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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
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consists of the following parts, under the general title “Determination of the detection limit
eshold for ionizing radiation measurements:

Fundamentals and application to countingmeasurements without the influence of sar
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Fundamentals and application “to counting measurements with high resolution gan
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Fundamentals~and applications to counting measurements on filters during accumulatio
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This part of ISO 11929 gives basic information on the statistical principles for the determination of the
detection limit, of the decision threshold and of the limits of the confidence interval for general applications of
nuclear radiation measurements.
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11929-3. 1SO 11929-4 deals with measurements using linear-scale analogue ratemeters, |
monitoring of the concentration of aerosols in exhaust gas, air or waste water; 1SO 1
surements by use of a transient measuring mode, and ISO 11929-8 with unfelding of sj
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surements based on the principles defined by Altschuler and Pasternack!'l, Nicholson [2], C
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s mentioned above is separated from the evaluation of the measurement. Consequently,
11929 is generally applicable and can be applied to any sditable procedure for the eva
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ormed according to the Guide for the Expression of Uncertainty in Measurement.
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INTERNATIONAL STANDARD ISO 11929-7:2005(E)

Determination of the detection limit and decision threshold for
ionizing radiation measurements —

Part 7:
Fundamentals and general applications

1 |Scope

Thig part of I1ISO 11929 specifies suitable statistical values which allow an assessment of the detection
cappbilities in ionizing radiation measurements and of the physical effect-quantified by the measurand. For
this|purpose, Bayesian statistical methods are used to specify characteristic-limits.

Thig part of ISO 11929 deals with fundamentals and general applications.

2 |Normative references

The following referenced documents are indispensable for the application of this document| For dated
references, only the edition cited applies. For undated references, the latest edition of the|referenced
docpment (including any amendments) applies.

ISO[11929-1:2000, Determination of the detection limit and decision threshold for ionizirlg radiation
measurements — Part 1: Fundamentals.and application to counting measurements without the fnfluence of
sanjple treatment

ISO111929-2:2000, Determinations of the detection limit and decision threshold for ionizing radiation
measurements — Part 2: Fundamentals and application to counting measurements with the Influence of
sanjple treatment

BIPM/IEC/IFCC/ISO/IJRAC/IUPAP/OIML, Guide to the Expression of Uncertainty in Measuremept, Geneva,
1993

BIPM/IEC/IFCCUSO/IUPAC/IUPAP/OIML, International Vocabulary of Basic and General Terms i Metrology,
2nd|edition, Geneva, 1993

3 Ly Fdefimiti

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

31

measuring method

any logical sequence of operations, described generically, used in the performance of measurements

NOTE Adapted from the International Vocabulary of Basic and General Terms in Metrology:1993.

© 1SO 2005 — All rights reserved 1
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3.2
measurand
particular quantity subject to measurement

[International Vocabulary of Basic and General Terms in Metrology:1993]

NOTE In this part of ISO 11929, a measurand is non-negative and quantifies a nuclear radiation effect. The effect is
not present if the value of the measurand is zero. Examples for a measurand are the net count rate of a sample of
radioactive material, the net activity of a sample of radioactive material given the activity of a blank sample, the increase of
the specific activity or activity concentration of a gas flow, or the intensity of a line in a spectrum above the background in

a spectrometric measurement.

3.3

uncertainty (of measurement)

parameter, [associated with the result of a measurement, that characterizes the dispersion of the values [that
could reasgnably be attributed to the measurand

[Guide for the Expression of Uncertainty in Measurement:1993]

NOTE The uncertainty of measurement defined in the Guide for the Expression of Ungertainty in Measurement
comprises, in general, many components. Some of these components may be evaluated-from the results of serig¢s of
measuremerjts or counting measurements and can be characterized by experimental standard deviations. The o¢ther
components| which also can be characterized by standard deviations, are evaluated from assumed or known probapility
distributions pased on experience and other information.

3.4

mathematital model of the evaluation

a set of mgthematical relationships between all measured and ather quantities involved in the evaluation of
measurements

3.5

decision qliantity

random varjable for the decision whether or not the physical effect to be measured is present

3.6

decision threshold

fixed value [of the decision quantity by whieh, when exceeded by the result of an actual measurement pf a
measurand|quantifying a physical effect, one decides that the physical effect is present

NOTE The decision threshold.is_the critical value of a statistical test to decide between the hypothesis thaj the
physical effeft is not present and«the’ alternative hypothesis that it is present. When the critical value is exceeded by the
result of an gctual measurement;this is taken to indicate that the hypothesis should be rejected. The statistical test w|ll be
designed su¢h that the probability of wrongly rejecting the hypothesis (error of the first kind) is equal at most to a given
value c.

