1SO 2010 — All rights reserved
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Then, a random variable Y, an estimator, shall be assigned to the measurand. The symbol Y is also used in
this clause for the measurand itself. A value y of the estimator Y, determined from measurements, is an
estimate of the measurand. It shall be calculated as the primary measurement result together with the primary
standard uncertainty u(y), of the measurand associated with y. These two values form the primary complete
measurement result for the measurand and are obtained in accordance with ISO/IEC Guide 98-3 (see also
References [1, 2]) by evaluation of the measurement data and other information by means of a model (of the
evaluation), which mathematically connects all the quantities involved (see 5.2). In general, the fact that the
measurand is non-negative is not explicitly taken into account in the evaluation. Therefore, y may be negative,
especially when the measurand nearly assumes the true value y =0. The primary measurement result, y,
differs from the best estimate, y, of the measurand calculated in 6.5. With 5, the knowledge that the
measurand is non-negative is taken into account. The standard uncertainty, u(y), associated with 7 is
smaller than

PYTAETA)
\J 7"
5.2 Mode

5.2.1 Gendral model

In many casgs, the measurand, 7, is a function of several input quantities, X, in the foerm of Equation (1}:

Y=G(Xy, ..., X,) (1)
Equation (1) is the model of the evaluation. Substituting given estimates, x{,"of the input quantities, X, |n the
model functign, G, Equation (1) yields the primary measurement result y 6f the measurand as:

y=G(xq, ..., x,,) (2)

y, is
hdard

The standar
calculated a
uncertainties

 uncertainty, u(y), of the measurand associatéd with the primary measurement result,
tcording to Equation (3), if the input quantitiesy; X; , are independently measured and sta
u(x;), associated with the estimates, x,, are given, from the relation:

(_

m

D,

i=1

u?(y)= (3)

In Equation
G. The dete
numerical or

or Reference¢s [1, 2]. For a count rate, X; = p;, with the given counting result, »; , recorded durin

measuremer]
If the input ¢
such as unfog

In 5.2.2, the
not given wh

3), the estimates, x;, shall(bé substituted for the input quantities, X, , in the partial derivati
mination of the estimates,) x;, and the associated standard uncertainties, u(x;), and als
experimental determination of the partial derivatives are in accordance with ISO/IEC Guide

t of duration, ,,-the ‘specifications x; = r; = n; /¢, and u?(x;)= ni/ti2 =r;/t; apply (see also|
uantities arenot/independently measured and for more complicated measurement evalug
ding, see C:5.2.

nput quantity, X4, for instance the gross count rate, is taken as that quantity whose value,
N avtrue value, y, of the measurand, Y, is specified within the framework of the calculation

es of
p the
98-3
j the
F.1).
tions

X1 is
Df the

decision thrg

shold and the detection limit. Analogously, the input quantity, X5, is assigned in a suitablé

way

to the background effect. The data of the other input quantities are taken as given from independent previous
investigations.

5.2.2 Model in ionizing radiation measurements

In this International Standard, the measurand, Y, with its true value, y, relates to a sample of radioactive
material and is determined from counting the gross effect and the background effect with preselection of time
or counts. In particular, Y can be the net count rate, p,, or the net activity, 4, of the sample. The symbols
belonging to the counting of the gross effect and of the background effect are marked in the following by the
subscripts g and 0, respectively.

© 1SO 2010 — All rights reserved
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In this International Standard, the model is specified as follows:

XaXa---
Y =G(X gy X)) = (Xy = XpXg—Xg) =88 — (X = XyX5-X4) W (4)
X5X7-
with
XaXa---
w=2628"" ()
X5X7-

X1 [Py 15 the gross count rate and X, = pg 1S the background count rate. The other inputqgantities, X,
are cglibration, correction or influence quantities, or conversion factors, for instance the emissior| or response
probability or, in particular, X5 is a shielding factor and X, an additional background correctign quantity. If
somg of the input quantities are not involved, x; =1 (i=3;i>4), x4 =0 and u(x;)=0Jshall be|set for them.
F(;r the cou2nt rates, xq=rg=ng/ty and u?(xq) = ng/tg2 =rg/ty as well @s" x, =ryFng/ty and
u“(xp)= "o/fo =ry/to apply.

By stlibstituting the estimates, x;, in Equation (4), the primary estimate, y;7of the measurand,|Y, gives the
resulf:

n n
=G(xq, ..o, X, ) = (X1 — X0X3 —x4)-w=(rg —rgX3 —x4)-w=[t—g—t—ox3 —x4J-w (6)
g 0
with
XgXg -
— 678 7
xSX7 e ( )

With the partial derivatives:

a_GzW’a_G=_X3Wa_G=_X2W’a_G=_W’a_G=iL (125) (8)

1

and py substituting the estimates x; , w and y, Equation (3) yields the standard uncertainty u(y) of the
meagurand associated with)y:

(y)= \/wz - l:uz(X1)+x§u2(x2)+x%uz(x3)+u2(X4 )}Lyzurzel(w)

(9)
- \/wz | ra g+ x50 fro + rfuP (x3)+u (va) |+ y2uly(w)
where
m u2(x.)

i=5 X
is the sum of the squared relative standard uncertainties of the quantities X5 to X,,. For m <5, the values

w=1 and ”rzel(w)=0 apply.

The estimate x; and the standard uncertainty u(x;) of X, (i=3,..., m) are taken as known from previous
investigations or as values of experience according to other information. In the previous investigations, x; can
be determined as an arithmetic mean value and uz(xi) as an empirical variance (see B.4.1). If necessary,
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uz(xi) can also be calculated as the variance of a rectangular distribution over the region of the possible

values of X;

with the width Ax; . This yields u?(x;) = (Ax;)? /12.

For the application of the procedure to particular measurements, including spectrometric measurements, see

Annexes B a

5.3 Calcu

5.3.1

nd C.

lation of the standard uncertainty as a function of the measurand

General aspects

For the provi
standard und
This function
measuremer
formed as a
unique and d

In most case|
cases, y shs
value x4 ca
procedure,

Equation (3)
according to
u(y) follows

5.3.2 Expli
When, in the
rate X, = p|
h»] (X1 ) = X»]/\
of recorded {

The value y
particular, off
Equation (6).
Equation (6)

X1 =3/

By substitd

icit calculation

SToTTand americal catcutation of thedecision threshotd i 6-2and of the detectiomtimit i 6:
ertainty of the measurand is needed as a function #(y) of the true value y > 0 of the meas

shall be determined in a way similar to u(y) within the framework of the evalyation g
ts by application of ISO/IEC Guide 98-3; see also References [1, 2]. In most case$,)yi(y) sh
positive square root of a variance function az(y) calculated first. This functionbshall be de
ontinuous for all y > 0 and shall not assume negative values.

5, u(y) can be explicitly specified, provided that u(x¢) is given as a function 24(x¢) of x4.In
Il be formally replaced by y and Equation (2) shall be solved for~x4. With a specified j
h also be calculated numerically from Equation (2); for instance, by means of an ite
vhich results in x4 as a function of y and x, , ..., x,¢This function shall replace

and in u(xq)=hq(xq), which finally yields (y) insteadyof u(y) . In the case of the 1
Equation (6) and 5.3.2, one shall proceed in this way. Otherwise, 5.3.3 shall be applied, V
as an approximation by interpolation from the data ) and u(yj) of several measurements

case of the model according to Equation\(6), the standard uncertainty, u(x4), of the gross

g’
/g applies if the measurement duration, Iy (time preselection), or, respectively, the numbsg

ulses (preselection of counts) is specified.

ng with time preselection and of 7, with preselection of counts in Equation (9) by mea|
These values are’not available when y is specified. This yields in the general case accord

+T XoX3 Ty

ting™ 'x4 according to Equation(11) in the given function /A4(xq) ie.

is given as a function #q(x4)” of the estimate, x;=ry, either ny(xq)= x1/t_

, the
irand.
f the
all be
fined,

such
, the
ation
x4 in
nodel
Vhere

count

) or

r, ng,

shall be formally replaced by y . This allows the elimination of x4 in the general case afd, in

ns of
ng to

(11)

with

u2(x1) = h12(y/w+ XpX3 + X4 ), the TOlIOWING results from Equation (9).

()= w2 B+ gy + w4+ () + B () P () |+ 52y ()

With time preselection and because of x4 = ng/tg and x, =1y,

ng=tg-

(F/w+rgxs +x4)

(12)

(13)
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g and by substituting ng4

Equation (13) and with u2(x2) =rg/ty , Equation (12) leads to

according to

() = w2 [ (51w + roxs +xa)tg 4 580 g + (g )+ (g) |+ 7 () (14)

With preselection of counts,
n
tg =~ g (15)
)/ 144 + IOA3 + ./t4

is anglogously obtained. Then, with h12(x1) = x1/tg = ng/tg2 and by substituting 74 according’to kquation (15)
and with u2(x2)= roz/no , Equation (12) leads to

() = w2 [ (5w + roxs + 4)? fng + 50 g + 1 (xg) P (xg) |+ 52 (16)
Equation (22) has a solution, which is the detection limit, y# , if, with time’preselection, the following condition
is safisfied:

1 U (w) <1 17)
or with preselection of counts, the following condition is satisfied:

1. 2
g [—+u (w) <1 (18)
n rel
g

Othefwise, it can happen that a detection limit does not exist because of too great an unceftainty of the
quaniities X5 to X,,, summarily expressed by u.(w). The condition according to Equation (17] also applies
in the case of Equation (12) if #7(xy) increases for growing x; more slowly than x4, i.e. if #4(x})/x; = 0 for
X4 —°°.
5.3.3| Approximations

It is
unce
asso

the s
sam

bften sufficientto use the following approximations for the function u(y), in particular, if
tainty, u(a), is not known as a function 74(x4). A prerequisite is that measurement re
ciated standard uncertainties, u(yj), calculated according to 5.1 and 5.2 from previous mea
ame Kind, are already available (j =0,1,2,...). The measurements shall be carried ouf

the standard
sult, y IT and
surements of
on different

lesowith differing activities, but in other respects as far as possible under similar condition

5. One of the

measurements can be a background effect measurement or a blank measurement with y =0 and, for
instance, j=0. Then, yg =0 shall be set and #(0) =u(yy). The measurement currently carried out can be
taken as a further measurement with j =1.

The function u(y) often shows a rather slow increase. Therefore, the approximation (y)=u(y4) is sufficient
in some of these cases, especially if the primary measurement result, y,, of the measurand is not much

larger than the associated standard uncertainty u(y4) .

If only #%(0)=u(yg), ¥4 >0 and u(y4) are known, the following linear interpolation often suffices:

i2(7) = a?(0)(1= 7/ y1) +u®(y1) 7/ 1 (19)
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If the results yy, y4 and y, as well as the associated standard uncertainties u(yq), u(y4), and u(y,) from
three measurements are available, the following bilinear interpolation can be used:

~2

i2(7)=u?(yq)-

(¥ =yo )V —»1)
(y2 =yo)y2—¥1)

(V=y)(V=»2)

20,3 (y=y0)(I-y2)
(yo —y1)(¥o —»2) !

2 .
"1 =y0)y1->2) rulrz)

(20)

If results from many similar measurements are given, the parabolic shape of the function ﬁz(jz) can also be

determined b

6 Characteristic limits and assessments

y an adjustment calculation.

6.1 Specifications
The probability, ¢, of the error of the first kind, the probability, g, of the error of the second-kind anfd the
probability, 1—y, for the confidence interval shall be specified. The choice depends on. the applicatipn. A

frequently cied choice is « = 8 and the value 0,05 for ezand f. Then, kq_, = ky_g =1,65% If the value of

is chosen for

If it is to be 3
to be fulfilled
for instance,

6.2 Decis

The decision
of interest, is
primary mea
threshold, y
is absent. If

present, is equal to the specified probability, « (error,of the first kind; see 6.1 and 6.5).

