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INTERNATIONAL ELECTROTECHNICAL COMMISSION

RADIATION PROTECTION INSTRUMENTATION -
DETERMINATION OF UNCERTAINTY IN MEASUREMENT

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
interpational co-operation on all questions concerning standardization in the electrical and electronje flelds. To
this gnd and in addition to other activities, IEC publishes International Standards, Technical Spe€cifications,
Techpical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred\ to fas “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, govefranmental gnd non-
govefnmental organizations liaising with the IEC also participate in this preparation. IEC(collaborate$ closely
with |the International Organization for Standardization (ISO) in accordance with conditions determhined by
agre¢ment between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly‘as possible, an intefnational
consensus of opinion on the relevant subjects since each technical committée has representation|from all
interg¢sted IEC National Committees.

IEC Publications have the form of recommendations for international usé.and are accepted by IEC |National
Comfmittees in that sense. While all reasonable efforts are made to ensure that the technical conter|t of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or|for any
misirjterpretation by any end user.

In order to promote international uniformity, IEC National CGommittees undertake to apply IEC Pulblications
trangparently to the maximum extent possible in their national and regional publications. Any diyergence
betwgen any IEC Publication and the corresponding natianal.or regional publication shall be clearly indjcated in
the latter.

IEC |[tself does not provide any attestation of confermity. Independent certification bodies provide cqnformity
assepsment services and, in some areas, access\to IEC marks of conformity. IEC is not responsiblg for any
services carried out by independent certification-bodies.

All ugers should ensure that they have the latest edition of this publication.

No lipbility shall attach to IEC or its directors, employees, servants or agents including individual experts and
mempers of its technical committees and IEC National Committees for any personal injury, property dgmage or
othel damage of any nature whatseever, whether direct or indirect, or for costs (including legal fg¢es) and
expepses arising out of the publication, use of, or reliance upon, this IEC Publication or any ofher IEC
Publications.

Atterftion is drawn to the Narmative references cited in this publication. Use of the referenced publicptions is
indispensable for the correct application of this publication.

Atterftion is drawn te, the possibility that some of the elements of this IEC Publication may be the spibject of
patent rights. IEC.shall not be held responsible for identifying any or all such patent rights.

The main task'of IEC technical committees is to prepare International Standards. Howgver, a
technidal committee may propose the publication of a technical report when it has cqllected
data of| aldifferent kind from that which is normally published as an International Standard, for

examplestateof the-art™

IEC 62461, which is a technical report, has been prepared by subcommittee 45B: Radiation
protection instrumentation, of IEC technical committee 45: Nuclear instrumentation.

This second edition of IEC TR 62461 cancels and replaces the first edition, published in 2006,
and constitutes a technical revision. The main changes with respect to the previous edition
are as follows:

add to the analytical method for the determination of uncertainty the Monte Carlo method
for the determination of uncertainty according to supplement 1 of the Guide to the
Expression of uncertainty in measurement (GUM S1), and

add a very simple method to judge whether a measured result is significantly different from
zero or not based on ISO 11929.
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting
45B/783/DTR 45B/813/RVD

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committes_has_decided_ths contents o s publication v emainuhchanged until
the stgbility date indicated on the IEC website under "http://webstore.iec.ch" in<thle data
related|to the specific publication. At this date, the publication will be

e recpnfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later, date.

IMPORTANT - The 'colour inside’' logo on the covér‘page of this publication indjcates
that if contains colours which are considered to be useful for the cprrect
undergtanding of its contents. Users should<therefore print this document uging a
colour|printer.
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INTRODUCTION

The ISO/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression
of uncertainty in measurement (GUM:1995) as well as its Supplement 1:2008, Propagation of
distributions using a Monte Carlo method (GUM S1), are general guides to assess the
uncertainty in measurement. This Technical Report lays emphasis on their application in the
area of radiation protection and serves as a practical introduction to the GUM and its
supplement 1 (GUM S1).

The process of determining the uncertainty delivers not only a numerical value of the
uncertainty; in addition it produces the best estimate of the quantity to be measured which
may differfrem—the—indication—efthe—irstromeni—Hrus—it—can—also—mprove—the—+esuly of the
measufement by using information beyond the indicated value of the instrumenti €l g. the
energy|dependence of the instrument.
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RADIATION PROTECTION INSTRUMENTATION -
DETERMINATION OF UNCERTAINTY IN MEASUREMENT

1 Scope

This Technical Report gives guidelines for the application of the uncertainty analysis accord-
ing to ISO/IEC Guide 98-3:2008 (GUM describing an analytical method for the uncertainty

determination) and its Supplement 1:2008 (GUM S1 describing a Monte Carlo method

for the

It doeq not include the uncertainty associated with the concept of the measuring. g

uncert{nty determination) for measurements covered by standards of IEC Subcommitte
e. g., the difference between Hp(10) on the ISO water slab phantom and on the person.