3.7

detection ljmit

smallest truetvalue of the measurand which is detectable by the measuring method

NOTE 1 The detection limit is the smallest true value of the measurand which is associated with the statistical test and

hypotheses according to 3.6 by the following characteristics: if in reality the true value is equal to or exceeds the detection
limit, the probability of wrongly not rejecting the hypothesis (error of the second kind) will be at most equal to a given

value .

NOTE 2

to be compared with the decision threshold, whereas the detection limit is to be compared with the guideline value.

3.8

confidence limits
values which define a confidence interval to be specified for the measurand in question which, if the result
exceeds the decision threshold, includes the true value of the measurand with the given probability (1 - )

The difference between using the decision threshold and using the detection limit is that measured values are

© 1SO 2005 — Al rights reserved


https://standardsiso.com/api/?name=297ba8ff7d12379d9ba54d3af95624ff

3.9

ISO 11929

guideline value
value which corresponds to scientific, legal or other requirements for which the measuring procedure is
intended to assess

EXAMPLE Activity, specific activity or activity concentration, surface activity, or dose rate.

4 Quantities and symbols

u(x)
u(é

Var

-7:2005(E)

cal effect in
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question
Value of the estimator f of the measurand; true value of the measurand

Random variable as decision quantity; estimator of the measurand

Primary result of a measurement of the measurand; obtained value of the decision
primary estimate of the measurand

Standard uncertainty of the measurand associated with the primary result x of a measurer
Standard uncertainty of the decision quantity X as a function of the true value & of the mes
Best estimate of the measurand

Standard uncertainty associated with the best estimate z of the measurand
Decision threshold for the measurand

Detection limit for the measurand:g;, &,, respectively, the lower and upper limit of the
interval for the measurand

Probability of the error of.the first kind; the probability of rejecting a hypothesis if it is true
Probability of the errer of the second kind; the probability of accepting a hypothesis if it is

Probability attributed to the confidence interval of the measurand; probability that the true
measurand-is-included by the confidence interval

Quantiles of the standardized normal distribution for the probability p (see Table 1);

(=), (1 = 112)

Operator for the formation of the expectation value of a random variable

quantity X;

nent

surand

confidence

alse

value of the

p=1-oa,

Operator for the formation of the variance of a random variable

Distribution function of the standardized normal (Gaussian) distribution
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5 Statistical values and confidence interval

5.1 General aspects

For a particular task involving nuclear radiation measurements, first the particular physical effect which is the
objective of the measurement has to be described. Then a non-negative measurand has to be defined which
quantifies the physical effect and which assumes the value zero if the effect is not present in an actual case.

A random variable, called a decision quantity X has to be attributed to the measurand. It is also an estimator of
the measurand. It is required that the expectatlon value EX of the decision quanhtyXequaIs the true value &
of the mea
measurand| The prlmary estimate x of the measurand, and its associated standard uncertainty u(x), have.tp be

calculated
uncertainty
mathematid

the measufand is non-negative will not be explicitly made use of. Therefore, x may become negativ

particular, if

NOTE
mathematica

For the det¢rmination of the decision threshold and the detection limit, the standard uncertainty of the deci

quantity ha
that this is

£ is the va
makes use
determined
expectation
[Var(£)]"2
calculated (

For the nur
which is the
The functio

evaluation ¢f the measurement according to the Guide for the Expression of Uncertainty in Measurement.

examples s
use the apyq

much largef

(net effect)

X=1"Jo
and y,, resq

If only z (0
to:

1

s the primary complete result of the measurement according to the Guide for the expressi
in measurement, by evaluation of measured quantities and of other information” usin
al model of the evaluation which takes into account all relevant quantities. Generally, 'the fact

the true value of the measurand is close to zero.

he model of the evaluation of the measurement need not necessarily be-given in the form of ex
| formulas. It can also be represented by an algorithm or a computer code (see A2).

5 to be calculated, if possible, as a function #(£) of the true value £ of the measurand. In the ¢
ot possible, approximate solutions are described below.

ue of another, non-negative estimator f of the measurand. The estimator f in contrast t
of the knowledge that the measurand is non-negative. The limits of the confidence interval t
refer to this estimator & (compare 5.4). Besides the limits of the confidence interval,
value E¢ of this estimator as a best estimate’z of the measurand, and the standard devig
as the standard uncertainty u(z) associated with the best estimate z of the measurand have t
See 6.3).

herical calculation of the decision(threshold and the detection limit, the function i (&) is nee
standard uncertainty of the decision quantity X as a function of the true value £ of the measur
h u (&) generally has to be determined by the user of this part of ISO 11929, in the course of

ee Annex A. This function-is often only slowly increasing. Therefore, it is justified in many casq
roximation z (&) = u(x)~This applies, in particular, if the primary estimate x of the measurand ig
than its standard-uncertainty u(x) associated with x. If the value x is calculated as the differe
of two approximately equal values y4 and y, obtained from independent measurements, th
pne gets i 2(&)= u?(y4) + u?(yy) with the standard uncertainties u(y4) and u(y,) associated wit
ectively.

and u(x) are known, an approximation by linear interpolation is often sufficient for x > 0 accor|

n of

that

plicit

sion
ase

D X,
b be
the
tion
b be

Hed,
and.
the
For
s to
not
nce
at is
h v,

ding

% (&)=

NOTE

above, in particular, the linear interpolation of u

@2 (0)-(1-&/x)+u? (x)-¢ / x

(@ instead of # (&) itself.