A determine

y*=ky]

6.3 Detec

The detectio
according to

kind) does n¢t exceed the specified probability, £ (see 6.1).

ythen kq_, 5 =196 (see Annex E).
ssessed whether or not a measurement procedure for the measurand satisfies the requirer]

for scientific, legal or other reasons (see 6.6), a guideline value{y, ,"as a value of the meas
an activity, shall also be specified.

on threshold

threshold, y *, of the non-negative measurand aecording to 5.1, quantifying the physical
the value of the estimator, ¥, which allows the conclusion that the physical effect is present,
surement result, y, exceeds the decision thteshold, y *. If the result, y, is below the de

[, the result cannot be attributed to the physical effect, nevertheless it cannot be concluded
he physical effect is really absent, the prebability of taking the wrong decision, that the eff

L, 4(0)
tion limit

6.2, the probability of the wrong assumption that the physical effect is absent (error of the se

In order to findOut whether a measurement procedure is suitable for the measurement purpose, the detd

0,05

nents
irand,

bffect
if the
Cision
hat it
ect is

I primary measurement result, y; for the non-negative measurand is only significant for theg true
value of the measurand to differ from zeros(.y»> 0), if it is larger than the decision threshold

(21)

N limit, y# ,\is-the smallest true value of the measurand, for which, by applying the decision rule

cond

ction

limit, y#, is compared with the specified guideline value, y,, of the measurand (see 6.1 and 6.6). The
detection limit, y# , is the smallest true value of the measurand which can be detected with the measurement
procedure used. It is high enough compared to the decision threshold, y *, that the probability of the error of
the second kind does not exceed fS. The detection limit, y#, is obtained as the smallest solution of
Equation (22):

v¥ =y kg gi(y*) (22)

where y# > y* always applies.
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Equation (22) is an implicit equation; its right-hand side also depends on y#. The detection limit can be
calculated by solving Equation (22) for y# or, more simply, by iteration (see Figure 1). Thus, an improved
approximation y;,4 is obtained by repeatedly substituting an approximation y; for y# on the right-hand side
of Equation (22). This leads to Equation (23):

Vi =¥ ¥ +ky_pgu(y;) (23)

As a starting approximation, for instance, y5 =2y * can be chosen. The iteration converges in most cases,
but not if Equation (22) does not have a solution, y# . In the latter case or if y# < y* results, a detection limit
cannot be established for this measurement procedure (see 5.3.2 and 6.6). In this situation enlarging S can

resulf in a solution to Equation (22).
After|the calculation of y, or, for instance, with a suitable choice of e.g. y4, =3y *, it is mere-advgntageous for
i > 1|to apply the regula falsi, which in general converges more rapidly. For this purpdse,; Equatjon (23) shall
be replaced by
|tk [5G -5 |G- 7))
i+ = T B P (24)
1=kyp-[a(3) -3 )] /(5 - 7))
with |j <i. Therefore, j =0 should be set or be fixed after severaliteration steps (see Figure 1)
YA /
; ;/
2 / y2
A ~
Y
Vo=2y"
1
0 y* % y

Key
1 straightline y=y

2 curve y=y*+kig u(y)

y true value of the measurand
y  estimate of the measurand

For the other symbols, see text.

Figure 1 — Calculation of the detection limit by iteration
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With the iteration according to Equations (23) or (24) and beginning with a starting approximation, y, for
instance, yg =2y * as shown, the sequences of the improved approximations y; (j=1,2,...) converge to
the detection limit y#, which is the abscissa of the intersection point of the straight line (key item 1 in
Figure 1) and curve (key item 2 in Figure 1). y * is the decision threshold. With the alternative application of
the regula falsi according to Equation (24), the sequence, y;, is generated by means of secants of curve 2, for
instance, through points A and B. The shown hyperbolic shape of the curve (key item 2 in Figure 1) is typical
of many applications, for instance, those with Equations (14) or (16). The detection limit does not exist if the
curve does not intersect the straight line (key item 1 in Figure 1) at any abscissa y > y*.

Any iteration shall be stopped if a specified accuracy of v digits is attained, i.e. if the first digits, v, of the
successive ]/pproxmatlons no fonger change. But, if too high an accuracy is demanded, then, even_ with an

iteration conyerging in principle, the successive approximations in general permanently fluctuate aroung and
close to the ¢xact solution but never attain it. A smaller v shall then be chosen.
With the appfoximation #(y) = u(y) (see 5.3.3), y# = (k1_g +k1_ﬁ)u(y) applies.

The linear inferpolation according to Equation (19) leads to the approximation:

v = adJa? + (kF 5~ k2 ) i (0) (25)

with
a =k ofi0)+ (K25 1) [ (P ()= 2O ] (26)

If =4, y¥|=2a follows.

If a=p4 i$ chosen and ﬁz(j;) is obtained/-~or approximated by a second-order polynpmial

uz(jz) =co+ c1)7+02)72 as in Equations (14), (16).and (20), then with k =%4_, = ki-p

v¥=kko (27)
and
# 2} *+k2C1
D (28)
1—k C2

6.4 Limits of the-confidence interval

The limits of fhe"confidence interval are provided for a physical effect, recognized as present according tp 6.2,
in such a way that the confidence interval confains the true value of the measurand with the specified
probability 1— ¥ (see 6.1). The limits of the confidence interval take into account the fact that the measurand
is non-negative.

With a primary measurement result, y, of the measurand and the standard uncertainty, u(y), associated with y
(see 5.2), the lower limit of the confidence interval, y<, and the upper limit of the confidence interval, ", are
provided by:

yi=y—kyu(y) with p=0-(1-7/2) (29)

y© =y+kyu(y) with ¢ =1-wy/2 (30)
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where

/
yiu(y) 2

0= _L exp(—)dv =@y /u(y)] (31)

For the distribution function, ®(¢), of the standardized normal distribution and for its inversion, k,=t for
@(¢)= p, see Table E.1. For methods for its calculation, see Annex E or, for instance, Reference [29].

In general, the limits of the confidence interval are located neither symmetrical to y, nor to the best estimate,
7 (se 6.5 and Figure 2), but the probabilities of the measurand being smaller than y - or latger than y®
both pqual /2. The relations 0< y< < y* apply.

w =1 may be setif y = 4u(y). In this case, the following approximations symmetrical ta_p,apply:
VS =y —ki_ypu(y) and y” = y+key o u(y) (32)

6.5 | Assessment of a measurement result

The fetermined primary measurement result, y, of the measurand:shall be compared with [the decision
threspold, y*. If y > y*, the physical effect quantified by the measurand is recognized as presept. Otherwise,
it is decided that the effect is absent.

If y 3 y* and with @ according to Equation (31), the best estimate y of the measurand is given by (see 5.1
and Figure 2):

u(mexpl-y?/[262(»)]]
oN2r

The standard uncertainty associated\with y reads

(5) = Aul(y)-(G-»)p (34)

NOTH 1 If the best éstimate, y, and its standard uncertainty, u(y), are calculated, the recording ¢f the primary
measprement result,»,‘and its standard uncertainty, u(y), may be omitted.

(33)

NOTH 2 If the decision rule defined by the decision threshold is not used and if y < y* the best estimpte, y, and its
standfrd uneertainty, u(y), can also be calculated.

al Lo

The ‘refations 7 )‘;, © )‘; and )/q 7 y‘> as—wet—as u(}) u()/) ant—(y )‘; apply—moreover, for
v = 4u(y), the approximations

y=y; up)=u(y) (35)

hold true.
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4 M
3 = yPlu(y)
2 /
/ Yiu ()
l >
4
ylul(y)

Key
y/u(y)  qug

ass

For the curvs

The best est
the upper lim
these values
lines and the

6.6 Assegsment of a'measurement procedure

The decision
regarding the
limit, »*, w

tient of the primary measurement result of the measurand and the standard uncertainty of the meag
pciated with the best estimate

s, see the text.

Figure 2 — Best estimate/and limits of the confidence interval

mate, 7, of the measurand;the associated standard uncertainty, u(7), the lower limit, y*
it, v~ , of the confidence(intérval are given as functions of the primary measurement result,
are scaled with the standard uncertainty, u(y), and ¥ =0,05 is chosen. The ascending st
horizontal straight.tine with ordinate 1 are asymptotes.

on whether or not a measurement procedure to be applied sufficiently satisfies the requirer
detection of the physical effect quantified bé/ the measurand is made by comparing the deté

urand

, and
y. All
aight

nents
ction
, the

th-the specified guideline value, y,. If y™ >y, or if Equation (22) has no solution, y#

reon

measuremert

B dira 1o At oiatohl for tha intamA~A oo e ANt
 PToOCCUOOTC— IS O SuitaoiiCc— 1Ot 1C— T ChUC U TICcaSuUrCriTeTTt

requirements.

Brnaca st +_$d
POTpPOST—yuvit— ToSpTttr—1O

the

To improve the situation in the case of y# > y,, it can often be sufficient to choose longer measurement
durations or to preselect more counts of the measurement procedure. This reduces the detection limit.

14
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Documentation

The content of the test report depends on the specific application as well as on demands of the customer or
regulator. Independently of this, information shall be retained in order to justify the data of the test report and
to guarantee traceability. This applies in particular to:

a)

a reference to this International Standard, i.e. ISO 11929:2009;

the physical effect of interest, measurand and model of the evaluation;

the probabilities « and S of the errors of the first and second kind, respectively, and, if necessary, the

guideline value, y,;
the primary measurement result, y, and the standard uncertainty, u(y), associated with y,

the decision threshold, y*;

detection limit y#;

if necessary, a statement as to whether or not the measurement procedure is suitable for
Measurement purpose;

a statement as to whether or not the physical effect is recognized as being present;

y comparison with the guideline value, to demonstrate that the measurement procedure is suitable fq

{gulator to document < y# instead of the measured result; y. Such documentation can be meaningful
easurement purpose.

<, and the upper limit of the confidence interval, y~, with the probability, 1—y, for th

interval, best estimate, y, of the measurand, and standard uncertainty, u(p) associated with

the intended

NOTE If the physical effect is not recognized as being-present, i.e. if y < y* | it is occasionally demnanded by the

since it allows,
r the intended

in addition, if the physical effect is recognized as being present, the lower limit of the confid¢nce interval,

e confidence
P.

© 1SO 2010 — All rights reserved
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Annex A
(informative)

Overview of the general procedure

A.1 Introduction of the model

Introduction
X, (model;

1

Y = G(X

A.2 Prep3

Determinatio
u(x;), in co
investigation
duration, ¢; ,

for the gross

Specification

A.3 Calculation of the primary measurement result, y, with the associated standa

uncertainf

y=G(x

u?(y)=

for presuppo|
The estimate

bf the non-negative measurand, Y, and of its representation as a function of the input quan
X, is the gross effect; see 5.1 and 5.2.1):

e X))

ration of the input data and specifications

h of the estimates, x,, of the input quantities, X, with the associated standard uncertai
hformity with ISO/IEC Guide 98-3 (see References [1, 2]),4from measurements and pre
5. For a count rate, X; = p;, with the counting result, #; . obtained from a measureme

1 b
effect, X (see 5.3.1 and A.4).

5: probabilities ¢, fand y and the guideline value;* y, (see 6.1).

y, u(y)

sed uncorrelated input quantities, X; (see 5.2.1 and A.2). Otherwise, see the references if

S, X1, ..}, , shall be substituted in dG/dX; .

A.4 Calculation of the standard uncertainty, ()

tities,

(A1)

hties,

vious
nt of

introduce x; =n;/t; and u2(xl~)=nl~/tl~2 (see 5.2.1). In¢particular, u(xq) = hq(xq)=+/x4/t1 applies

rd

(A.2)

(A.3)

A2

If u(x4) is known as a function h4(x4), y is replaced by y and Equation (A.2) is solved for x;. With y
specified, x4 can also be numerically calculated from Equation (A.2), for instance by means of an iteration

procedure. This results in x4 as a function of y and x,, ...

, X, - The function replaces x4 in Equation

(A.3)

and in #4(x4). This yields u(y) instead of u(y) (see 5.3.2). Otherwise, i(y) follows as an approximation by

interpolating

16

the data y and u(y) from several measurements (see 5.3.3).
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Calculation of the decision threshold, y *

y* = kq_qu(0)

(A.4)

See 6.2. Assessment: an effect of the measurand, Y, is recognized as present if y > y * (see 6.5). If not, A.7
and A.8 are omitted.

A.6

Calculation of the detection limit, y#

The ¢

It ca
meas
6.6).

A7

wher

A.8
stan

See 6.5.

A.9

The reportiof:ithe results is according to Clause 7.

etection limit, y# , Is the smallest solution of Equation (A.5):

# = yrtkygii(y®)

urement procedure is not suitable for the measurement purpose if y# >, Or if y# does 1

Calculation of the limits of the confidence interval, y“ and y"
< =y—kpu(y) with p=w-(1-y/2); y* =y+kqu(y) with ¢ =1-wy/2
e =] y/u(y)] (see 6.4; for the calculation of @, k-, and k, , see Annex E).

Calculation of the best estimate,-y, of the measurand with the associat
dard uncertainty, u(y)

u(vexp{-»2 /[ 2:2(n]]

b=yt — u(P) = uP(») = (G-1)3

Preparation of the documentation

©I1SO

2010 — All rights reserved

(A.5)

h be calculated by iteration with the starting approximation y# =2y* (seg” 6.3). Assg¢ssment: the
ot exist (see

(A.6)

(A7)
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Annex B
(normative)

Various applications

B.1 General aspects

The procedu
variety of ap
They do not
quantities, X
u(xq) and u

With each of
determining
u(y), accorg
according to
y# , the limit

the associatg¢d standard uncertainty, u(y), shall be calculated in thé;same way according to Clause 6 ¢

to A.8. This
discussed in

B.2 Coun

Let a counfing measurement be carried odt;"by moving the measurement object along a spe

measuremer
measuremer
and, on the
durations ca
uncertainties
measuremer

The reductio
into account
obtained ex
uncertainty,

re described in the main part of this International Standard is so general that it allows\a
blications to similar measurements. Some important cases are discussed in the following cla
differ in their models from those in the main part, but merely in the interpretation .of the
4 and X5, and in setting up the corresponding estimates, x; and x,, and standard uncerta

)C2).

the following applications dealt with in Annexes B and C, the respeg¢tive main task consi

ing to 5.2 or A.3 as well as the standard uncertainty, u(y), @s a function of the meas
5.3 or A.4. Subsequently, with all applications, the decisionhreshold, y *, the detection

is no longer pointed out in the following clauses.. Numerical examples of the application
Annex D.

ling measurements on moving objects

large
uses.
input
inties,

sts of

he primary measurement result, y, of the measurand and the assdciated standard uncertpinty,

irand
limit,

5, y< and y”, of the confidence interval, as well as the best'estimate, 7 , of the measurang with

rAb5
5 are

cified

t distance on a straight line passing a radiation detector (or vice versa). Data obtained fro

other hand, the measurément durations, Iy

that shall be taken into account. Therefore, they can be taken as constants an
t as a measurement with time preselection.

h of the background count rate by the shielding effect of the measurement object can be
by means’ of the shielding factor, f, by setting X3 = f and X, =0 in Equation (4). f ca

the

t during this travel are, on thetone hand, the counted numbers, 4 or ng, of the recorded pulses
or ¢y, respectively. In general, the measurgment
N be determined with negligible measurement uncertainties compared to all other measurgment

the

aken
n be

berimentally from previous measurements as an arithmetic mean value and the stapdard

(), associated with f, as the empirical standard deviation of the arithmetic mean value.