This Technical Report explains the principles of the ISO/IEC Guide 98-3:2008 (G
Supplegment 1:2008 (GUM S1) and the special considerations necéessary for rd
protection at an example taken from individual dosimetry of external radiation.
informative annexes, several examples are given for the application<on instruments, fo
SC 45B has developed standards.

This Technical Report is supposed to assist the understanding of the ISO/IEC Gui
3:2008|(GUM), its Supplement 1: 2008 (GUM S1), and oth'er papers on uncertainty ana
cannot| replace these papers nor can it provide the{ background and justification
arguments leading to the concept of the ISO/IEC Guide 98-3:2008 (GUM) and its Supp
1:2008|(GUM S1).

e 45B.
Lantity,

UM),its
diation
In the
which

de 98-
ysis. It
of the
lement

Finally] this Technical Report gives a very simple method to judge whether a measured result

is significantly different from zero or not baséd on ISO 11929.

For bejter readability the correct terms are not always used throughout this technical
For example, instead of “random variables of a quantity” only the “quantity” itself is stat

2 Nagrmative references

report.
bd.

The following documents,/in whole or in part, are normatively referenced in this documgnt and

are indispensable far'its application. For dated references, only the edition cited appli
undated references, the latest edition of the referenced document (includin
amendments) applies.

IEC 60p50\ (all parts): International  Electrotechnical  Vocabulary (availab
http://wWwww-/electropedia.org)

bs. For
g any

ISO/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expres
uncertainty in measurement (GUM:1995)

sion of

ISO/IEC Guide 98-3, Supplement 1:2008, Uncertainty of measurement — Part 3: Guide to the
expression of uncertainty in measurement (GUM:1995) — Propagation of distributions using a

Monte Carlo method
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3 Te

For th

rms and definitions

e purposes of this document, the technical terms of IEC 60050-151 [1

], and

IEC 60050-311 [2] as well as the following definitions taken from the ISO/IEC Guide 98-

3:2008

3.1

(GUM), and its Supplement 1:2008 (GUM S1) apply?.

calibration factor

N

quotient of the true value of a quantity and the indicated value for a specified reference
radiation under specified reference conditions

3.2
confor
test for

[SOUR

3.3

mity test
conformity evaluation

CE: IEC 60050-151:2001,151-16-15]

complete result of a measurement
alues attributed to a measurand, including a value, thecorresponding uncertainty and

set of
the uni

Note 1 t
paramet

Note 2 t
of corred

Note 3 t

Note 4
abbrevig

Note 5 t
5.2.

[SOUR

3.4
correc
K
factor {
tion co

of measurement

o entry: The central value of the whole (set of values) can be selected as measured valy
br characterising the dispersion as uncertainty.

entry: The result of a measurement is related to the_indication given by the instrument and to thi
tion obtained by calibration and by the use of a model.

entry: In this Technical Report, the “measured-value”, see Note 1 above, is abbreviated by M.

o entry: In this Technical Report, the.“indication given by the instrument”, see Note 2 a
ted by G, and called “indicated value”.

entry: In this Technical Report;/the “model”, see Note 2 above, is called “model function”, see

CE: IEC 60050-311:2001, 311-01-01, modified]

tion factor

o the indicated value to correct for deviation of measurement conditions from
hditions

3.5

e and a

e values

bove, is

B.10 and

alibra-

coverage factor

k

cov

numerical factor used as a multiplier of the (combined) standard uncertainty in order to obtain
an expanded uncertainty

Note 1 to entry: A coverage factor k_, is typically in the range of 2 to 3.

[SOUR

CE: GUM:2008, 2.3.6]

1 Numbers in square brackets refer to the bibliography.
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3.6

decision threshold

m*

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 to entry: The decision threshold is defined such that in cases where the measurement result, m, exceeds
the decision threshold, m*, the probability that the true value of the measurand is zero is less or equal to a chosen
probability, a.

Note 2 to entry: If the result, m, is below the decision threshold, m*, the result cannot be attributed to the physical
effect; nevertheless it cannot be concluded that it is absent.

[SOURICE: ISO 11929:2010]

3.7
deviation
D
differemce between the indicated values for the same value of the measurand of an indicating
measufing instrument, or the values of a material measure, when an influence quantity
assumes, successively, two different values

Note 1 tp entry: This definition is applicable to all measuring instruments_and influence quantities, but |t should
mainly be used in those cases, where this deviation is independent of the indicated value.