5.2 Decision threshold

(1)

In many practical cases, u (@ is a slowly increasing linear function of & This justifies the approximations

The decision threshold x* of a non-negative measurand quantifying the physical effect, according to 5.1, is a
value of the decision quantity X which, when it is exceeded by a result x of a measurement, indicates that the
physical effect is present. If x < x* one decides that the physical effect is not present. If this decision rule is

© 1SO 2005 — Al rights reserved
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observed, a wrong decision in favour of the presence of the physical effect occurs with a probability not
greater than « (error of the first kind).

The

Values of the quantiles &, _ , of the standardized normal distribution are given in Table 1. Itis @ (ky _ ) =1

decision threshold is given by:

x =k1_qi(0)

If the approximation # (&) = u(x) is sufficient, one gets x = kq_ g -u(x).

(2)

— Q.

5.3

The
mef]

Detection limit

detection limit £*, which is the smallest true value of the measurand detectable\with the

greater than g. The detection limit is given by:

Equ
star
soly
proc

If tH
kno
an &

For

Wh
unc

& =x +ky_p-al(&)

ation (3) is an implicit one. The detection limit can be calculated from it by iteration using, for €
ling approximation &* = 2x*. The iteration converges in mostcases. Equation (3) may h3g
tions. In this case the detection limit is the smallest one. If Equation (3) has no solution, the
edure is not suited for the measuring purpose.

e approximation u (&) = u(x) is sufficient, then f* =(&1_y +kq_p)-u(x) is valid. If @(¢) is n
vn for £> 0, one gets with #(0)and with a result x*of a measurement and its associated unce
pproximation of £* using the interpolation formufa“according to Equation (1):

2
1-

£ =av\Ja?+ (35 —kF_,)-i%(0) with a=k1,a.5(0)+%(k12,a/x).[uz(x)—ﬁz(O)]

a = fone obtains £* = 2aq.

bn using the approximation,~of Equation (4) to calculate the detection limit &* and w
brtainties are not negligible; a measurement result x > ~ 2x* shall be chosen. If x > 2x* holds,

an yinreasonably high detéction limit. In this case, the approximation yields only an upper limit of

unc

brtainties are negligible, Equations (3) and (4) converge to the same result for the detection lim

measuring

hod, is so much larger than the decision threshold that the probability of an error-ofithe second kind is not

3)

xample, the
ve multiple
measuring

ot explicitly
ertainty u(x),

(4)

hen type B
pne obtains
-, If type B
t.

Vallies of the quantiles kq _,, kq_p of the standardized normal distribution are given in Table 1. It is

Mk

5.4

_o) =1—aand &k, 7[,):1—,8.

Confidence limits

For

aresult x of 2 measurement which exceeds the decision threshold v*, the confidence intersal

ncludes the

true value of the measurand with the given probability (1 — 7). It is enclosed by the confidence limits & and &,
according to:

E=x—kp u(x)with p=x-(1-y/2)

Su=x+kp ulx)withg=1-(x-y/2)

© I1SO 2005 — All rights reserved
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xis given by
1 x/u(x)
= j exp (— 22/2)dz =@ [x /u (x)] (7)
T

— 0

Values of the function @(¢) are tabulated (see [7] in the Bibliography) and given in Table 1. It is di(kp) =p and

The confidence limits are not symmetrical around the expectation Ef. The probabilities of 92 < ¢ and f > &,

however, afe-bothrequattoy/2-and-theretationship << is-vatid—Forx—>ntr)theapproximationr—
§|,u:xik1_7/2-u(x) (8)

is applicable if x >~ 2 - ky _ /> u(x)

6 Application of this part of ISO 11929

6.1 Spegific values

The probabilities «, f and (1 - ) shall be specified in advance by the) user of this part of 1ISO 11929.
Commonly psed values are a= = 0,05 and y=0,05.

6.2 Assgssment of a measuring method
To check whether a measuring method (see 3.1) is suitable for the measurement of a physical effect, the
detection limit shall be compared with a specified guideline value (e.g. specified requirements on| the
sensitivity gf the measuring procedure for scientific, legal or other reasons; see 3.9).

The detection limit shall be calculated by means of Equation (3). If the detection limit thus determined is
greater than the guideline value, the measuring procedure is not suitable for the measurement.

6.3 Assassment of a measured result

—

A measured result has to be compared with the decision threshold calculated by means of Equation (2). If the
result of the measurement x is-targer than the decision threshold x*, it is decided that the physical effect
quantified by the measurandis)present.