They

can alternat
respectively,

from a rectangular distribution with the width A/ over the region of the possible values of f.

vely be obtained as the expectation value and the standard deviation, u(f)=Af/\/§,

In the simplest case where the model shall be specified in the form of ¥ = X4 - X, X3 = py - po/ and where

the measurement durations,

tg and ¢y , are preselected and the estimates, x1=ng/tg=rg

and

Xy =ng/tg = ry , With the associated squared standard uncertainties, u?2(x;) = g/tg a@nd u?(xy)=ro/tq , are
applied, the results read

i’lg_

y=—
lg

18

O =rg=rof s uly)=
‘o

\/:—g+r—°f2 +rfu?()

g ‘o

(B.1)
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Replacing y by y and eliminating g

u(y)= \/

B.3
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= J+r9f , because of u?(x;)=h?(xq)

y+nf

7
0f+r
t

lo

(/)
g

Measurements with ratemeters

= x1/tg = rg/tg , yields

(B.2)

A ratemeter records the rate of pulses arrlvmg at the |nput of the meter Here a ratemeter is understood as a

linear,
negli
relax
pulse
meas
here.

Each
This

;lble rise t|me constant) upon the arrlval of an input pulse and then decreases expone
btion time constant, 7, until the next input pulse arrives. The signal increase shall beythe

uring instrument simulating the one just described is also taken as a ratemeterhaving to b

particular measurement using a ratemeter shall be carried out in the stationary state of t
requires at least a sufficiently large fixed time span between the starf-0f measurement an

ratemeter indication. This applies to each sample and to each background effect measurement.

Refe
magf
span
poss

The

gross
of theg
at th
quan

In EQ
I’g'T
cons

The
5.3.2
coun

ence [30], fixed time spans of 3z or 77 correspond to deviations’of the indication by 5 % or
itude of the difference between the indication at the start of meéasurement and that at the er
If further uncertain influences have to be taken into account, a time span of 77 should
ble.

bxpectation values, Py and pg, of the output signals” of the ratemeter in the cases of m
and background effects, respectively, are takenwas the input quantities, Xy and X, for th

characteristic limits: X4 = py and X5 = pg . With the values r4 and ry of the output signal
b respective moments of measurement, ithe following approaches result for the values
ities and the associated standard uncertainties:
K1 = I’g ) Xo =1
e 1
(x1)__9 , uz(x2)=2—0
Tg To
uation (B.4), approximations with a maximum relative deviation of 5 % for ry-74 > 0,65 a

121,32 are specified according to Reference [30]. The same applies to ry-7y. The re
ants, 74 and, 7, shall be adjusted to fulfil requirements regarding the maximum relative dey

ratemeter measurement is equivalent to a counting measurement with time preselection
and\with the measurement durations, 74 =274 and ¢y = 27 . The quotients ng/tg and

J

sharply (with a

ntially with a
same for all

s and the relaxation time constant shall be independent of the count rate. A digitallylworking count rate

e considered

e ratemeter.
reading the
According to
0,1 % of the
d of the time
pe chosen, if

easuring the
e calculation
5 determined
of the input

(B.3)

(B.4)

nd of 1 % for
axation time
iations.

according to
Ho/to Of the

ing“measurement shall be replaced here by the measured count rate values Lg and rg ., re

spectively, of

the ratemeter measurement. This applies, in particular, to Equation (13). See also the numerical example in
D.2.2. The standard uncertainties of the relaxation time constants do not appear in the equations and are
therefore not needed.

In the simplest case where the model shall be specified in the form of ¥ = X4 - X, = Pg—Po Equations (B.3)
and (B.4) lead to

y=rg—ro; (B.5)
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Replacing y by 7 and eliminating ry = 7+, because of uz(x1) = h12(x1)= x1/(274) =14 /(274), yields

— y+r 7
a(p) = 2_0+_0
g 279

B.4 Repeated counting measurements with random influences

B.4.1 General aspects

Random infllences due to, for instance, sample treatment and instruments cause measurement devia
which can be different from sample to sample. In such cases, the counting results, »n;, of the’ col
measuremerjts on several samples of a radioactive material to be examined, on several blanks

(B.6)

fions,
nting
of a

radioactively|labelled blank material, and on several reference samples of a standard reference material are

therefore respectively averaged to obtain suitable estimates, x4 and x,, of the input quantities, X4 and
and the aspociated standard uncertainties, u(xq) and u(x,) , respectively. Accordingly, X, shg
considered as the mean gross count rate and X, as the mean background count rate. Thereforg

measurand,

as the mear
countings on
In each case
measuremer
(i=1..,m;

empirical var

The procedd
<< s?, whi
Equation (B.

A numerical
B.4.2 Proc

In the case @
the mean ba

Y, with the sought-after true value, y, shall also be taken as an averaged quantity, for ins
net count rate or mean activity of the samples. In this anneX, all symbols belonging t
the samples, blanks and reference samples are marked by the 'subscripts g, 0 and r, respeg
, arithmetic averaging over m countings of the same kind. carried out with the same presel
t duration, ¢ (time preselection), is denoted by an“overline. For m counting result
m >1), which are obtained in such a way and shall*be averaged, the mean value, 7, an
ance, s, of the values, n; , are given by
m
=S i)
m=115

2

res in B.4.2 and B.4.3 are approximations for sufficiently large counting results n; >> 1
ch allow the random influeneesto be recognized in addition to those of the Poisson statistics

2)].
bxample of a measurement with random influences is described in D.3.
edure with unknown influences

f unknown.influences, the following expressions are valid for the mean gross count rate, X4
Ckground count rate, X, :

Xo,
Il be
, the
ance
D the
tively.
bcted
n.

1

d the

3
Py

(B.7)

and
[see

, and

X9 Zﬁg

u?(xq) =52 [(mgt2) ;

4 Pl )
Lg v AY 10/ t0

u?(xp) = 58 [(motd)

With the approaches according to Equations (B.8) and (B.9), Equations (6) and (9) yield

n

[

Ig

u(y)= JWZ 52 omgr)+ x3s8 [ motd) + (o f10)? - uP (x3)+ u® (xg) |+ y2uly(w)

20

i
———X3 X4
)

(

].w

(
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u2(x1) is not given as a function h12(x1) of x4. Therefore, ﬁz(j;) shall be determined as an approximation
according to 5.3.3, for instance, according to Equation (19), where the current result, y, can be used as y,.
For this purpose and for the calculation of ﬂZ(O), i.e. for y=0, the missing sé/tg2 shall be replaced by
sg/tg , since both these values are then variance estimates of the same distribution of count rate values,
independent of ¢y, 79, my and my .

B.4.3 Procedure with known influences

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

(B.12)

S=n+v“n”

The first term, 7, of Equation (B.12) corresponds to the numbers n; of pulses according fd the Ppisson law in
bsence of random influences. These influences are described by the second term; 192%2,
fical relative standard deviation, ¢, valid for all samples and countings and caused by thes

influence parameter, ¢, can be calculated from the data of counting measurements of t

the & assuming an

empi e influences.

This he reference

samgles by combining Equation (B.12) with Equation (B.7):

92 = (s7 — )/} (B.13)
Instegd of the data from counting measurements of the reference samples, those for other samples can be
used|which were previously examined, not explicitly for reference purposes but under conditigns similar to
thosg of the reference samples.

If #%|<0 results, the approach and the data are not.compatible. The number, m,, of the refergnce samples
should then be enlarged or ©#=0 be set. Moreover;»#? < 0,2 should be obtained. Otherwise, one|can proceed
according to B.4.2.
Insteqd of Equation (B.9), the expressions
2(xy) = (g + 0202 (mgt2) ; \u(x3) = (g + 9% )/ (motd) (B.14)
now apply with Equation (B.12).”The cases mg =1and mq =1 are permitted here. Therefore, with xq = ng /tg
and Equation (B.14), u2(x1) is given as a function of x; by:
2(x1) = R (x) S 11 + 0%2F ) [mg (B.15)
Equations (B:8),and (B.10) remain valid for x5 =1 with u(x3)=0 and x4 =0 with u(x4)=0. Furthermore,
according to-Equation (9), it follows that:
[ o [ o 21 oo
Wy = e ) FuT e N [+ 5 ure (W) (B.16)

u2(x1) and u2(x2) according to Equation (B.14) shall be inserted.

In order to calculate u(y), the result, y, is replaced by y and Equation (B.10) is solved for x4 = ﬁg/tg . This
yields x; = y/w+ng/tg . The estimate, x;, determined in this way in the current case, shall be substituted in
Equation (B.15) and u2(x1) obtained therefrom in Equation (B.16). This finally leads to #(y) (see also 5.3):

- — 42 — —292 - 2-2
o~ 2| ¥ 2ng ¥ 1 n nyy np+9n
i(5) = y2[—+ur29|(w)]+ﬂ(t0—+t—J+w2 ;0; 0 400 (B.17)
g Mg 0 g Mgloltg  mgt mot(
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The condition according to Equation (17) shall be replaced here by the condition

o
kg |+ ug(w) <1

2

Mg

(B.18)

B.5 Counting measurements on filters during accumulation of radioactive material

B.5.1 General aspects

For monitoring flowing fluid media (gas or liquid, for instance vent air or room air in nuclear installatio

water), a cg
radioactive n
measuremer
assumed to
the following
constant dur

the activ
radioact
measurg

a)

b)
concent

It is sufficien
measurands
x; , with the

according to
DA4.

The activity
during the m
as a calibra

assumed to e known from previous investigations. The efficiency of the filter is assumed to be containeq

The standarg
exactly than

B.5.2 Activ

In case a), Y

the change, Ady ;, in the activity concentration according to case a), compared with the mean a

unting measurement can be continuously carried out on a filter during the accumulati
haterial from the medium. The measurement consists of a temporal sequence of conse
t intervals of the same duration, ¢. The half-lives of the nuclides accumulated-on the filte
be long compared to the total duration of all measurement intervals, the data of.which are ug
calculation of the characteristic limits. In addition, the background effect is.assumed to rg
ng the whole measurement. There are two measurands, Y, of interest:

ity concentration, 4 ; (activity divided by the total volume of the sample, see ISO 31-9),
ve nuclides entrained by the medium, accumulated on the {ilter and measured durin
ment interval, j, of duration, ¢ [case a), see B.5.2];

ation, 4y ;, from m preceding measurement intervals(case b), see B.5.3].

t for cases a) and b) to introduce the respective models according to 5.2 that describ
Y= AV,j and Y = AAVL/, as functions of thelinput quantities, X;, and to specify the estin
hssociated standard uncertainties, u(x;) ,*0fthe input quantities, X, . Everything else then fa
5.2.2, 5.3.2 and Clause 6 and analogeusly to B.2 and B.3. A numerical example is descril

s divided by the sample volume, i.e. by the volume, ¥, of the medium flowing through the
basurement of duration, #~This volume, V, with the associated standard uncertainty, u(V), a
ion factor, £ which shall be considered with the associated standard uncertainty, u(¢)

uncertainty, u(z)570f the measurement duration, 7, is neglected since ¢ can be measured far
bl the other quantities involved and can thus be taken as a constant.

ity concentration as the measurand

€ AVJ is the measurand of the measurement interval, ;. The input quantities, X, are spe|

ns or
bn of
utive
r are
edin
main

pf the
j the

Ctivity

b the
ates,
llows
ed in

filter
5 well
are
in &
more

cified

as follows: A

(1=p,, X2 =P, 1, X5 =¢ and X; =V , Where p is the gross count rate in the measure

ment

interval j. There are no further input quantities, they are set constant equalling 0 for X, and 1 otherwise with

zero uncertai

Y=AV,]

Because of th

22

nties. The model according to Equation (4) now reads

_ X=Xy PP

 XsX5 ev (

e background effect assumed to be constant, its contributions cancel out in the difference.