[SOURCE: IEC 60050-311:2001, 311-07-03, modified?}

3.8
distribution function
F(x)
a functjon giving, for every value x, the probability that the random variable X be less fhan or
equal tp x: F(x) = Pr(X < x)

[SOURICE: GUM:2008, C.2.4; GUM.S1:2008, 3.2]

3.9
expanded uncertainty
U
quantity defining an (nterval about the result of a measurement that may be expe¢ted to
encompass a large fraction of the distribution of values that could reasonably be attributed to
the mepsurand

Note 1 tp entry:\ The expanded uncertainty is obtained by multiplying the (combined) standard uncertainty by a
coverag¢ factor

[SOURGE—GUM:2008:2-3-5}

3.10

indicated value

G

quantity value provided by a measuring instrument or a measuring system

Note 1 to entry: An indication is often given by the position of a pointer on the display for analogue outputs, a
displayed or printed number for digital outputs, a code pattern for code outputs, or an assigned quantity value for
material measures.

3.11
influence quantity
quantity that is not the measurand but that effects the result of the measurement

2 Original term “variation (due to an influence quantity)”.
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Note 1 to entry: For example, temperature of a micrometer used to measure length.

[SOURCE: GUM:2008, B.2.10]

3.12

measured value

M

value determined from the indicated value, G, by applying the model function for the meas-
urement

Note 1 to entry: An example of a model function is given below. The calibration factor N, a deviation D, and a
correction factor K are applied:

M=NxK x (G-D)

The calqulations according to this model function are not always performed. One main purpose of'this moflel func-
tion of te measurement is, that it is necessary for any determination of the uncertainty according to"the GUM (see
GUM, 3.1.6, 3.4.1 and 4.1; see also 5.2 of this Technical Report).

Note 2 t¢ entry: In the GUM the measured value is called value of the measurand.

3.13
probability density function <for a continuous random variable>

Slx)

the derivative (when it exists) of the distribution function: f{x)zdF(x)/dx

b
Note 1 t¢ entry: f(x)-dx is the “probability element”: f{x)-dx=Pr(x<X&y+dx); in general: Pr(a<X<b):J.f(x)dx.
a

[SOURICE: GUM:2008, C.2.5; GUM S1:2008, 3.3, modified by adding “in general’]

3.14
reference conditions
set of $pecified values and/or ranges of-values of influence quantities under which the{uncer-
taintied, or limits of error, admissiblexfer a measuring instrument are the smallest

[SOURICE: IEC 60050-311:2001,311-06-02]

3.15
reference response
Rref g . . .
responge of the assembly under reference conditions to unit reference dose (rate) or pctivity
and is pxpressed as:

Rref = i
M

C

where G is the indicated value of the equipment or assembly under test and M, is the true
value of the reference source

3.16

relative response

Rrel

quotient of the response and the reference response under specified conditions

Note 1 to entry: For the specified reference conditions, the response is the reciprocal of the calibration factor.
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3.17

response

R

ratio of the quantity measured under specified conditions by the equipment or assembly under
test and the true value of this quantity

3.18
standard uncertainty
standard deviation associated with the measurement result or an input quantity

Note 1 to entry: See GUM:2008, 2.3.4.

Note 2 tp enifry: The standard uncertainly of the measurement result is somelimes called "combined ftandard

uncertainty”.

Note 3 tp entry: The quotient of the standard uncertainty and the measurement result is called “relative gtandard
uncertaipty” and sometimes given as percentage.

3.19
type tgst
conformity test made on one or more items representative of the production

[SOURICE: IEC 60050-151:2001, 151-16-16]

3.20
uncertFinty

uncertpinty of measurement
paramegter, associated with the result of a measurement, that characterises the dispersion of
the vallies that could reasonably be attributed to the' measurand

Note 1 tp entry: The parameter may be, for examplgy a standard deviation (or a given multiple of it), or fthe half-
width of pn interval having a stated level of confidepce (coverage probability).

[SOURICE: GUM:2008, 2.2.3]

4 L

$t of symbols

Table [I| gives a list of the 'symbols (and abbreviated terms) used in the main text |of this
Technigal Report (excluding annexes).