If this is the|case, the best estimate z of the measurand is calculated using x from Equation (7) by:

ux) - exp {— x21[2u? (X)]}

z=E E X
d K-J2n

with the standard uncertainty u(z) associated with z:

u(z)= IVar(é):,/ 2(x)=(z-x)z (10)

The following relationships: z > x and z > 0, as well as u(z) <u(x), are valid and for x > u(x), i.e. x > 4 - u(x), the
approximations z = x and u(z) = u(x) hold true.

6 © 1SO 2005 — Al rights reserved
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6.4 Documentation

The documentation of measurements in accordance with this part of ISO 11929 shall contain details of the
probabilities ¢, fand (1 — y), the decision threshold x*, the detection limit £*, and the guideline value.

For a result x of the measurement exceeding the decision threshold x*, the standard uncertainty u(x)
associated with x and the limits of the confidence interval & and &, have to be given. If the result x of the
measurement is below the decision threshold £*, it shall be documented as “below the decision threshold”.

If the detection limit exceeds the guideline value, it shall be documented that the method is not suitable for the

me suramaent nuirnose.
q P P -

In addition, the best estimate z of the measurand and the standard uncertainty u(z) associated-with z may be
spetified if x/u(x) < 4.

7 |[Values of the distribution function of the standardized normal-distribution

t
Vallles &(t) = Iw(v) dv with ¢(z)=(1 /\/ﬂ) . exp(—z2 /2) are given in Table 1. For the distribution function of

the gtandardized normal distribution, &(—¢) = 1 — @&(¢) is valid. Quantiles of the standardized normal distribution
can|also be obtained from this Table 1 since ¢ = k, for p = &), i.€s di(kp) =p.

For|t > 0, the approximation (see [8] in the Bibliography):

1
1+a0 -t

2
2= 1-E2 0y ¢ g £ vag L ¢ =

is valid with | £| < 10-5 and
ag=0,33267; aq=0,436183 6; ‘a), =-0,120167 6; a3 =0,937 298 0
Forft < 0, one obtains &(¢) from(the relationship &(¢) = 1 — &(—1).

For|0,5 < p < 1 the approximation (see [8] in the Bibliography):

bo #b1<t+by - 12
kp=t———SEATTI2 e y= [F20In(1- p)

1+C1~t+62-[ +c3 -t

is valid withPs| < 4,5 x 104 and

b= 2,515517; by =0,802853; b, =0,010 328

c1=1,432788; ¢, =0,189 269; c3 =0,001308

For 0 <p < 0,5, one obtains &, from the relationship £, = —kq _ .

© 1SO 2005 — All rights reserved 7
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Table 1 — Values of the distribution function of the standardized normal distribution &x¢)
(see [7] in the Bibliography)

' o) t o) t o) t o) t o)