B.19)
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Similar to 5.2.2, the estimates, x; and x5, with the associated standard uncertainties, u(x{) and u(x,), of the
input quantities, X4 and X, , respectively, are specified as follows, with n; being the number of events
recorded in the measurement interval ;:

xp=rp=n;ft; ui(x)=r;/t (B.20)
Xp=riq=ny [t uP(xp)=r; 4/t (B.21)

Obviously, u(x4) is thus known as a function 44(x4) of x4, which is needed for the decision threshold and the

detegtiomtimmit; since:
RN NN (B.22)
With [the preceding approaches and w =1/(&/’) with “rzel(w) =u2(£)/£2 +u2(V)/V2 ~the following is obtained
accoflding to 5.2.2 and 5.3.2:
_X—xp 1T (B.23)
X5X7 eV
_ |20 2 2 2.2
()= w2 [ ()42 (x2) |+ y 2y
B.24
1 [t o[u?(e)  w20) .
=— |———+(r;—r; ) | ——t—5—
-3 t J J 52 V2
Replacing y with 7 yields with Equations (B.24)-and (12)
x1=ﬁ/=j//w+x2=)7€V+(/_1 (B.25)
()= w2 [+ w24 fg) |+ 52y (o0
(FeV +xp)/t4uf(xy) | 2 | u?(e)  u?(V)
- . pp2 L8 D (B.26)
(e € vV
VeV #20_ 2 2
_ P g [itle) w20)
eVt £ 14
B.5.3 Change in the activity concentration as the measurand
Case b) only differs from case a) discussed in B.5.2 by a different definition of X, . The model reads:
i Xq1-4Xo
Y=My =4y, —A4, =" "2
»J 2] 2] X5X7
(B.27)

1 1< 1 1 1
=Ly PP _;;(pj—k =P j-k-1 )] = ﬁ[pj _(1+;)pj—1 +;pj—m—1}
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Instead of X, =p;_4, now

1 1
Xo = (1 + _j Pj1="—"Pj-m (B.28)
m m

is valid with X4 = p; . Hence it follows

2
1 1 1Y 71 Tjom
Xy =[1+—]rj_1—;r,_m_1 ; u2(x2)=(1+;] =+ = (B.29)

The values 3, and u2(x2), calculated according to Equation (B.29), shall be substituted in Equations(B.23)
to (B.26) to gbtain y, u(y) and u(y) .

The model gccording to Equation (B.27) applies to the test for an increase in the activity ‘coricentration. If a

decrease is fo be examined, Y = 4y, ; — 4y ; shall be specified as the measurand, i.e."y and X, shall be
interchanged so that the measurand becomes non-negative as demanded.
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Annex C
(normative)

Applications to counting spectrometric measurements

General aspects

This

line im a measured multi-channel spectrum should be considered and no adjustment calculations,

an ur
sepa
acco
numb
to the

lines).

Indeq
seleg
regio
chan
the I

scalifg variable assigned to the channel number. The channel widths, ¢; = &% — ¢, correspond t

to F.1
the {
repre
y,is
C.2).

At fir
tails
back

from
there

folding, have to be carried out. The net intensity of the line is first determined according to
ating the background. Then, if another measurand, for instance, an activity, shallbe calculg
ding to 5.2 and 5.3 (see C.4). The background in spectrometric measurements is under
er of events of no interest in the region of a regarded line in the spectrum. The events can
background effect by the environmental radiation and also to the sample\itself (for instanc

endent, Poisson-distributed random variables, N, (i=1..,m as well as i=g ), are
ted channels of a measured multi-channel spectrum with the{contents, »;, of the channel
hs), and the expectation values of the N;
nels of a channel region of the spectrum can be combined'to form a single channel. In this

wer and ¢ is the upper limit of channel i; @ is, for ifistance, the energy or time or anothg

. Thus, X; = p;t; with the mean spectral density; p;, in channel i, and x; = n; is an estima
tandard uncertainty, u(x;)=./n; , associated"with x; . For i=g, the quantities, ng and
sent the combined channels of a line of interest in the spectrum. The measurand, Y, with t
the net intensity of the line, i.e. the expectation value of the net content of channel, i =g (
(For the appropriate determination"of\channel regions, see C.3.)

5t, the background of the linetefinterest shall be determined, which also includes the contrit
pof disturbing lines. A suitable function, H(&ay,...,a,,), representing the spectral densit

pround with the parameters’ a, , is introduced so that:
o

i = [ H(Say, S)do s (i=1.m)
2,

i

which ‘the a, shall be calculated as functions of the »; .The background contribution
fore:

nternational Standard can also be applied to counting spectrometric measurements wherln a particular

for instance,
C.1to0 C.3 by
ted, proceed
stood as the
be due both
e, from other

assigned to
5 (or channel

are taken as input quantities, X, (see F.1). If n¢cessary, the

annex, & is
r continuous
D ¢ according

e of X, with

Xg=Pglg,
e true value,
egion B, see

utions of the
y of the line

(C.1)

p the line is

By’

zg = jH(ﬂ;a1,...,am)dﬂ
¥,

9

(C.2)

The random variable, Z,, associated with the background contribution, zq, implicitly is a function of the input
quantities, X;, because z is calculated from the x; = n; . The model approach for the measurand, Y, reads:

Y =G(Xg, X1, ..., X,) = Xg— Zg

©I1SO

2010 — All rights reserved

(C.3)

25


https://standardsiso.com/api/?name=f87b2e2e5c95f9114d76a54757ba2ab4

ISO 11929:2010(E)

and leads to:

y=ng-zo: u?(y)=ng+u?(zg); u?(zg)=).

| x4 0z day

sasl.

da; on;

i=1\ k=1

(C.4)

The bracketed sum equals 0z /dn; . For the calculation of the function ﬁz(jz), the net content, 3, of channel
g is first specified. Then, y in Equation (C.4) is replaced with y . This allows ng to be eliminated, which is not
available if y is specified. This results in ng = y+zy and:

W2 (7)=
The charactg

If the approa
H(s9) =]

is applied wit
the a, depe
this,

u?(z9) 1

y+zg + u2(20 )
ristic limits according to Clause 6 then follow from Equations (C.4) and (C.5).

Ch, linear in the a; :

D 4wy (8)

frd

=1

h given functions y; (¢#), Equation (C.1) represents a system of\linear equations for the a;, .
nd linearly on the »; and the partial derivatives in Equation {€.4) do not depend on the »; .

with quantitigs, b,, not depending on the n;. Equation-(C.7) also follows when the background contrib

zq, to the lin

m
zZ0 = Z
i=1

C.2 Appli

If events of 4§

e is calculated linearly from the channel;contents, »;, with suitably specified coefficients, b; :

bin;
cation accordingto the background shape

single line_with-a known location in the spectrum are to be detected, the following cases
thape asafunction of ©and the associated approaches shall be distinguished.

t background: approach H(#)= a4 (constant, m =1).

(C.5)

(C.6)

Thus,
From

(C.7)

ition,

(C.8)

pf the

line, m=2).

(cubic parabola, m =4).

background
a) Constan
b)

(straight
c)
d)

radiation: approach according to Equation (C.6).

In cases a), b) and c), the scaling variable, ¢, is required to be linearly assigned to the channel number.

26

Linear background, which can often be assumed with gamma radiation: approach H(&)=aq+ay?

Weakly curved background with disturbing neighbouring lines: approach H(&) = aq+ayd+ a3z92 +a4z93

Strongly curved background, which can be present with strongly overlapping lines, for instance with alpha
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In cases a) and b), it is suitable for the background determination to introduce three adjacent channel regions,
Aq, Band 45, in the following way.

Region B comprises all the channels belonging to the line and has the total content, n,, and the width, ¢
the line shape can be assumed as a Gaussian curve with the full width, 4, at half-maximum, region B shal?

If
be

placed as symmetrically as possible over the line. If fluctuations of the channel assignment cannot be
excluded or the background does not dominate, for instance, with pronounced lines, the following should be

chosen:

tg~25h (C.9)
In cage of a dominant background, the most favourable width:

g=12h (C.10)
shall [be specified for region B. This region then covers approximately the portion*~f = 0,84 of the line area

(see

In pri

or upder the same measurement conditions by means of a reference sample emitting th

blso C.4). In general, f=2d(vv/2In2)-1, if tg=vh with a chosen factor v.

hciple, the full width # at half-maximum shall be determined from the reSolution of the meas

uring system
e line to be

invegtigated strongly enough, or from neighbouring lines with comparable shapes and widths. Region B shall
comgprise an integer number of channels, so that Iy is rounded up_dccordingly.
Regipns 44 and A4, , bordering region B below and above, shall'be specified with the same widths, ¢t =1, =1,,
in ca}e b) only. The total width, ¢q = ¢y +t, =2¢, shall be.chosen as large as possible, but at most so large
that fhe background shape over all regions can still be*taken as approximately constant [case€] a)] or linear
[casgd b)]. ny and n, are the total contents of all channels of regions 4, and 4,, respectively. Moreover,
ng =fnq +ns.
Hengce it follows for cases a) and b):
_ .2 _ 2. .

Fo =Colg > U (Zo)—Cono X Co—lg/to (C11)
1712()7 follows from Equation (C.5).
Insteqd, in case c), fivenadjacent channel regions, 44, 4,, B, A3 and A4 shall be introduced in the way
described above _with™ the same widths, 7, of the regions 4; (see Figure C.1). With the sum
ng =|nq +no +nzthy , ie. the total content of all channels of regions 4;, with their total width|7y =4¢, and
with the auxilidry)quantity ng = nq —ny —ng +ny , the following is then valid:

, 2 2, 2 ,

ro—="cgng —cqng ; u“(zq)=(cy +ci)ng —2cqocqng ;

0= €0”0 — <10 0 0 1qo/o1o (C.12)

Cp =tg/t0 i C1=¢Cp (4 \5+4C0 +806 d)/(1+ZCO)
and ﬁz(jz) follows from Equation (C.5). Two numerical examples of case c¢) are discussed in D.5.

In case d), m adjacent regions, 4;, shall be introduced in the same way, with approximately half of them
arranged below and above region B. The regions A4; need not have the same widths. The power functions,
9 , shall be chosen to some extent as above as the functions y, (¢#). For the same purpose, the functional
shapes of the disturbing neighbouring lines that have to be considered should also be chosen as far as
possible and known. One shall proceed according to C.1 and ﬁz(jz) again follows from Equation (C.5).
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After the calculation of ﬁz(jz) in all cases according to Equation (C.5), the characteristic limits result with
Equation (C.4) and according to Clause 6.

VA

1600 —

1200 |-

800 -

400 -

400 450 500 600 9

Key
¢ energy, time, etc.
v counted cpntent of each of the channels

For the curvgs, see the text.

Figure C.1— Arrangement of the channel regions for the determination of the background of a line

Figure C.1 shows the arrangement scheme of the adjacent channel regions, 4;(i=1, 2, 3, 4), in the multi-
channel spe¢trum for the determination of a weakly curved background of a line in region B [case c¢)]} The
regions 4; ffave the-contents, »;, and the same width, ¢, region B has the content, ny, and the \idth,
tg = 2,5k , with thefull wid_th, h, at half-maximum. The abscissa, ¢, for instance, energy or time, is assigrjed to
the channel number and &, is its value in the middle of region B. The ordinate, v, denotes the counted cqntent
of each of the channels. With a constant or linear background, only two regions 4 arranged in the order 4,
B, 4, are needed [cases a) and b)]. The straight line b and the cubic parabola c represent the background
shape of the line in the spectrum. They are determined according to C.3 for cases b) and c), respectively. For
case b), regions 44 and 4, have been combined to form A4; with the width, 2¢, and, likewise, regions A5
and 4, to form 45. The straight line b does not fulfil the chi-square condition (see D.5). Lines d: unfolded
spectrum of the regions 4; and B and related background according to C.5 (see also D.5.3). In the example
shown, the background lines b and d nearly coincide in region B.
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C.3 Obtaining the regions for determining the background

The regions 4; for background determination can be obtained by performing a test on whether or not the
function H(#) can represent the background shape. For this purpose and with the total number, M > m, of all
channe_ls of regions 4;, with the counted content, Vi, of channel v; (j=1..., M) of these regions, with the
value v, of the scaling variable, ¢, assigned to the middle of the channel, j, and with the channel width, AY;,
the test quantity

M H(1§~;a1, ey
X2=$‘|: J v.:—”

, (C.13)
Jj= J

)Az?j —ijz
1

-

is calculated. Then it is ascertained whether or not

XZ—M+m‘<k1_5,21/2(M—m) (C.14)

The;rror probability, 6 = 0,05, is recommended. Depending on whether thechicsquare condition| according to
Equation (C.14) for the compatibility of the function H (%) with the measuredbackground shape ip the regions
A; of the spectrum is fulfilled or not, the regions 4; and thus M shall be enlarged or reduced, [respectively,
and the test shall be repeated until maximum regions still compatible-with the condition are found

If functional values, H(#}), are negative in the regions 4; and.B, the procedure is not applicable in the way
descfibed here. For the denominator v; +1 in Equation (C.13),-see under Equation (F.1).

In cages a) to c), the function H(2) can be explicitly specified:

¢ase a) H(®) = ’:—0 (C.15)
0

4(ny —hy)(B - )

¢ase b) H(p)="0 (C.16)
tg t0(2tg +1p)
¢ase c) H(8) = gy (09— 0y) +az(9-0y)% +ag(9-0,)° (C.17)
wherg 59 is the value~of ¢ assigned to the middle of region B and, moreover,

no B (12 +tqto +18/3) e —n u

K :%_ tg(2t9+t ) $ 2 _16to(:t +2t0)_3_;[(2t9 +1o)° +(2t9)2} ;
03 ™70 & (C.18)
16n5 (ng —nq)(4tg+1g)—(n3 —ny)(4ty +3tn)

as =2— y a4 = 200 5

14 (2tg +1p) g (4tg +1g )(4tg +2¢q )(4tg +3tg)

As a numerical example, Figure C.1 shows a section of a multi-channel spectrum, recorded using a Nal
detector, with the background shapes calculated according to cases b) and c). For more details, see D.5.2.