Table 1 — Symbols (and abbreviated terms) used
in the main text (excluding annexes)

. Unit (dose
Symlrol Meaning measurdment)
a Half-width of an interval for possible values of a quantity As quantity
a_ Lower limit of an interval for possible values of a quantity As quantity
as Upper limit of an interval for possible values of a quantity As quantity
a Probability to detect an effect (state a result above zero) although in reality no -
effect is present (the true value is zero) also called “probability of false positive
decision”
cr Sensitivity coefficient for the input quantity K Sv
Cm Sensitivity coefficient for the input quantity M -
CmQ Sensitivity coefficient for the input quantity Mg -
¢y Sensitivity coefficient for the input quantity N Sv
F(x) Distribution function -
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Symbol Meaning mgansizsg:r)lseit)
fx) Probability density function (for a continuous random variable) PDF Inverse of
quantity

G Indicated value, for example, reading of the dosemeter in units of Hp(10) Sv

g Best estimate of G Sv

g Possible value (estimate) of G Sv

Go Zero reading Sv

£0 Best estimate of G Sv

£0 Possible value (estimate) of G Sv
h(x Model function, see Note 1 to 3.12 As‘oufput
quantity

Hp("o) Personal dose equivalent at a depth 10 mm SV

i Running index (integer) -

J Running index (integer) -

K Correction factor, for example, for energy and angle of radiation incidénce -

k Best estimate of K -

k Possible value (estimate) of K -
kq_|, quantile of the standardized normal distribution for a given(probability « -
kol Coverage factor -

L Number of Monte Carlo trials -

M Measured value, for example, personal dose équivalent Hp(10) SV

M True value of a reference source SV
m Best estimate of M SV
m Possible value (estimate) of M SV
m* Decision threshold of M SV

Calibration factor -

n Best estimate of N -

n Possible value (estimate) of N -

)4 Coverage probability -

o Distributign fdnction for the output quantity -

q Arbitraryinteger -
Rapls Absolute response -
R Relative response -

Sg Standard deviation of the distribution of the g-values S

550 Standard deviation of the distribution of the gg-values Sv
s§ Standard deviation of the distribution of the k-values -
sp Standard deviation of the distribution of the n-values -
T Number of input quantities -
U Expanded uncertainty Sv
u(m) Standard uncertainty associated with the best estimate of the measurement Sv
result, m

ug(rﬁ) Un(_:ertainty contribution to u of the input quantity G associated with the best Sv
estimate of the measurement result, m

ugo(rﬁ) Unc_:ertainty contribution to u of the input quantity Gg associated with the best Sv
estimate of the measurement result, m

ug(m) Uncertainty contribution to « of the input quantity K associated with the best Sv

estimate of the measurement result, m
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Symbol Meaning mgansizsgr(r)lseit)
uy,(m) Uncertainty contribution to « of the input quantity N associated with the best Sv
estimate of the measurement result, m

X A non-specified quantity As quantity
X Best estimate of X As quantity
X Possible value (estimate) of X As quantity
y Random number from the standard Gaussian distribution -
z Random number out of the interval 0 .. 1 (rectangular distribution) -

5

5.1 General concept of uncertainty determination
511 Overview in four steps

The GYUM:2008 and its supplement 1, GUM S1:2008:

NOTE The methods of the GUM and the GUM S1 are described and explained in many papers [3] to [11].

Thie GUM and the GUM S1 concept

consider available quantities influencing the measurement] e.g. the experience|of the
pergon performing the measurement,

are|partly based on the Bayes statistics (especially the«<GUM S1),
are|internationally accepted.

The apgplication of the GUM (analytical methoed) and GUM S1 (Monte Carlo method), hot the
justificItion or the mathematics behind it, will be described in a simplified example| in the

followi

g subclauses. Further details can.be found in the literature.

The fo]lowing four steps are necessary for the propagation (determination) of uncefrtainty.

Especiplly, for the first two steps,the expertise of the evaluator is essential.

Step 1: A mathematical model function (or an algorithm) has to be stated describjng the
reldtion of the input quantities X; and the output quantity &/

M = h(Xq,..., Xg) (1)

where
T |is thesnamber of input quantities;

X; lis@ninput quantity;

M 1s the output quantity.

The model function should contain every quantity, including all corrections and correction
factors that can contribute a significant component of uncertainty to the result of the
measurement; details are given in 5.2.

Step 2: The available information for the input quantities X; has to be collected; details are
given in 5.3.

Step 3: The standard uncertainty u(m) of the output quantity has to be calculated using
either the analytical method (explained in 5.1.2) or the Monte Carlo method (explained in
5.1.3). For this step, only the application of mathematics is required. This task can,
therefore, be performed completely by a computer program, for example, the software
“GUM Workbench” [12] or “UncertRadio” [13]; details are given in 5.4.