0,00 0,500 0 0,70 0,758 0 1,40 0,9192 2,10 0,982 1 2,80 0,997 4

0,02 0,508 0 0,72 0,764 2 1,42 0,922 2 2,12 0,9830 2,90 0,998 1

0,04 0,516 0 0,74 0,770 4 1,44 0,9251 2,14 0,983 8 3,00 0,998 6

0,06 0,523 9 0,76 0,776 4 1,46 0,927 8 2,16 0,984 6 3,10 0,9990

0,08 05319 0,78 07823 1.48 0,930 6 218 0,985 4 3,20 0,999 3

0,10 0,539 8 0,80 0,788 1 1,50 0,933 2 2,20 0,986 1 3,30 07999

0,12 0,547 8 0,82 0,793 9 1,62 0,9357 2,22 0,986 8 3,40 0,999

0,16 0,563 6 0,86 0,805 1 1,56 0,940 6 2,26 0,988 1 3,60 0,999

0,18 0,5714 0,88 0,8106 1,58 0,943 0 2,28 0,988 7 3,80 0,999

5
7
0,14 0,5557 0,84 0,799 6 1,54 0,938 2 2,24 0,987 4 3,50 0,999(8
8
9
0

0,20 0,579 3 0,90 0,8159 1,60 0,945 2 2,30 0,989-3 4,00 1,000

0,22 0,587 1 0,92 0,8212 1,62 0,947 4 2,32 0,989 8

0,24 0,594 8 0,94 0,826 4 1,64 0,949 5 2,34 0,990 4

0,26 0,602 6 0,96 0,8315 1,66 0,9515 2,36 0,990 9

0,28 0,610 3 0,98 0,836 5 1,68 0,953 5 2,38 0,991 3

0,30 0,617 9 1,00 0,841 3 1,70 0,955 4 2,40 0,991 8

0,32 0,6255 1,02 0,846 1 1,72 0,9573 2,42 0,992 2

0,34 0,633 1 1,04 0,850 8 1,74 0,959 1 2,44 0,992 7

0,36 0,6406 1,06 0,855 4 1,76 0,9610 2,46 0,9930

0,38 0,648 0 1,08 0,859 9 1,78 0,962 5 2,48 0,993 4

0,40 0,655 4 1,10 0,864 3 1,80 0,964 1 2,50 0,993 8

0,42 0,662 8 1,12 0,8686 1,82 0,965 6 2,52 0,994 1

0,44 0,6700 1,14 0,872 9 1,84 0,967 1 2,54 0,994 5

0,46 0,677 2 1,16 0,877 0 1,86 0,968 6 2,56 0,994 8

0,48 0,684 4 1,48 0,881 0 1,88 0,9700 2,58 0,995 1

0,50 0,6915 1,20 0,884 9 1,90 0,9713 2,60 0,995 3

0,52 0,698 5 1,22 0,888 8 1,92 0,972 6 2,62 0,9956

0,54 0,7054 1,24 0,892 5 1,94 0,973 8 2,64 0,9959

0,56 0,712 3 1,26 0,896 1 1,96 0,9750 2,66 0,996 1

0,58 0,7190 1,28 0,899 7 1,98 0,976 2 2,68 0,996 3

0,60 0,725 8 1,30 0,903 2 2,00 0,977 2 2,70 0,996 5

0,62 0,7324 1,32 0,906 6 2,02 0,978 3 2,72 0,996 7

0,64 0,738 9 1,34 0,909 9 2,04 0,979 3 2,74 0,996 9

0,66 0,745 4 1,36 0,9131 2,06 0,980 3 2,76 0,997 1

0,68 0,7518 1,38 0,916 2 2,08 0,981 2 2,78 0,997 3

NOTE t=k,for p=a(t), ie. O(k,)=p.
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Annex A
(informative)

Example 1 of application of this part of ISO 11929

A.1 Explanation of the principles of a Bayesian theory of uncertainty in
measurement

7:2005(E)

Thig part of ISO 11929 is based on methods of Bayesian statistics (see [5] to [7] in the Bibliograpt
to e able to consider uncertain quantities and influences which do not behave randomly

measurements. Random variables are assigned as estimators to all incompletely known physica
The probability distributions of these estimators must, however, in general not be interpreted a
distfibutions of events in frequently repeated measurements, as is done in cenventional sta
probhability distributions reflect the status of incomplete knowledge of the particular physical
queption. They can be derived by using the Principle of Maximum Entropy from the measured da
othgr information (see [5] in the Bibliography) and therefore are known together with their param
expgctation are taken as best estimates of the physical quantities. Their variances and covarianc
measures of the measuring uncertainty. In those cases, where both_Bayesian statistics and d
stat|stics can be applied, the numerical results obtained by analogdds procedures of both approa
leadt asymptotically identical.

.2 and 5.3, a Gaussian distribution is used for the decision quantity X. In 5.4 and 6.3,
ibution is truncated at £= 0 as an estimator of the measurand. These distributions are not app
are direct consequences of the Principle of Maximum Entropy using all available information (s
ography). According to the preceding paragraph* they must, however, not be interpreted a
ibutions.

In §
dist
but
Bibl
dist

In B
inte
of t
profhability, but must be interpreted as the portion of different confidence intervals which can be
eacp in an analogous way, fromiithe data measured in frequently repeated measurements and
conjain the true value of the measurand.

ayesian statistics, the probability (1 — x)represents the degree of incomplete knowledge of the
r'val, whose limits are calculated from measured data and from other information to contain th

A.4 General numerical calculation of uncertainty in measurement
There are two classes of physical quantities to be distinguished in the evaluation of measurements

Redulting quantities (later called output quantities) Y (k=1, ..., n) are quantities (for instance the
of

unfelding procedure) which have to be determined by the evaluation of the measurement. T
quantity~X*is one of them. The task is to calculate the estimates y, of the output quantities as the rg

hy), in order
n repeated
| quantities.
5 frequency
tistics. The
quantity in
ta and from
eters. Their
es serve as
onventional
ches are at

B Gaussian
oximations,
ee [5] in the
5 frequency

confidence
b true value

ne measurand. The confidence level' corresponding to this probability in conventional statistics is not a

calculated,
which each

parameters
he decision
psults of the
pasurement

meagsurements, the standard uncertainties u(y,) associated with y,, and the covariances of the m

uncertainties u(y;, y)). It holds that u2(y;) = u(v;, y)-

Input quantities X; (i = 1, ..., m) are quantities which are, for instance, derived by counting measurements. In

addition, they are repeatedly measured quantities, influence quantities and output quantities

of previous

evaluations. The estimators x; of these input quantities and the standard uncertainties u(x;) associated with the
x; and the covariances u(x;, xj) are either given, or have to be determined following the procedures of the
Guide to the Expression of Uncertainty in Measurement. In counting measurements, one obtains for the
quantities p;, derived according to A.3 and Equation (A.9), with the counting result »; and the counting time (or

channel width) #;:

X; :n,-/t,-~uz(x,-):nl»/ti2 =x;/t;, u(x;,x;)=0,for i= j (with respect to n, =0, see A.3).
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The model of the evaluation connects the output quantities mathematically with the input quantities:

The functions G, do not need to be explicitly available as mathematical expressions. They may also be an
algorithm, for instance, in the form of a computer code of the evaluation.