C.4 Extending applications
From the net line intensity obtained according to Equations (C.1) and (C.2) and in combination or comparison

with further quantities (for instance calibration, correction or influence quantities or conversion factors such as
sample mass, emission or response probability), another measurand of interest often has to be calculated.
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This can be, for instance, an activity (concentration) or the quotient of the net line intensity and the net
intensity of a reference line in the same spectrum or the net intensity of the same line in a reference spectrum.
In such cases, after the calculations according to Equations (C.1) and (C.2) have been carried out, proceed in
essence according to 5.2 and 5.3 as follows.

In 5.2 and 5.3, the measurand, Y, of interest and the input quantities, X;, appear. They shall be specified
according to the following equations, where on the left-hand side one of the aforementioned quantities and on
the right-hand side the respective quantity according to Equation (C.1) are found.

If Y is an activity (concentration) or an analogous quantity, X =Xq and X, =Z3 and X5 =1 are set.

Moreover, x

quantities, X

and the likew
and X, =0

To correct a
but from a d
the net inten
serves as a
free from thq
disturbing lin
where ¢, ang
disturbing nu
the lines, L
determined fi

C.5 Unfol

C.5.1 Spec

chg
rad

i

=10r Q084 and 11(Y5)— o if Fqnn‘rinnq ((" Q) and ((‘ 10), rnqpnrﬁ\/nly, are used._Further

;, are specified as conversion factors.

s the quotient of the net line intensity Y, determined according to Equations (C.1)/and
ise determined net intensity, Y,, of a reference line in the same or a different spectrum, X
and X5 =Y, are specified.

spectrometric superposition of the line of interest by a disturbing line/L;-with the same er
fferent nuclide, one shall proceed in a way similar to the preceding: paragraph. Then X, 5
sity sum of both lines and X, =Y, is the net intensity of a line ‘ef the disturbing nuclidg
reference. With the presumption that the spectrum of this nuclide can be separately mea
line of interest, for instance, on a blank, two cases shall.b&. distinguished. In the first cas
e, L, itself serves as a reference. Then x5 =t4/t, and u(x3)=0 for X5 shall be spe
t, are the measurement durations of the spectra. Ivthe second case, another line, L',
clide in the spectrum to be examined serves as a reference. Then the net intensities, i and
and L', respectively, and the associated standard uncertainties, u(i) and u(i"), sh
om the separately measured spectrum, and-the following shall be specified:

|

Hing in spectrometric measurements

A
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u
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.2

ial quantities and symbols used in this Clause

nnel numberof a channel in a multi-channel spectrum obtained by a spectrometric ny
ation measurement (i =1,..., m)

tinuous- parameter (for example energy or time) related to the different channels in a

input

C.2),

ergy,
Yy is
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p, the
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f the
i’ of
Il be

clear

Mmulti-

nnel'spectrum

value of ##connected with channel i (i =1,..., m)

ation of measurement

number of channels in the spectrum

(i=1..,m)

v cof
chg

4

t dur

m

Ni

n;

30

Poisson-distributed random variable of events counted in channel, i, during the measuring time, ¢

number of events counted in a channel, 7, during the measuring time, ¢ (i =1, ..., m), estimate of N;
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random variable of the rate of events counted in channel i during the measuring time, ¢, input

quantity of the evaluation, X; = N;/t (i=1,...,m)

column matrix of the X

rate of events counted in channel, i, during the measuring time, ¢, x; =n;/t (i=1,..., m), estimate of

X;

column matrix of the x;

covariance associated with x; and x;

Yk

u(yy

H(5)

v (d)

Pi

output quantity (parameter) derived from the multi-channel spectrum by unfold
(k=1,..,n)

column matrix of the Y,

estimate of the output quantity ¥, (k=1,...,n)

standard uncertainty associated with

column matrix y after replacement of y, with »

column matrix of values z; fitted to the values x;

functional relationship representing the spectral density at ¢ of a multi-channel spectru

function describing the shape of an individual spectral line or of a background
(k=1,..,n)

number of output quantities

estimate of an input quantity which’is not subject to fit

column matrix of the p;

column matrix of inpat estimates; w = (xy, ..., x,,,, p1, P2, ...)T (transposed row matrix)
response matrix-of the spectrometer

elements-of.the response matrix 4

uncettainty matrix of X

uncertainty matrix of ¥

ng methods

m

contribution

diag

function of the input quantities X; (i=1,...,m)
column matrix of the G,

indicator for a diagonal matrix
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C.5.2 Model of unfolding and general uncertainty treatment

For the unfolding of spectrometric measurements, the model of the evaluation shall be written more general
than in 5.2.1, allowing for more than a single measurand and for correlated quantities. In this case, the model

is given by a

Yk = Gk(X1, ey

set of n functional relationships:

X,); (k=1,..n)

(C.20)

Estimates y, of the n measurands Y, are obtained from Equation (C.20) by inserting estimates x; for the m

input quantities .X; (i=1, ...,

m):

Vi =Gy

The standar

symmetric ufcertainty matrix U, and meet the relations u(x;x,) = u (x) and u(xl,x) =u(x

the analogo\

u(ey)E

One obtains

with all the i
(C.22) and in

The model fy
an algorithm
functions arg
approximate

dG},
ox;

i Y

NOTE Eqd
uncertainty ra
ISO/IEC Guidg
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being denoted by the same’symbol are in the following combined to form a column matrix, written

transposed r

= (y—l, ...,yn)T
also the seng

1‘xm

Y, h=T,...n)

X9 ---

), associated with the x; are the elements ¢

x;). (fitbey are gi
s standard uncertainties u(y;) and covariances u(y;,y;) associated with the y; foIIow from:

 uncertainties, u(x;), and covariances, u(xi,x

i Z BGk aGl "

—~

Xi%j);

u(y,)= ,/u(yk,yk) and u(y,,y)) = u(y.y;) (k # I). For conveniefce, the partial derivatives 9G,

hput quantities X; substituted by their estimates x; are briefly denoted by 0G, /ox; in Equ
the following.

nctions G, need not be explicitly available as arithmetical expressions. They can also be giv
for instance, in form of a computer code. In”such cases, or when more complicated 1
involved, the partial derivatives possibly.cannot be explicitly derived but can numerica
i sufficiently exactly using half of the standard uncertainty u(x;) as an increment of x;:

(jc_l){Gk |:X1, .

—~

x; —u(x;)2, ..., xm]}

x; Tu(x;)2 ,xm]—Gk [x1, e

uations (C.21) to (C.23) apply“for model functions G, which can be taken as sufficiently linear
b 98-3:2008, 5.1.2 Note-(see also References [1, Annex CJ; [2, Annex E]; [6]; [7]; 16]).

infolding, it is convenient to use matrix notation. Therefore, those quantities, values and fun
bw matrix.and denoted by the same symbol, but in bold face. Examples are x = (x4, ..., )T

and G(x).= (Gy, ..., )T In addition, the uncertainty matrices U, = [u(x;x;)] and U,= [u(yk,yl
itivity\matrix G, = (aGk /ox;) are introduced. Equations (C.21) and (C. 226 then qwckly read:

(.

ation

BN as
nodel
ly be

23)

n the

hges between x~u(x,) and x7u(x,). Otherwise, more refined procedures can be applied as descrilped in

ttions
as a
and y
] and

y=G(x

y7 =T
U G

P

1B y_ X

C.5.3 Spectrum unfolding in nuclear spectrometric measurement

24)

The evaluation of a nuclear spectrometric measurement usually is an (in general, non-linear) unfolding of a

measured multi-channel spectrum.

consideration of other data. Such an evaluation is commonly called spectrum unfolding.

The input qu

antities,

It can also comprise the unfolding of several measured spectra and

X, of the spectrum unfolding are all quantities from which measured data or other data

are used in the unfolding and which have uncertainties associated with them. These are all those quantities, X,

for which a measured or estimated value, x;
One of those quantities, X
n; events are counted during a measuring time, ¢. Likewise, an input quantity,

32

» My

X;, shall be assigned to
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parameter to be determined for which an estimate is given before the evaluation. Examples are spectrum
parameters such as the widths of spectral lines or parameters of the sensitivity matrix of the spectrometer.

For a count rate X; = p; with the given counting result, #,

1

recorded during the measuring time, ¢, and if

mdependent Poisson statistics can be assumed for the |nd|V|duaI channels, the specifications x; = »; = n,/t and
(x) = n/t2 = x/t apply as in 5.2.1 (see F.1, in particular, if n; = 0). In addition, the covariances can be set at

Zero,

i.e. u(x x)—

(i #)). It is possible for the measuring t|mes associated with the individual channels to not

necessarlly be identical. The components of uncertainty of measurement compnse uncertainty matrices

[u(xl,xj)] and U,=

[u(y;.y)]. Uy is diagonal with the diagonal elements u (x )=n; /t2) i.e. U,

=diag(x; /t).

Further, there are input quantities for which estimateSp are available, but which are not subject to fit. These

de
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ies or other
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The gincertainty matrices U, and¥j;, associated with x and p are partial matrices of U,,,. The ran

not K

Py ca_ba ata H
e —TOT— ottt oasStT Pululll\.ou.nu, cofrection—aRe—hhdenee oot

heters which were already previously mentioned. The values @, connected with chan
heter drelated to the different channels in a multi-channel spectrum are such quantities:

Huu To;—CartioT SOt

nciple, all quantities for which an estimate is given should be fitted. Frequently,”howevg
ically feasible or some quantities were determined from other experiments, suchythat it is n
them too. Such quantities which are known sufficiently exactly so that their uncertainties
ot treated as input quantities but as constants. If only the Poisson statistics of the channe
channel spectrum should be considered, only these quantities are inpat-quantities. In this ¢
ities are constants.

mined. The measurand, for which decision threshold, detection limit and the limits of
al shall be determined, is one of them. The number of these parameters should be as smal

jround counts under a spectral line or in a particularchannel or unknown parameters of t
X.

pnvenience, the estimates x and p are combined to form the column matrix w = (x4, ..., x,,,p1,
ne unfolding, one needs the estimates;x and p, of the input quantities and their associate
X, U,,(x,p). This uncertainty matrix has-been calculated as a covariance matrix based on IS

see References [1, 2]). The uncertainty matrix, U,,(x,p), is needed in form of its functional

e smaller than the number » of model equations. If the data for x and p originate f

!

nel i of the

r, this is not
t meaningful
re negligible
| counts of a
ase, all other

putput quantities, Y;, of the spectrum unfolding are the parameters of the unfolding wiich shall be

h confidence
as possible.

butput quantities can also be spectrum parameters such as net areas of spectral lines or the number of

he sensitivity

09, )T
d uncertainty

O/IEC Guide
dependence

since x shall be adjusted if degision threshold and detection limit are calculated while p stays constant.

k of U, shall
fom different

indegendent experiments, there is no correlation between x and p and the matrix elements of U, related to
pairsfx; and p, vanish.

A more detailed description of spectrum unfolding in nuclear spectrometric measurementq is given in
Refefences [17, 315 32].

The [model<of "the unfolding consists of » relationships between input and output quanfities. These
relatipnships can formally and most generally be written as a column matrix H(y,p) of model|functions H,
which depend on all these quantities.

If an output quantity, Y;, is likewise an input quantity, X;, for which an estimate, x;, is given, the equation x; = y;

shall be added to the model functions. If output quantltles such as activity, particle fluence or equivalent dose,
depend on other output quantities, the respective functional dependencies shall also be added to the model
functions. The model functions shall not be explicitly available as mathematical expressions. They can also be
an algorithm, for instance in form of a computer code of the evaluation.

For the unfolding of a measured multi-channel spectrum, one fits functions H(Y) according to Equation (C.25)
to the estimates x of the m input quantities X; for instance to the measured values x; = n; /¢ of the spectral
density calculated from the channel counts x,.
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The calculation of the estimates y of the output quantities, ¥, of the uncertainty matrix, Uy, associated with y
and of the fitted values z (best estimate), of the input quantities, X, from the given measured and estimated
values of all input quantities, w, with their associated uncertainty matrix, U,,, is in general a non-linear fitting
procedure the solution of which is described in C.5.4.

In the special case of a spectrum unfolding which is linear in the parameters ¥, the spectral density H(2) is
represented by the column matrix X = [H(#)]. The ¢, are assumingly exact base points, for instance the
energies or times assigned to the individual channels. The spectral density is approximated by a system of
functions y;(¥):

,...,IIL) oF—X——HA¥ (ﬂ26)

- S, L
X; = H(Pp=r et ti—

The constant response matrix 4 consists of the elements 4, = (). The functions y;(4}) describp the
shapes of the individual spectral lines and of the background contributions. (For explicit examples of ;(2,)
when evaluating alpha- and gamma-spectra, see C.5.5 and C.5.6.) The output quantities, ¥;;:t0 be deterrmined
are for instarjce the net peak areas of the spectral lines.