Step 4: The expanded uncertainty U(m) and or the corresponding coverage interval have
to be stated; details are given in 5.5.
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5.1.2 Summary of the analytical method for steps 3 and 4

In this subclause, a short summary is given in the following to illustrate the analytical method:

a)

b)

c)

d)

e)

5.1.3 Summary of the Monte Carlo method for-steps 3 and 4

Firstly, for each input quantity X;, i = /..7, the best estimate x; and its standard uncertainty
s(x;) have to be obtained,;

Secondly, the sensitivity coefficient, i.e. the partial derivative of the output quantity with
respect to each input quantity, has to be calculated: ¢; = 0h/0x;; this is the slope of the
model function i(x;). The larger it is the stronger is the impact of the corresponding input
quantity to the output quantity, thus, it is the “lever arm” or “impact” of the corresponding
input quantity.

Thig
to be calculated by multiplying the sensitivity coefficient and the standard uncefrtainty:
u;(m) = lc;| - s(x;).

Foldrthly, the combined standard uncertainty for the output quantity is computed|as the

square root of the squared uncertainty contributions: u,.(m)= 22_1:1{%(;1“1)}2 ; in cas¢ some

(ramdom variables expressing the state of knowledge about the according) input qugantities
are|correlated with one another (i.e. they depend on each other);“farther terms neef to be
added to the sum under the square root sign, as detailed in 5.2.of 'the GUM:2008.

Finally, the expanded uncertainty for the output quantity, has to be calculajed by
multiplying the standard uncertainty with the appropriated& coverage factor (usually|k = 2):
U.(In) =2 - u.(m); if the probability distribution of the output quantity is not approx|mately
Gaussian (or normal), the coverage factor may drave another value, see 6.3 |of the
GUM:2008 .

In this| subclause, a short summary, takenfrom the introduction and from 5.9.6 |of the

GUM d1:2008, is given in the following to illustrate the Monte Carlo method:

This Supplement to the GUM is concerned with the propagation of probability distriputions
through the mathematical model of* measurement [GUM:1995, 3.1.6] as a basis for the
evaluation of uncertainty of measurement, and its implementation by a Monte Carlo method.
The trgatment applies to a model having any number of input quantities, and a single| output
quantity. The described Monte Carlo method is a practical alternative to the GUM uncértainty

framework [GUM:1995, 34:8]. It has value when

a)
b)

lingarization of the-model provides an inadequate representation or

the| probabilitj)-density function (PDF) for the output quantity departs appreciably [from a
Galissian distribution or a scaled and shifted t-distribution, e.g. due to marked asymmetry
of }ominating influence quantities (i.e. those with large uncertainties) or due to a| model

fungtion—with only very few influence quantities which are, in addition, non-Gqussian
distributed.

The Monte Carlo method can be stated as a step-by-step procedure, see 5.9.6 of the

GUM S1:2008:

a) select the number L of Monte Carlo trials to be made;

b) generate L vectors, by sampling from the assigned PDFs, as realizations of the (set of
i = 1..T) input quantities X;;

c¢) for each such vector, form the corresponding model value of M = h(X,), yielding L model

d)

values Mj withj =1..L;

sort these L model values into increasing order, using the sorted model values to provide
the distribution function for the output quantity Q;

calculate the average of M,, ..., M; which is an estimate m of M, and calculate their
standard deviation which is an evaluation of the standard measurement uncertainty u(m)
associated with mi, see 5.4.3 d);
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f) use Q to form an appropriate coverage interval for M, for a stipulated coverage probability
p, see 5.5.3.

5.1.4 Which method to use: Analytical or Monte Carlo?

The Monte Carlo method usually delivers better estimates of the result and the uncertainty if
the measurement conditions are modeled properly as no approximation is applied; this is
confirmed by experimental findings [11]. However, the analytical method is easier to apply for
a large number of measurements as they, for example, occur in services performing daily a
large number of similar measurements, and may therefore preferably be applied.

If the model function is linear and the input quantities are limited symmetrically around their
centre vatue, them the anatyticat method can be used:

Otherwlise, the results of both methods should be given in order to display their-diff¢rence.
When the 95 % coverage intervals of the Monte Carlo method and of the analytical method do
not deyiate by more than 10 %, then the analytical one may be used forDthe uncértainty
determfination in similar cases, i.e. a similar model function and similar.@©r/smaller vajues of
the ungertainty of the input quantities.

5.2 Example of a model function

The basis of any measurement and the first (and probably miest important) step of the[uncer-
tainty Jevaluation is the definition of the measurement ‘model. This is a mathematical
relationship between all the influence quantities. Howevert; different evaluators may well have
differemt knowledge of the process, and different und€pstandings of how the quantities|in play
interacf and by that state different model functionsxThis is an image of the scientific [reality:
one eValuator is aware of a specific influence ‘quantity and thus includes it in the| model
functioh, while the other is not. As a result, different uncertainties (and maybe even djfferent
measufing results) can be calculated by different evaluators. It is, therefore, impontant to
explain in detail which input quantities have been taken into account, even when they are
regarded as negligible.