The measuring results y, are obtained by substituting the input quantities X, in the model equations containing
G, by their estimates x;:

— ya Ne (] 4 AY LA
yk_G XT3 X s (v UREEIRLY ) \ 2)

The covarignce uncertainty components u(y,, y;) are given by:

- 0Gr 0G
Wy W= D 2wy (b 1=1,n) (A.3)
ij:1aX[ an

u(y,) is the positive square root of u(y;, y;).

The partial| derivatives need not to be explicitly calculated. This is particdlarly advantageous if sudh a
calculation [is difficult, or if the model equations are only available as a.€omputer code. It is sufficient to
calculate firt the difference quotients:

AGL F u(li){Gk[x1, ey X +%u(xl~), cos X1 = Grlxq, ooy x; —%u(xi), ey xm]} (n.4)
and then:
wyp )= D, (8iGr)-(A;G))-ulx;, x,); (k&5 ) (A-5)
i j=1

This procedlure is particularly advantageous in computerized evaluation. Examples of computer codes|are
given, for instance, in references [9] and [10] in the Bibliography. The partial derivatives may also be obta|ned
in an analogous way experimentally,-by changing the input quantities by Ax;, because one can approximate
Equation (A.4) by:

AiGr FG (e, oy x; +8%7, 3, ) — Vi ]/ Ax; (A.6)
Note that Eqquation (A6) has a lower accuracy than Equation (A.4).
Let Y, be the.deCision quantity X. Then x=y{ and u(x)=u(y4). In order to calculate () an (at Ipast

approximatively) inverse of the model shall be given for m' < m quantities X; (i =1,..., m'), the uncertainties
of which depend on the True value ¢ of the measurand (Such quantities are, for Instance, Pq OF p, INAZI]:

Xi=M; (Y4 YV, Xy +1, 0. X ) (=1, 0,m") (A7)
In this case, the fixed value ¢ has to be substituted for ¥; = X. One obtains the modified estimates:

Xi=M (& yors Yy X+ 1o x ) (=1, .0, m') (A.8)
which then lead to changed covariance uncertainty components u(x}, x;). With these modified covariances,
the entire calculation according to Equations (11) to (15) has to be repeated. However, one only needs to

calculate u(&)=u(y4). If the computer code used operates iteratively, one iterative step is frequently sufficient
for repetition.
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A.3 Examples of application of this part of ISO 11929

A.3.1 General

In general, a measurement of nuclear radiation consists, at least partially, in counting electronic pulses caused
by nuclear radiation events. Such a counting measurement usually comprises several individual counting
measurements. Examples are counting measurements of individual radioactive samples or blank materials,
counting measurements of the natural radiation background or of another background effect, and counting of
events in the individual channels of a multi-channel spectrum or a time sequence of events under identical
measuring conditions. In each counting measurement, either the counting time or maximum number of counts

is p
(sed

An
mes
bein
the

eith
can
radi
dist

The
indq
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[6] in the Bibliography).

ndividual random variable N is assigned to the number of pulses counted in each-individd
surement. n is the result of the measurement and ¢ the counting time. N has the-expectation
g the count rate, respectively the spectral density in spectrometric measuremehis=’In the latt
channel width of the corresponding physical quantity, for example particlerénergy. The m
br p or p - ¢t. It is supposed that deadtime or lifetime effects, pile-up of pulsestand instrumental
be neglected during the entire measurement, and that the pulses counted/originate from diffe
ation events which are physically independent from each other. Thenjthe number of counts )
ibuted and the number of counts of the individual countings are independent.

quantity p -t obeys a Gamma distribution, whereby p is eonsidered to be a random varig
pendent of whether n counts are registered during a preselected counting time (or a fixed chan
hether the time ¢ is measured which is required to accumulate a preselected maximum numbe
n one obtains the best estimate r of the count rate (onthe spectral density) p and the standard

ribed below

al counting
p - t, with p
br case, 1 is
pasurand is
instabilities
rent nuclear
V is Poisson

ble. This is
nel width) ¢,
r of counts.
uncertainty

u(r)|lassociated with
r:Ep:n/t;uz(r):Var(,o):n/t2 (A.9)
In the case of n = 0, one obtains u(r) = 0.-This is not realistic, since one cannot be sure that p=( if no count

has
the
u 2(
of c
way

A3

In ¢

method of least squares is applied (according to [10] in the Bibliography) when one has t
). This difficulty can be avoided by replacing all counting results n by n + 1, or by a suitable
hannels. Thereby, it is presumed that the counting time (or the channel width) has been chosg
that at least some counts.can be expected if p> 0.