C.5.4 Procgdure for spectrum unfolding

A spectrum ynfolding means in essence fitting new values, z, of the input quantities, X, to the given estinates,
x where z = M(y,p) depends on the measurand estimates, y, to be determined and on fixed given estimatgs, p,
of further input quantities which are not subject to fit. The generalized least-squares method is highly
recommenddd for use as a spectrum unfolding procedure since it can.easily be combined with the uncertainty
treatment anfl allows for a compact and transparent description as follows.

The measurgnd estimates, y, are determined by minimizing the\quantity
12 =(x 1 2)TUL (x)(x ~z) = min .27

with the congtraint z = H(y,p) and the uncertainty-matrix, U (x), given as a function of x for finally obtaining the
characteristi¢ limits. The results of this minimizing procedure are the functions:

y=G(x[p)=G(w) (€.28)

z=H()\p)=H[G(w),p]=F(w) (£-29)
and, similar fp Equation (C.24) where w now plays the part of x, the due uncertainty matrices:

U,=G\U,G, ;U =F,U,F, (€.30)

Here, x and p are combined to form the column matrix, w. The uncertainty matrices, U, and U,, are likewise
combined to(form the uncertainty matrix, U,,. The sensitivity matrices, F,, and G,,, denote the matrices ¢f the
partial derivatives of the functions F{w) and G(w), respectively. All the matrices on the right-hand side of
Equation (C.30) are functions of w.

The results of the fit and the given data x conform if the standardized chi-square xg meets, with m > n and
with the obtained minimum sznin, the chi-square condition:

2 _ ‘szin —(m _”)‘

< kq_
Xs m 1-61/2

The error probability 6= 0,05 is recommended.

(C.31)
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The standard uncertainty function, #(y), of the true value, y, of the measurand, Y, in question for which the
characteristic limits are to be determined, say, Y = Y, can be obtained in the following way. The estimate, y,
is first replaced with y yielding y = (3,52, ..., yn)T , Which is now used instead of y. This leads to z = H(y, p),
replacing the column matrix x. Thus, the column matrix w follows as the combination of 7 and p and,
moreover, U, follows as the combination~of U.(z) and U, . The matrices w and U,, are used in Equation
(C.30) instead of w and U,, to calculate U, . Finally, the square root of the (1,1)-element of this uncertainty
matrix is the needed function u(y) .

In many cases, the function H(y,p) to be adapted to the given estimates x is linear in y, i.e., z = H(y,p) = Ay
where the matrix A4 does not depend on p and can represent the spectrometer response. Then x and w are

identjcatandtheTminimizing procedure of thefeastsquares methodtamreasity betarried outarmdjresults in
- Ty -1 -
p=U, AU\ (x)x; U, = [A Us (x)AJ (C.32)
. T
g =Ay; U,=A4U,A (C.33)
i =x U () (x-2); Ty =[ATU (494 (C.34)

C.5.5 Application to alpha-spectrometry

In méany cases of alpha-spectrometry, an alpha-spectrum measured by a semiconductor detegtor or a grid
ionisation chamber can be considered to be a superposition of individual spectral lines, usuglly without a
background contribution. In this case, a linear modelof the type x = A(p)y can be used. The following
functlonal representation can be used for the shape ofta spectral line j (see References [33-37]):

(E'- E) .
L (E)_IF [ ]dE
3
R(E)=ag ;- 8(E—Eq )+ Y \ety/7y, ;) exp[ (E~Eq )7y ; | for (E < Eg ) (C.35)
k&1

R,(E)=0 for (£ >£5),)
%O,j +0{1’j +0{2’j +0{3’j =1

E is the energy of the alpha-particles. All other quantities are given parameters of the spectrgl line. These
parameters/of all spectral lines, as well as the parameters of the energy calibration which gonnects the
chanpel-number i and the energy E are input quantity estimates, p, or are considered to be known constants.
The etementsof theTesponse matrixare & = Lj(bi), Wit £; being theenergy associated withrchannel .

7

The spectral line at alpha-energy Ey; is physically characterized by the first term of R.(E), the delta function, in
Equation (C.35). The three foIIowmg terms describe the energy loss of the alpha-particles on their path to
detection. The folding integral in the first line of Equation (C.35) considers the resolution, o, of the
spectrometer which usually depends on E.

The parameters Vi to be determined are the peak areas. They form the column matrix y of the output quantities.
One of them is the quantity Y in question. For the spectrum one hence receives the functional expression
xX; = Zij(Ei)-yi or, written as a matrix, x = A(p)y.
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If some of the parameters p, for instance the location of the spectral lines or parameters of the peak shape,
are not known, but are likewise to be determined by the unfolding, these unknown quantities are to be added
to the output quantities y. Then, 4 depends also on y and one obtains the case of a non-linear model
according to Equation (C.25) with x = H(y,p) = A(y,p)y.

The functions L(F) are the response functions of the spectrometer which can, for instance, be a
semiconductor detector or a grid ionisation chamber in alpha-spectrometry, but also a semiconductor detector
in gamma-spectrometry or a Bonner sphere in neutron spectrometry. Mathematically, they can be nearly
arbitrarily chosen and therefore they can be set up as required for phenomenological or physical reasons.
They can also be measured functions or calculated ones which reflect the underlying physical processes.
They can be known as analytical expressions as well as numerical. With these response functions, it is not

elled

only possiblg
by superpog
measuremer

C.5.6 Appl

ition of such functions in any arbitrary way. For its application to gamma-specttor
ts, see C.5.6.

jcation to gamma-spectrometry

In gamma-spectrometry, background contributions generally shall not be neglected. In‘spite of that a

model of the
representatid
in a part of th

Ly(E)
Ly(E) =
Lj(E) =

The first fun
spectromete
instance, low
second line ¢

type x = A(p)y can be set up using the general procedure in C.1..The following func
n can be used to describe the superposition of contributions from spectral lines and backg
e spectrum under investigation:

expL{E-EﬁF«202ﬂ/ 2102

arctan| ~(E —Eg)/a |

—~

E-Ey)’3; (j=3,4,56)

ction in Equation (C.36) describes the shape of a spectral line by a Gaussian function v

resolution, o. In actual cases, more‘complicated line shapes may be used, introducin
-energy exponential tailings, which-inereases the number of parameters of the peak shape
f Equation (C.36) represents a “step function” under a spectral line which shall be explained

consequencg of incomplete charge collection. « is a parameter characterizing the steepness of the

function and
model phend
number i car

E is the ene
background

shall be known beforehand( Tjhe residual functions in the third line of Equation (C.36) are us
menologically the background by a third order polynomial. Instead of the energy E, the ch
also be used in the sét-up of the model according to Equation (C.36).

gy deposited in.the detector. All other quantities are parameters of the spectral line or ¢
step function, A hese parameters, oand q, of all spectral lines, as well as of the energy calib

to-describechanese of enactral lineas Aleo the hackaround under sneetral lines can hae mod
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Cts the chanpel number i and the energy E, are input quantities p or are considered to be k
he elements of the response matrix are A =Lj(El.), with E; being the energy associatea

The parameterS)y; to be determined are the peak areas and the background contributions. They forin the
column matrix y of the measurand estimates. One of the peak areas is the quantity Y in question. For the
spectrum, one hence receives the functional expression x; = Zij(Ei)'yi or, in matrix notation, x = A(p)y.

In contrast to alpha-spectrometry, in gamma-spectrometry frequently some of the parameters p are not known
exactly, for instance, the location of the spectral lines or parameters of the peak or background shape.
Starting from estimates, they are likewise to be determined by the unfolding. Consequently, these unknown
quantities are to be added to the output quantities, y. Then, 4 depends also on y and one obtains the case,
which is usual in complex gamma-spectrometry, of a non-linear model according to Equation (C.25) with x =

H(y,p) = A(y,p)y.

A numerical example of unfolding a gamma spectrum is discussed in D.5.3.
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Annex D
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Application examples

General aspects
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annex gives numerical examples of the applications discussed in Annexes B and C.\Th

the characteristic limits, as well as the best estimate of the measurand with the:associa
tainty, are calculated according to the equations given in Clause 6 or A.5 t9,A.8 and
X E.

lata in Tables D.1 to D.4 are often given with more digits than are meaningful, so that the
Iso be reconsidered and verified with higher accuracy, in particular for testing computer prg
opment. Some intermediate values, which shall be calculated in a more complicated way, 4
St purposes.

bxamples are not intended to standardize measurement procedures in the respective app
nly serve as explanations for the application of this International Standard.

Example 1: Measurement of an alpha-activity concentration

Counting measurement

peneric example deals with the examination of an alpha-activity in a liquid material by mea
Sition on a planchet and a subsequent counting measurement of the alpha-particles. The m
alpha-activity concentration ¢, (activity divided by volume). For this task, the characteris

e respective

ions used for the calculations are referred to. In all examples, y, u(y) and u(y) are fitst defermined and

ted standard
by applying

calculations
grams under
re also given

lications and

s of a direct
easurand, Y,
tic limits, the

best gstimate and the associated-standard uncertainty shall be calculated. The model of the evaluation in this
case|reads according to Equation-(4):
Xi-X g — "
—ey =1 f2a0 0 (D.1)
X5X7X9 V-e- f
X1 =}, is the gross count rate and X, = rj is the background count rate; X5 = V' is the volume from which the
activity has been deposited on the planchet; X7 = eis the detection efficiency and X = fiis the s¢lf-absorption

facto

- of the,alpha-particles in the deposited material.

After

the’ counting measurements of the gross effect and of the background effect are carried

out with the

respective measurement durations ¢, and ¢, the respective numbers n, and n; of the recorded events are
available. These numbers are used according to 5.2.2 to specify the estimate x; =r, =ny/t; with
u2(xq) = ngltg? = rylty for the gross count rate Xy and x, =ry =ngltg With u?(xp) =ngltg? =ryltg for the
background count rate X,. These specifications apply to measurements with time preselection.

The detection efficiency, £=0,3, is determined using a calibration source with a certified relative standard
uncertainty of 5 %. On the assumption that the statistical contribution to the measurement uncertainty of the
detection efficiency is negligible, u(g) = 0,015 results.

It is known from previous experiments that the self-absorption factor, 7, of the alpha-particles in different, not
further specified deposited materials is randomly distributed between 0,4 and 0,8. This yields the mean
estimate f=0,6 and the associated standard uncertainty, u(f):Af/\/ﬁ, by specifying a rectangular
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distribution over the region of the possible values of f with the width A /= 0,40 (see 5.2.2, second-to-last
paragraph). The self-absorption factor, f, has a rather large relative standard uncertainty, u(f)/ f = 0,19, and the
measurand depends reciprocally on it. Therefore, an influence of non-linearity should be expected (see C.5.2

Note).

The relative standard uncertainty of the sampled volume, V= 0,5 |, is given as 1 % from experience, leading to

u(¥) = 0,005

For the input data, specifications, some intermediate values and results, see Table D.1. The results are
calculated according to 5.2.2, 5.3.2 and Clause 6. In particular, Equations (6), (9) and (14) are used for y, u(y)

and u(y)

respectively, where x3 = 1. u(xs)

=0. X4

=0 and u(x) =0 are set because X; and X, ar

e not

involved in t
needed for th

D.2.2 Meas

The measurgment of the count rate can also be carried out using a ratemeter (see B.3)\In contrast to [
g) and u2(x2) =rgl(27) here apply. For an easy comparison in Table D1y the input data ¢f the
easurement are fictitiously chosen such that the primary measurenient result, y, is a
vhen compared with that of the counting measurement. The relaxation time constants str
decision threshold and the detection limit. Their values 7, = ;= 60's are chosen too sma
ke the measurement procedure unsuitable for the measurement purpose since y >y

u2(xq) = rgl(2fr

ratemeter m
unchanged
influence the
therefore ms

choice 79 =1

e equations.

surement using a ratemeter

h = 120 s would better suit.