Since gdifferent measurement models typically will lead to different uncertainty evaldations,
this is|a source of uncertainty,»too, often called “model uncertainty" [14], [15]. If djfferent
model§ appear comparably \reasonable to the evaluator, then alternative uncertainty
evaluations should be performed to assess the sensitivity of the results to the mqdelling
assumptions, and possijbly*also to quantify the component uncertainty that derives frpm the
multiplicity of such models.

The model functionis in most cases an analytical function, but the GUM S1 method d¢es not
requirel this: itcan also be an algorithm. It is important that the model gives an unamidiguous
value ¢f the“measurand. To explain the model, an example of a direct reading individual
nits of

A proven method to set up the model function is to start from the principle of cause and effect.
The cause — and the aim of the measurement — is the dose M which produces, due to the
absolute response R, an indication of M x R,,,, which is increased by the zero indication
Go. Therefore, the indication of the dosemeter is given by

G = MRabs + GO (2)

where
G is the indicated value, for example, reading of the dosemeter in units of Hp(10);

M is the cause, for example, the personal dose equivalent Hp(10), which shall be
measured;

R is the absolute response;

abs


https://iecnorm.com/api/?name=fd8e30e4f49faaec076fed5c84f16c69

IEC TR 62461:2015 © IEC 2015 -17 -

Gy  is the zero reading.

The aim of the measurement is M, so the model function is

1
M =

(G- G0) (3)

The inverse of the absolute response R, is given by

1 N vk (4)
Rabs Reel

where

N i$ the calibration factor;

R, i$ the response relative to the response at calibration conditions and) thus, accoynts for
the different influence quantities, for example, for energy and” angle of rgdiation
imcidence;

K i$ the corresponding correction factor for deviation from calibration conditions and, thus,

ccounts for the different influence quantities, for example, for energy and apgle of
bdiation incidence.

o Q

In order to have symmetrical intervals about the best estimate of the influence quantity} either
R, Or|K is used depending which one is limited symmetrically to unity in the respective
instrument specific standard, e.g. 1,0 £ 0,4. If noneuis limited symmetrically, the one with the
interval closer to unity should be used. Exception:\f the analytical method is applied K|should
be used in case the standard uncertainty.exceeds 10 %. The reason is that a| linear
approxjmation of the model function is implicitly used for the analytical method and the
approxjmation is not good enough for standard uncertainties exceeding 10 %, see 5.1.2 of the
GUM:2008, 7.9 of GUM S1:2008, and [10].

Note 1 |When the distribution of R is limited symmetrically and it is relatively wide, e.g. 1,0 + 0,4, the| relation
K =11/ Rg is not trivial, i.e. it does not\lead to a symmetrical distribution of K and it leads to another (uspally not
trivial) grobability density function (PDF). For example, a rectangular distribution leads to a hyperbglic one.
Howevel, this is ignored in this report for two reasons: Firstly, for the sake of simplicity. Secondly, ingtrument
specific ptandards only lay down\limits for the response or correction factor. The transformation of these [imits via
K =1/ R only leads to ngwylimits. Thus, in both cases the principle of maximum entropy (PME) iplies a
rectangylar distribution.

NOTE 2| For a device®accumulating radiation over a long period of time (for example, a personal dosemefer being

worn for|several hours up to months), the value of R usually is the mean of all values the input quantity togk during
the time|of measuktement.

Finally| thesmodel function is given by

M=i(G—GO)=NK(G—GO). (5)

rel

The model function (5) gives the relation between the measurand (measuring quantity) M,
called output quantity of the evaluation (which is the measured value), and the input quanti-
ties N, R, (or K,) G and G,

If one or more input quantity is in the nominator of the model function, the results of the
analytical method need to be verified using Monte Carlo methods. This can be done in the
following way: Determine the 95 % coverage intervals resulting from the Monte Carlo method
and from the analytical method: they should not deviate by more than 10 %, see 5.1.4. A
possible fallacy when performing the uncertainty analysis is to perform the analysis with
formula (2) for the indicated value, but this ignores that the aim of the measurement is the
cause M and its associated uncertainty and not the indicated value G.
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An alternative method to define a measurement model is of interest in case some of the input
quantities depend on the measurand (i.e. an implicit relation). In such cases the so called
observation formula is a suitable alternative [16].