.2 Counting measurements of nuclear radiation and determination of activity

been obtained during a measurement-with finite counting time. This case leads also to a divisipn by zero if

o divide by
combination
N in such a

punting measurements, the measurand is the net count rate with the true value £ of a samplé containing

radipactive materials. This net count rate has to be determined by counting measurements of the [gross effect
and|of the background effect. The respective symbols are denoted by the indices “g” and “0”, respectively.
The decision quantity can be expressed as:
X = —
Pg = PO (A.10)
The primary measuring result x, and the standard uncertainty u(x) associated with x, are derived according to
Equation (A.9):

x=EX =ngltg—ngltg; uz(x):Var(x):ng/té +n0/t%

(A11)

X corresponds to the expectation p,, of the net counting rate R, in ISO 11929-1:2000. However, in this part of

ISO

11929 it is a random variable in contrast to its use in ISO 11929-1.
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For a given value £ of the net count rate, x has to be replaced by & Thereby, ng Or g can be eliminated in
Equation (A.11), which are not available in measurements with preselection of counting time or of maximum

number of counts, respectively, if £is given. Thus, one obtains in the case of preselection of counting time:

(&)=

and in the ¢

i

2(&)=(E+ngltg)?Ing +ngltd

(§+ngltg ) tg +n0/t§ =¢&ltg+(ngltg)-(1/tg+1/tg)

ase of preselection of a maximum number of counts:

(A12)

(A.13)

The decisipn thresholds derived by Equations (A.12) and (A.13) are identical for £=0,

respectively,

ng has to He selected so that ng >k1 « n order to assure that Equation (3) has a solution./The resu

characterisfi
and ny,.

If the value
to consider

the counting efficiency ¢ which are known from other sources. (In this example, branching ratios are suppd

to be unity
associated

Because o
Equation (A

ﬁ2

(4)
from which
corresponds
which is &
necessarily
measuremse
known. Thu

A.3.3 Col
of uncerta

A.3.3.1
Therefore,
radioactive
radioactivel
measurand
for the coun

+i?(e-A)e? +ul(e)- A2

i spiked=blank material or of standard reference materials have each to be averaged.

if ¢, (@nd
are chosen so that n /tg = ng | to. When preselection of a maximum number of countsyis'cho

ic limits are numerically equal to those derived according to ISO 11929-1 for sufficiently larg
£ of the net count rate is to be translated into the value 4 = &/¢ of the net activity, it is also poss
the standard uncertainty u(e) or the relative standard uncertainty u o (€)="u(¢)/ & associated

However, in addition branching ratios differing from this value and the standard uncertair
with them can be considered analogously.)

the propagation of uncertainties according to Equationy(A.13) and,
.3), one obtains:

in particular, becaus

the characteristic I|m|ts can be calculated:=* The function ~2(A) is that for the net activit
5 to the function « (5) according to Equation (A.12) or to Equation (A.13) for the net count
= ¢ - A here. The standard uncertainty-,¢(s) associated with ¢ does not depend on 4. It is
determined by uncertainties derived from multiple repeated measurements or coun

s, Equation (A.14) represents.an example where such influences can also be considered.

inty

Any sample treatment causes uncertainties which can be different from one sample to anof
the counting'résults »n; of the counting measurements performed on different samples
material<under investigation, on different blank samples or on different reference sample

with the true value £is the mean net count rate of the samples. The symbols used in the follo
ting of samples, blanks and reference samples are distinguished by the subscripts “g”, “0” ang

(A.

nting measurements of nuclear radiation in the presence of non-Poisson sourcés

g’
Ben,

ting
e ng

ible
with
sed
ties

a)

-

of

14)

y. It
rate
not
ting

nts, it can also be a consequence of (for example systematic) influences which are only partially

her.
pf a
5 of
The
ving

[Ipl]

r )

respectively:

Arthmetic means ol m counling measurements, wnich are performed Wwilh preseleclio

of

counting time ¢, are each indicated by a horizontal bar above the symbol. For m > 1 counting measurements to
be averaged, which each have been performed with the same counting time, one obtains the empirical

variance s2

of the count rates n; / .

2
$2= (n; —77) (A.15)
(m—1)-12 ; '
The decision quantity can be expressed as:
Xe5 5
Pg=ro (A.16)

12
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X corresponds to the expectation p,, of the mean count rate in ISO 11929-2:2000. However, it is a random
variable in contrast to its use in ISO 11929-2. The following equations are approximations for sufficiently large
counting results »; and for n/t > S/M.