Table D.1 — Input data, intermediate values and results of example 1

ne model. Some standard uncertainties are not given in Table D.1 since they are not exg

licitly

D.2.1,

most
pngly
| and

The

Input data arn

d specifications

Quantity Symbol Value Standard
uncertainty

Counting medsurement, gross effect:

Number fof recorded events ng 2591

Measurgment duration Iy 360 s neglected
Counting medsurement, background effect:

Numberof recorded events ng 41782

Measurgment duration to 7200s neglected
Ratemeter mg¢asurement, gross-effect:

Count rgte s 7,251

Relaxatipn time ceonstant 74 60s not needed
Ratemeter mg¢asurement, background effect:

Count rgté o 5,851

Relaxation time constant % 60 s not needed
Volume V with u(V) 0,51 0,0051
Detection efficiency e with u(e) 0,3 0,015
Self-absorption factor fwith u(f) 0,6 0, 4/\/5
Probabilities o By 0,05 -
Guideline value ¥V 10 Bq I -
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Table D.1 (continued)

Input data and specifications
Quantity Symbol Value Standard
uncertainty
Intermediate values
Quantity and calculation Value @ Value P
w = 1/(Vef) according to Equation (7) 11,11 -1
Upe (W) = uP(V)/V2 + u?(€) € + u?(f)/ f? according to Equation (10) 0,039 6
o= P[y/u(y)] according to Equation (E.1) 0,999 9 0,999 4
p=d(1-y/2) 0,975 0 0,974 4
q="1twy/2 0,975 0 0,97% 0
kp acfording to Equation (E.2) 1,959 8 1,950 0
kq acfording to Equation (E.2) 1,960 0 1,960 2
Resylts Measurand Y c)? csP
Quantity Symbol Value in Bq I
Prim]ary measurement result y 15,490 7 15,555 6
Stanglard uncertainty associated with y u(y) 3,4755 4,792 3
Decigion threshold y* 2,3777 5,688 8
Meagurement effect present? y>y*? yes yes
Detettion limit y# 5,420 2 13,0137
Meagurement procedure suitable? y# £y, ? yes no
Lowsdr limit of the confidence interval y<1 8,679 1 6,209 3
Upp4r limit of the confidence interval g 22,302 6 24949 3
Best |estimate of the measurand ¥ 15,490 7 15,565 4
Stanglard uncertainty associated with » u(y) 3,4755 4,776 2
@  Counting measurement with time preseléction.
b Ratemeter measurement.
D.3 |Example 2: Measurement of the specific activity of a radionuclide after chemical
separation
D.3.1 Unknown influence of sample treatment

A sample-of-solid-material-containing-a—radionuclide-is-examined-by-chemical-separation-of-thid nuclide and
subsequent counting measurement of its radiation. The measurand, 7, is the specific activity, a,, (activity of
the sample divided by the total mass of the sample, see ISO 31-9) for which the characteristic limits, the best
estimate, and the associated standard uncertainty are calculated. The measurement is randomly influenced
by sample treatment because of the chemical separation. Therefore, one shall proceed according to B.4. To
determine and reduce the influence, several samples of the same kind of material, blanks and also, if
necessary, reference samples are separately tested. The results for the respective samples are then
averaged and analysed regarding the measurement uncertainty.

The model of the evaluation reads in this case according to Equation (4):

X1-Xp _Tg~70
X5X7Xg Mke

Y =4y, = (D.2)
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Xy =Ty is the mean gross count rate of the samples and X, =7, is the mean background count rate of the
blanks, X5 = M is the sample mass assumed here for simplicity to be identical for all samples, blanks and
reference samples, X7 = xis the detection efficiency of the detector used for the counting measurement of the
beta radiation in the current measurement geometry, and Xq = ¢ is the chemical yield of chemical separation.
There is no formal difference between Equations (D.2) and (D.1), but they shall be distinguished because of
the different interpretations of the quantities .X; and, in essence, due to the count rates being averaged or not.

After the counting measurements of the gross effect on my samples to be tested and of the background effect
on mg blanks are carried out with the preselected measurement durations Iy and ¢, respectively, the numbers
ng and ng of the recorded events averaged according to Equation (B.7) are available. This first yields the

estimates x4|=7ng

(B.8). Moreo

Equation (B

uz(x1) = sgz/(
the estimate
according to
x4 =0 with 4
confidence i
according to

> 4u(y).

The next stg

Ity and xp =ng /1y of the respective mean count rates X4 and X, according to Eq
ver, the empirical variances, sg2 and soz, of the counting results shall be formed aecordi
7). These yield according to Equation (B.9) the squares of the standard .uncerta
jgz gf the measurand Y = 4,,, and the associated standard uncertainty, u(y),;shall be calcy
5.2.2 and, in particular, according to Equations (6) and (9), respectively. x3 =1 with u(x3) =
(x4) = 0 shall be set since X3 and X, are not involved in the model_Finally, the limits ¢
hterval, the best estimate y and the associated standard uncertainty u(y) can be calcu

6.4 and 6.5, in this example as approximations according to Equations (32) and (35) becausg

p concerns the function ﬁz(jz). The standard uncertainty; u(x4), is not available as a fur
e interpolation according to Equation (19) can instead be used. However, d2(0) is neede

ation
hg to
inties

t2) and u2(x,) = s92/(myty2) associated with the estimates of the count rates. WithVthese resullts,

lated
) and
f the
lated
ofy

ction
d for

this and obtained as follows: setting y= y =0 in Equation (9) first yields 122(0)=w2 2(
Moreover, fof 7 =0 according to 5.3.2 and B.4.2, the quatient s42/14? shall be replaced by sy2/1y. This
(B.9) to u?(xq) = s9%/(mg 15?) and finally to:

vz)J .

eads

. [u 2 (xq)+u
with Equatio

72(0) =2 (s8 /1) (Ymg +Ymg) (D.3)
The decision
to Equation (

threshold then follows from Equation (21) and the detection limit with the interpolation accq
19) from Equations (22) or (26).

rding

For the inpu
parentheses
directive on 1

data, specifications,. 'some intermediate values and results, see Table D.2 (the values given in
as well as the results in the last column belong to D.3.2). The guideline value is taken flom a
honitoring environmental radioactivity.

D.3.2 Known influence of sample treatment

The random fnfluefiee of sample treatment is sometimes already known from previous measurements, ngmely
from measunements on reference samples or on other samples The latter should be similar to the clirrent
samples and-be_me k

although they need not be examined specn‘lcally for reference purposes.

One can also proceed in this case according to the equations in B.4.3. For the data of the calculation example,
see Table D.2. To enable a comparison, the same input data as in D.3.1 are used here; moreover, the
counting results of the reference samples are given in brackets. In contrast to D.3.1, the variance u2(x4)
according to Equation (B.15) is known as a function h12(x1). For obtaining ﬁz(j;), the estimate y in Equation
(B.16) is first replaced by y and then uz(x1) and uz(xz) by the expressions according to Equations (B.15) and
(B.14), respectively. This leads, with x4 = y /w + x5 and #2 according to Equation (B.13), to:

i2(7)= WP | (g + 0%5F) fmg + (3 10 + 9753 ) mo |+ 72uly(w) (D-4)
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The results for D.3.1 and D.3.2 shown in Table D.2 agree in essence, as shall be expected. For the influence
parameter ¢, the value 0,137 7 < 0,2 is acceptable according to B.4.3 results. The decision threshold and the
detection limit are in the case of D.3.2 slightly smaller than those of D.3.1.

Table D.2 — Input data, intermediate values and results of example 2

Inpu

t data and specifications

Quantity

Symbol

Value
(in parentheses for D.3.2)

Number of samples, blanks and reference samples Mgs Mo, My 5, 5, (20)
Numper of recorded events:
samples (gross effect) ng i 1832, 2 259, 2 138,.2'320, [1 649
blanks (background effect) ny; 966, 676, 911, 856, 676
feference samples n; (74 349, 67,939,"88 449, 83 321, 66 657,
64 094, 74.348, 93 576, 56 402, 66 785,
78 194,69 221, 63 965, 70 503, 74 220,
97 422,74 476, 71 784, 68 P35, 74 989)
Stanglard
uncertainty
Meagurement durations (general) lgr Lor I 30 000 s neglgcted
Sample mass (general) M with u(M) 0,100 kg 0,001 kg
Detettion efficiency xwith u(x) 0,51 0,02
Cherical yield of 90Sr separation £ with u(8) 0,57 0,04
Probgbilities o 37y 0,05 -
Guidgline value Ve 0,5Bq kg™’ -
Intermediate values
Quantity and calculation Symbol Value
(in parentheses for [.3.2)
Mean values ﬁg, ng, iy 2 039,6; 817,00; (73]|946,5)
and empirical standard deviations according to Sg» So» Sy 288,14; 134,46; (10 185,0)
Equation (B.7)
Influgnce parameter U= [(sr2 —ﬁr)/ﬁrz}”z (0,137 7)
pccording to Equation (B.13)
Resylts Measurand Y A4,,(D.3.1) 4,,(0.3.2)
Quallltity Symbol Value in Bq kg’
Primary-measurement result y 1,401 9 1,4019
Standardurcertainty associated withry ) 01887 0,184 2
Decision threshold y* 0,160 4 0,1384
Measurement effect present? y>y*? yes yes
Detection limit y# 0,378 6 0,305 3
Measurement procedure suitable? y# <y ? yes yes
Lower limit of the confidence interval S 1,0124 1,021 3
Upper limit of the confidence interval i 1,791 4 1,7825
Best estimate of the measurand ¥ 1,401 9 1,401 9
Standard uncertainty associated with 3 u(y) 0,198 7 0,194 2
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D.4 Example 3: Measurement of the activity concentration and of its increase during
accumulation on a filter

A radiochemical laboratory is working exclusively with 131l. Due to legal requirements, the activity
concentration of the exhaust air shall not exceed the value of 20 Bq m=3. For monitoring compliance with this
condition, part of the exhaust air is passed through a filter. The activity of the filter is continuously measured at
measurement intervals of duration ¢ with a counting measuring instrument. This implies a case according to
B.5. The measurand, Y, of interest is, on the one hand, the activity concentration, 4, ;, of the exhaust air
during the measurement interval, j, (see B.5.2) and, on the other hand, also_the increase, Ay ;, of the activity
concentration, A4, ;, in comparison with the mean activity concentration, 4, ;, of m preceding measurement

intervals (se¢ B.5.3). For each of these cases, the respective characteristic limits, the best estimate @n

associated s

The model fq
of the activit
and approac

For the input
26 measurer
Therefore, m
associated s
as x, and 3

andard uncertainty are to be calculated.

r the activity concentration, 4y ;, is given in Equation (B.19), the model for thecncrease, A

nes of X, according to B.5.2 and B.5.3, respectively.

data, specifications, some intermediate values and results, see Table.D.3. The numbers n
hent intervals from j = 0 to 25 are available. The measurement interval j = 25 is to be exan
=24 is set, and only the numbers n;, for j =25, 24 and j = O-are needed, but not explicit
andard uncertainties, u(nj)z \/Z For the approaches of the Values x4 and u2(x1) for X, a
(x5) for X,, see B.5. The guideline value y, =2 Bq m~3 is"specified for Ay i such that a

concentrations of at least 10 % of the value required by law can still'be recognized. For Ady ;, the guidg

value y, =0,
activity conc
mentioned nf

P Bq m3 is chosen, in order that technical measufés can be initiated in time for reducin
bntration below 10 % of the value required by law. The results are calculated by means
odels according to Annex A and B.5, especially’by application of Equations (B.19) to (B.2

Y= A4y 5in B8.5.2, the approximations according to Equations (32) and (35) are used because of y > 4u(y

q

d the

My s

concentration in Equation (B.27). They do not differ formally, but merely in the interpretations

from
ined.
y the
5 well
Ctivity
eline
g the
f the
. For

).
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Table D.3 — Input data, intermediate values and results of example 3

Input data and specifications

Quantity Symbol Value Standard
uncertainty

Number of recorded events in the n;=nog 15438

measurement intervals 25, 24 and 0 N4 =nNgy 14 356

(j=25) n 2124
Duration of a measurement interval t 3600s neglected
Volufne V with u(7) 3,00 m3 0,01 3
Calibration factor e with u(e) 0,37 0,02
Probgbilities o By 0,05 -
Guidgline values for AV‘_/ and AAV,_/ Y 2,0 and 0,2 Bq m=3 -

Intermediate values

Quantity and calculation Value Standard
unceftainty
x, Wifh u(x,) according to Equation {(B.Z1)for B.5.2 3,987,8 Bq 0,0333Bq
(B.29) for B.5.3 4129 4 Bq 0,034 7 Bq
Resylts Measurand Y Ay 55 (B.5.2) A4y 5k (B.5.3)
Quantity Symbol Value in Bq m—3
Primlary measurement result y 0,270 8 0,143 2
Stanglard uncertainty associated with y u(y) 0,045 6 0,044 8
Decigion threshold y* 0,0697 0,071 8
Meagurement effect present? y>y*? yes es
Deteftion limit y# 0,141 3 0,145
Meagurement procedure suitable? y# <y ? yes es
Lowgr limit of the confidence intervatl y© 0,181 4 0,054 0
Upp4r limit of the confidence interval g 0,360 2 0,2310
Bestlestimate of the measurand ¥ 0,270 8 0,143 3
Stanglard uncertainty-associated with 3 u(p) 0,0456 0,044 6

D.5
line

Examples 4, 5 and 6: Measurement of the specific activity via the intengity of a

U Cl CA U CU NJd UTOU U CA

D.5.1 Example 4: Measurement using a germanium detector

In the gamma spectrum of a sample recorded by means of a Ge detector, there is a line assigned to the
nuclide to be examined and located at channel 927 on a dominant, weakly curved background. The
measurand, 7, is the specific activity, 4,,, of the sample (activity divided by the total mass of the sample, see
ISO 31-9) and shall be calculated from the net intensity (net area) of the line. For this measurand, the
characteristic limits, the best estimate and the associated standard uncertainty shall be determined.

Case c) of C.2 is present. As known from energy calibration, the energetic width of a channel amounts to

0,499 5 keV, and the energetic full width at half-maximum of the line is 2,0 keV. This corresponds to a full
width at half-maximum of # = 4,00 channels. According to Equation (C.10), Ig= 1,2 h=4,8 is set as the width

© 1SO 2010 — All rights reserved 43


https://standardsiso.com/api/?name=f87b2e2e5c95f9114d76a54757ba2ab4

ISO 11929:2010(E)

of region B. The region of channels 925 to 929 with the width Iy = 5 and located symmetrically to channel 927

is therefore specified as region B (see Figure C.1). This region thus covers in this case approximately the
portion /= 86 % of the line area [see below Equation (C.10)].