For routine measurements, often N=R,, =K =1 and G, =0 is assumed resulting in M = G,
which means that no correction at all is considered. However, when the uncertainty
associated with the measurement is discussed, the model function including all corrections
must be considered. Thus, in any measurement, the model function is implicitly included in
the measurement process.

The imperfect knowledge of the true value will be taken into account in such a way that for the
evaluati i iti i being
replacgd by random variables. Their possible values are denoted by small leftdrs, for
example, n and r, whereas all quantities are written in capital letters as in formula (). For
each quantity the possible values are characterized by a distribution, which has) an expecta-
tion vaJue (mean value) denoted by the corresponding small letter with a circumflex gccent,
for exgmple, # and #, and a corresponding standard deviation (standard uneertainty)| of the
expectation value, denoted by the letter s and the index given by the mean \value, for edample,
s; and|s. respectively. As seen by formula (5) the output quantity M is linked to thg input
quantitjes N, R, (or K,) G and G, via the model function. Therefore, the distributiong of the
possible values of the input quantities lead to a distribution of the possible values|of the
output [quantity M. This is described by the corresponding<€expectation value m and its
standafd deviation. In analogy to the symbols used for the input quantities this could b¢ given
the symbol s, but in all the literature the symbol « is used, so this is followed here. The aim
of the [uncertainty analysis according to the GUM and~“the GUM S1 is the determingtion of
u(m), this should be read as "u associated with m”. The ‘principle method to determine|it is to
vary al| the input quantities within their ranges of passible values. This results in a varigtion of
the pogsible values m of the output quantity, which+is determined by the model function. This
variatign determines a distribution of the output<alues m whose mean value is m and|whose
standafd deviation is u(m).

m=(g—go)=nk(g~go) (6)

Trel

n is p possible value of_the ‘calibration factor;

is p possible value‘of the response relative to the response at calibration conditionps and,
thus, accounts for-the different influence quantities, for example, for the energy gnd the

thys, aeccounts for the different influence quantities, for example, for the energy gnd the

”””” eter in

g is 'apossibte—vs
units of Hp(10);

go is a possible value of the zero reading;

m is a possible value of the measurement result, for example, of the personal dose
equivalent Hp(10), and is calculated from formula (6) with the possible values for n, ...,
80s

5.3 Collection of data and existing knowledge for the example
5.3.1 General

The second step of the uncertainty analysis is the collection of data and existing knowledge.
This includes both mathematical methods like statistical analysis and other methods like col-
lecting data from data sheets, for example, calibration certificates, or using scientific and ex-
perimental experience. These other methods are the most important new item introduced by
the GUM method and they are most important for realistic uncertainty calculations. This sec-
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ond step of the uncertainty analysis depends as well as the first step to a great extent on the
experience and the knowledge of the evaluator. Different evaluators may well assign (or
estimate) different values for the uncertainties of the input quantities and by that calculate
different uncertainties for the output quantity. This is again an image of the scientific reality.
But this should not be interpreted as an uncertainty of the uncertainty; this is due to the
difference in information collected by different evaluators. If the evaluators started with the
same information (and calculated correctly) the uncertainty determined by the evaluators
would be the same.

In particular, the other methods mentioned above can only be reviewed if the uncertainty
analysis is clearly documented. An adequate documentation method, the uncertainty budget,
will be given in 5.4. In the following, these methods will be demonstrated for the mentioned
example of an individual electronic dosemeter with the model function of formula (5).
Therefopre, the input quantities N, R, K, G and G, are discussed one after the othef in the
following subclauses.

5.3.2 Calibration factor for the example

The indlividual dosemeter is calibrated at the factory under reference ,conditions, for eample,
Cs-137] radiation, 0° radiation incidence and a dose of 0,3 mSv and<a‘dose rate of 5 mBv h=1.
During|the calibration process, the dosemeter is adjusted so that the calibration factor is close
to unity. Therefore, the calibration factor N in formula (5) should”only correct for remaining
imperfections in the adjustment process. Such imperfectionsicould be due to the uncertainty
of the {ield parameters of the calibration facility at the factory’— given in the calibration| certifi-
cate of|that facility — and limits for the adjustment given by the factory procedure, for eqample,
adjustment until the deviation of the reading from the reference value is less than 10 %

NOTE The zero reading G, is assumed to be much smallerithran the dose of 0,3 mSv used for calibratign, so G,
can be neglected when adjusting the dosemeter.