A.3.3.2 The primary result x, for the mean count rate of the measurements and its standard uncertainty
u(x) are given by:

x:EX:r_lg/tg—r_lO/tO (A.17)

u?(x)=Var(X)=s2/mq+s8Img (A.18)

Thel function 122(5) is derived from Equation (1). The value ﬁZ(O)resuIts from Equation (A¢18), because the
varignce sé can be substituted by s% in the case of £=0.
A.3/3.3 If there is just one sample measurement (mg =1), SS cannot beccalculated agcording to
Equation (A.15). Also, in the case when there are just a few counting measurements) of the samplg material to
be Investigated and for the calculation of ﬁz(f), it is advisable to determine sg by interpolatipn from the
resylts of counting measurements of a larger number #, of reference samples:

= = 2 2
2 _ 2,2 2, "gltg ”0/’0_S2 (st —sg)-x

—¢2 4 — = A.19
g =70 5 SO) ﬁr/l‘r—ﬁo/lo 0 ﬁr/lr—ﬁo/to ( )
For|a given value & of the mean net count rate, x has tozbe substituted by & Inserting sé, calculated
accprding to Equation (A.19), into Equation (A.18) finally yields:
2 2
sg—s5)Elm
i2(&) = (_r O)_§ g |+, 1 52
nelt, —nglty mg  mg (A.20)

A.3/3.4 Another procedure which is advisable in the case of only minor influence of sample freatment is
basgd on the relation:

32:(ﬁ+92-ﬁz)/t2 (A.21)

In Hquation (A.21), the term)which is linear in 7 is a consequence of the Poisson distributions of the numbers
of counts N, in the case-of negligible influence of sample treatment. The latter influence is desclibed by the
termp which is quadratic in 7z, under the assumption that there is a relative standard deviation 9 of all
measurement uncertainties caused by the influence of sample treatment which is constant for jall samples
measured and_ forall count rates. ¢ can be determined by counting measurements of reference spmples and

is calculated\using Equation (A.21) and equating with Equation (A.15) by:

2= (2 12 —ﬁr)/ﬁf (A.22)

If this results in 92 <0, the approach used and the data are not compatible. Then, the number m, of
reference samples should be increased or 9= 0 should be assumed. Generally, $ <~ 0,2 should hold, or else
one should proceed according to A.3.3.3.

Instead of Equation (A.18), one now obtains together with Equation (A.21):
u?(x)= (g + 92 -n3)(mg-t3)+ (g + 92 - 7§)/(mg - 15) (A.23)
ﬁz(f) is calculated by replacing x by & and inserting in Equation (A.23) ng =(S+ng/tg)-tg, derived from

Equation (A.11). The cases mg =1 and mq =1 are now allowed.
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Annex B
(informative)

Example 2 of application of this part of ISO 11929

This annex gives an example of a contamination measurement using a wipe test and counting measurements.

This examp ; ivity
on a surfade is removed from an area F =100 cm? and measured later on by a counting measuremeént for
tg =360 s |using a detector with counting efficiency ¢ =0,31. The measurement yielded N4 =2 591 coupted
. . 1 . .
events eduivalent to a gross counting rate Rg=7,197s with a standard, © uncertainty
u(Rg)z\/;g /1§ =0,141s7".
The backgfound count rate was measured earlier with a counting time ¢y =7 200*s. One obtalned
No =4178p counts, resulting in a background count rate Ry =5,803 s~! with_a “standard uncertd inty
u(R)=+Np 118 =0,028 457",
The detectpr efficiency ¢ was determined using a calibration source withya certified relative stangard
uncertainty |of 5 %. The Poisson uncertainty of the measurement of the detector efficiency can be neglefted
compared tp the certified uncertainty and one obtains a standard uncertainty u(s) = 0,015 5.
From previpus experiments, it is known that the wiping efficiency.y; i.e. the fractional activity removed by
wiping a syrface, varies randomly between 0,06 and 0,62 for the, material under investigation. Therefong, a
rectangular| distribution can be adopted for its probability. According to the Guide for the Expressioph of
Uncertainty| in Measurement, this corresponds to a standatd uncertainty of u(z)= 0,16 associated with| the
mean wiping efficiency of 1 =0,34.
The relativg standard uncertainty of the wiped area, /=100 cm? is assumed, by experience, to be 10 %] i.e.
u(F)=10 cm?.
The measufand is the activity 4 per unitarea, in becquerels per square centimetre, calculated by the mpdel
of Equation|(B.1):
Ay - o RO__ Rn ®.1)
The standafd uncertainty (4 ) associated with 4 is given by Equation (B.2):
2 2 2
1 1 2(e) ) ( Rg—Ro
u2(AF)=u2(Rg)-( j +u2(R0).[ ] +[” (Z)M g
en-F en-F e n-e-F
, , B.2)
w2 [Rg—Fo| W*(F) [Rg—Ko
2 2 2 1V (d26) P b0 2
u (AF):[u (Rg)+u (RO)] + 2 + 2 2 'AF
&-n-F £ n F
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