For each of the four regions 4; bordering region B on both sides for the determination of the weakly curved
background, the width ¢ = 13 is chosen according to C.3. The total width thus amounts to 7, = 52. This width
cannot be enlarged since there is another possible line at channel 958 with the same full width at half-
maximum and therefore located in channels 956 to 960. Thus, at most the 26 channels 930 to 955 remain for
the regions 43 and A4,.

For the input data, specifications, some intermediate values and results, see Table D.4. The results are
calculated on-the-basisof the following model according to Annex A-and C.2. Especially Eguations (C 3)
J J Lol PA b - 3

(C.4), (C.5), {C.10) and (C.12) are used. The model reads:

X=X,
X5X7X9X11X13

_ Xg-Zy

Y = A =
M TfMeéi

(D.5)

.e. of
ction
inant
e f, if
hass,
Ssion

Xy =Xy is the estimator of the gross effect in region B, X, = Z; is the estimator of the background effect,
the backgroynd contribution to the line in region B, and X5 = T is the measurement 'duration. The corrg
factor X7 = f takes into account that region B does not completely cover the, lige’in case of a don
background.|For f, see above and Equation (C.10). The standard uncertainty of\f is neglected becaus
necessary, cgn be calculated exactly to an arbitrary number of digits. MoreaVver, Xq = M is the sample 1
X414 = €is the detection efficiency of the detector measured with /=1, and X5 =i is the photon em
probability off the gamma line. The values of M and ¢ and the associated‘standard uncertainties u(M) anfl u(¢)
were determjned in previous investigations. The value of i and the associated standard uncertainty, u(i)), are
taken from a|tabular compilation of decay data of radioactive nuclides. The guideline value, y,, is specifigd by

a directive o monitoring of environmental radioactivity.

plues x4 = ng and u 2(x4) = n, are set (see C.1.and F.1). It should be noted here that X, = Xy
a count rate, but instead t%e parameter of -a, Poisson distribution. Therefore, the measurg
pears in the denominator of Equation (D.5))For the values z; and uz(zo) for X, = Z;, see Equ

does
ment
ation

For X;, the v|
not estimate
duration T af
(C.12).

D.5.2 Example 5: Measurement using a sodium iodide detector
Figure C.1 shows a section of a gamma ‘spectrum recorded using a Nal detector. There is a line of inferest
located with [ts centre, &, at channell500 on a non-dominant, weakly curved background. The measurand, Y,
is the net inténsity, I (net area), of the line. For this measurand, the characteristic limits, the best estimatg and
the associatgd standard uncertainty shall also be determined.

Again, case
channels as
according to
symmetricall

almost /=100

c) of C.2 is présent. The full width at half-maximum of the line amounts to # =0+/8In2 =
a result of.example 6 in D.5.3. Thus, ¢, = 2,5 4 =81 shall be set as the width of reg
Equation(€.9). Therefore, the region of channels 461 to 539 with the width ¢, =79 and lo
y to channél 500 is specified as region B (see Figure C.1). This region thus covers in this
Y%¢of’the line area.

2,45
on B
cated
case

For each of

he“four rnmnne A hnrdnrlnn rnmnn B on bhoth sides for the determination of the \A/nnl{l\/ C

rved

background, the width 7= 21 |s chosen accordlng to C.3. The total width thus amounts to 7 = 4¢ = 84 This
width cannot be enlarged because of the increasing background below channel 419 and above channel 581
caused by neighbouring lines as shown in Figure C.1.

For the multi-channel spectrum data and other input data, specifications, some intermediate values and
results, see Tables D.4 and D.5. The results are calculated on the basis of the following model as in
example 4. The model here has a simpler form and reads

Y:[:X1—X2:Xg—ZO (D6)
so that w =1 and u,¢(w) = 0. For the input quantities Xy = X, and X, = Z;, see also example 4. A guideline
value is not specified. Because y > 4u(y) in the present case, the approximations according to Equations (32)
and (35) are used.
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As shown in Figure C.1, both a straight line with m = 2 [case b)] and a cubic parabola with m = 4 [case c)] are
adjusted to the spectrum background in the regions 4; according to C.3. In the case of the straight line, the
regions 44 and 4, are combined, as well as the regions 43 and 4,. With M =¢, =84 and ¢ =0,05 and
according to Equation (C.14), the standardized chi-square 2 :‘Xz —M +m|/2(M —m)=2,71>
k1510 =1,96 follows for the straight line, while for the parabola the standardized chi-square
Xg =0,41<k4_s5/2 =196 is obtained. The straight line therefore cannot be accepted because the chi-square
condition is not fulfilled.

Table D.4 — Input data, intermediate values and results of examples 4, 5 and 6

Inpu’t data and specifications of example 4

Quantity Symbol Value Channels
Energetic channel width 0,499 5 keV
Enerfpetic full width at half-maximum of the line 2,0 keV

Numper of recorded events in

Fegion 4, nq 3470 899 to 911
Fegion 4, 1y 3373 912 to 924
Fegion B ng 1440 925 to 929
fegion 4, ng 3343 930 to 942
fegion 4, ng 3208 943 t0 955
Width of region 4; t 13
Widt:l: of region B g 5

Standard uncertainty

Meagurement duration T 21600 s neglected

Corrgction factor f 0,858 5 neglected

Sample mass M with u(M) 1,000 kg 0,001 kg

Detettion efficiency ewith u(e) 0,060 0,004

Photpn emission probability i with u(i) 0,98 0,02

Probgbilities o By 0,05 -

Guidgline value Ve 0,5 Bq kg™’ -

Input data and specifications of examples 5 and 6

Quantity Symbol Value Channels, dtomments
Full width at half=miaximum of the line h 32,45 result of exaple 6

Numper of recorded events in

Fegion 4 ny 17 326 419 to 439
- A, for straight line i s A e Aen
Cgiun Az J IL2 LI~V A | i A4 tU TUU
region B ng 84 221 461 to 539
region A, ng 12 069 540 to 560
. A, for straight line
region 4, ny 11434 561 to 581
Width of region 4, t 21
Width of region B Iy 79
Probabilities A ) 0,05
Guideline value Ve - not specified
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Table D.4 (continued)

Intermediate values Example 4 Example 5
Quantity and calculation Value Value
ng=nq+ny+ng+tn, 13 394 58 120
ng =ny—ny—ng+n, -38 —-600
Total width 7, = 4¢ of the regions 4, 52 84
Background contribution z, with standard 1293,2 56 120

uncertairjty u(zg) according to Equation (C.12) 19,7 631
Intermediate|values of example 6
Quantity and calculation Symbol Value Standard uncertainty
Standard de:’lation of the line o 13,78 not determined

by mininizing ¥ g
Unfolding parpmeters y, with Y=y 29 550,3 369,7

standard uncertainties u(y,) Vo -35,44 15,36

according to Equations V3 694,7 5,25

(C.32) td (C.34) and (C.36) Va —4,035 0,576

Vs —-1,71x1073 1,45x1073
Ve 2,60x107 5,80x107°

Results Example 4 Example 5 Example|6
Measurand Y App I 1
Quantity Symbol value in Bq kg™ unit 1 unit 1
Primary meagurement result y 0,134 6 28 100 29 550
Standard uncprtainty associated with y u(y) 0,040 3 695 370
Decision threshold y* 0,061 9 1109 488
Measurement effect present? y>yp* ? yes yes yes
Detection limif y# 0,127 9 2220 980
Measuremen{ procedure suitable? y# <y? yes - -
Lower limit of{the confidence interval S 0,055 8 26 739 28 826
Upper limit of|the confidence.intérval g 0,2137 29 462 30 275
Best estimatg of the measurand ¥ 0,134 7 28 100 29 550
Standard uncgrtainty,associated with y u(y) 0,040 2 695 370
Standardized|chi-square xg — gi’j ggigagbsjal)"c) 0,78
Chi-square condition fulfilled? xg <ki_s/o - yes  (parabola) yes

no (straightline)
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Table D.5 — Multi-channel spectrum data of examples 5 and 6

A 4, B B B A, A,

419 872 440 817 461 850 487 1219 | 513 1250 | 540 584 561 570
420 867 441 817 462 807 488 1301 514 1164 | 541 604 562 543
421 830 442 792 463 817 489 1401 515 1146 | 542 579 563 519
422 865 443 804 464 797 490 1399 | 516 1119 | 543 548 564 495
423 822 444 788 465 795 491 1346 | 517 1078 | 544 559 565 564

424 787 445 815 466 811 492 1452 | 518 1049 | 545 588 5p6 554
425 812 446 854 467 827 493 1426 | 519 1010 | 546 617 5p7 566
426 799 447 817 468 784 494 1430 | 520 956 547 576 5p8 543
427 860 448 875 469 829 495 1550 | 521 920 548 607 5p9 533
428 832 449 857 470 872 496 1503 | 522 901 549 580 5f0 540
429 807 450 773 471 855 497 1486 | 523 880 550 585 5¢1 572
430 823 451 828 472 868 498 1561 | 524 823 551 599 5f2 546
431 838 452 850 473 895 499 1501 | 525 782 552 598 5f3 549
432 833 453 812 474 965 500 1611 |.526 745 553 606 5y4 553
433 795 454 818 475 888 501 1471527 703 554 555 5(5 528
434 806 455 872 476 915 502 1608 | 528 742 555 572 5f6 585
435 815 456 804 477 887 503 .51 551 | 529 690 556 566 5¢7 560
436 793 457 865 478 1002 | 504 1545 | 530 721 557 545 5f8 518
437 837 458 820 479 1008 o505 1403 | 531 684 558 501 5(9 567
438 807 459 792 480 1.064 | 506 1486 | 532 683 559 529 580 509
439 826 460 821 481 , 1033 | 507 1464 | 533 678 560 571 5p1 520

482\ 1110 | 508 1365 | 534 680

483 1131 | 509 1371 | 535 609

484 1160 | 510 1341 | 536 575

485 1264 | 511 1305 | 537 614

486 1194 | 512 1292 | 538 624

539 579

i Channgl'number
x, Qounts recorded in channel i

A, Channel regions for the background determination

B Channel regions of the line

D.5.3 Example 6: Unfolding a gamma spectrum

The multi-channel gamma spectrum evaluated in example 5 and shown in Figure C.1 is also linearly unfolded
according to Equations (C.32) to (C.34) and (C.36) with the same input data listed in Tables D.4 and D.5. This
makes feasible a direct comparison of applying the two methods. The results are also shown in Table D.4 and
Figure C.1.
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The n = 6 fitting functions given in Equation (C.36) are used to form the spectrometer response matrix 4. The
channel number i is taken as E, the energy scale. The standard deviation, o, of the line in question and the
parameter, a, of the arctan step function are not given. Therefore, a is first identified with o, then a primary
value of o estimated by eye is varied in repeated linear unfoldings until the standardized chi-square xg
becomes a minimum. The value of o obtained in this way is also used in example 5 for the full width at half-
maximum 4 = o+/8In2.

The estimates, x;, of the input quantities, .X;, are the counts recorded in the m = 163 individual channels 419 to
581 of the multi-channel spectrum (see Table D.5). They form the column matrix x = (x4, ..., xm)T. Moreover,
uz(xi) =x; and u(x;,x;) = 0 (i #j) by assuming Poisson statistics and uncorrelated counting in different channels.
This yields the diagonal uncertainty matrix, U,(x) = diag(x). The n = 6 measurand estimates y, to be calellated
are values df the coefficients Y, of the fitting functions according to Equation (C.36) and form the“cqlumn
matrix y = (v{, ..., y6)T. The measurand, 7, of interest is the net line intensity ¥, as in example 5..Thus, 3= y;.
The model matrix equation of the unfolding is x = Ay. The measurands, 1;, turn out to be cortelated, but only
the standard uncertainties u(y;) associated with the results, y,, are listed in Table D.47 the assogiated
correlation coefficients are dispensed with.

The two megsurand results y = y" and y = y" of examples 5 and 6 differ considerably. Whether or ngt the
difference is|actually significant can be answered as follows: the difference/z =7y’ — y" of two independently
determined dstimates, y’' and y", of the same measurand is an estimate ofsthe quantity Z with the true value 0.
This value ( should then be contained in the confidence interval between the limits z+kq_,;5 -u(z) with
u(z) = uz(y')+u2(y") . This leads to the condition |z |/u(z)<k1_7/2. Accordingly, with = 0,05 thT two
results obtained by the two distinct methods of example 5 and\6 cannot be taken as significantly dif

since |z |/u(4) =184 <196 proves true.

erent

The standar@l uncertainties, u(y), and the characteristicylimits of examples 5 and 6 also differ considefably.
This can be [due to the fact that in example 6 the full spectrum information is taken into account whergas in
example 5 onfly counts summed up over the spectrum regions are used. However, the unfolded backgroynd in
region B of {he spectrum nearly coincides with the (not accepted) straight-line approximation of example 5
(see Figure €.1). The reason for that can be the fact that the arctan step function barely plays a part.
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