For simplicity the uncertainty of the field parameters of the calibration facility is assumed to
be mug¢h less than 10 % and can, therefore, be neglected. The technicians are advjsed to
adjust [until the deviation of the reading from the reference value is less than 10 % and,
furthermore, perform the adjustmentias thoroughly as possible. Therefore, no possibl¢ value
of n is pelow 0,9 or above 1,1 and-most values are very close to unity. The existing knowledge
about the calibration factor N is given by

0,9<n<1,1 (7)

and by|the assumption of a triangular probability density distribution of n, see Figure 1{In this
example, the cheaice of the triangular probability density distribution is the decision|of the
evaluator, other.conditions or other evaluators may lead to other distributions.

A~

As shpwnsin 5.3.6, this leads to »=1,0 and to the standard uncertainty of #n of

s. = ﬂ = 0,041 for the analytical method. A random number from this distribution is given by

" Ve

6
n=0,9+0,1x (zq4 +zp) with the two independent random numbers z; and z, from the uniform
distribution in the interval 0..1 (needed for the Monte Carlo method).
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5.3.3
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Figure 1 — Triangular probability density distribution
of possible values n for the calibration factor.V

Zero reading for the example

As mentioned above, the dosemeter indicates the dose direétly in units of the quantit

measu
proced
meter i
imperfg
only be
ters w
illustra
+0,5 ps
0 uSv.

and by
ample,
evalua

ed, thus, a digital display with a resolution of 1 uSy, issassumed. During the adju

ndicates 0 uSv. So the zero reading G in fornmula’(5) should only correct for ren
ctions in the adjustment process. Due to a‘resolution of 1 uSv, the adjustme
done within £0,5 uSv, otherwise the indication would be +1 uSv or -1 uSv. D
I normally not display negative values, but this is assumed to be possi
ion purposes. The best estimate (mean value) of Gg is g5 =0 uSv. In the rg
bv, each possible value of gy hasythe same probability, as the indication is
Consequently, the existing knowtedge about the zero reading G, is given by

10,5 uSv < g5 < +0,5 uSv

the choice of the“rectangular probability density distribution is the decision
or, other conditions or other evaluators may lead to other distributions.

y to be
stment

ure at the factory, the technicians are advised tocadjust the zero reading until th¢ dose-

naining
nt can
bseme-
ble for
nge of
always

(8)

the assumption of a.rectangular probability distribution of g5, see Figure 2. In this ex-

of the

As shown in 5.8.6, this leads to g, =0 uSv and to the standard uncertainty ofl ¢, of
Sg = E,Z%Sv = 0,29 uSv for the analytical method. A random number from this distriblition is
given Qy~gg = (=0,5 + z,) uSv with the random number z, from the interval 0..1 (needed|for the

Monte Carlo method).


https://iecnorm.com/api/?name=fd8e30e4f49faaec076fed5c84f16c69

IEC TR 62461:2015 © IEC 2015 -21-

5.3.4

The re
the zern
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the requirement given in IEC 61526:2010 [17]. A-best estimate of ¢ =500 uSv (ar
) leads to a distribution given by g = (500 #20 x y) ySv with y a draw from the standard
Gaussian distribution, see 5.3.6, and to a standard deviation of S5 = 0,04 x 500 uSv = 2
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Figure 2 — Rectangular probability density distribution
of possible values g, for the zero reading Gy

Reading for the example

hding G is a statistically distributed quantity. When measuring a dose much high
0 reading Gy, a normal distribution of the possiblefeading values g is adequate
standard deviation of the readings of 4 % is assumed. This is not much small

er than

and a
br than
bitrarily

0 uSv.

5.3.5
5.3.5.1

stribution is shown in Figure 3.
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Figure 3 — Gaussian probability density distribution
of possible values g for the reading G

Relative response or correction factor for the example

General

The relative response R, requires a more complex discussion. In general, it is composed of
several separate relative responses for different influence quantities, R, being the product of
all these. In case of individual monitoring, these influence quantities are determined by the
workplace conditions, for example radiation energy and direction of radiation incidence,
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climatic conditions given by temperature and humidity, dose rate, prevailing during dose
measurement. Different levels of consideration of these workplace conditions are possible.

The lowest level is the assumption that the dosemeter is adequate for the workplace. This
means that the values of influence quantities prevailing at the workplace are within the rated
ranges specified in the data sheet of the dosemeter. This level may be adequate for low dose
values far below the dose limit.

An even worse level could be that the workplace conditions are not covered by the rated
ranges, but this will not be considered here.

of an accident or when the dose value is near or above the dose limit.

In the following, two examples (low and high level of consideration - ‘ef~workplace condglitions)
are given.

5.3.5.2 Example of low level of consideration of workplace conditions

The wqrkplace conditions are covered by the rated ranges of the influence quantities diven in
the rele¢vant standard, for example, IEC 61526:2010, forthe dosemeter used. In other|words,
the dogsemeter was adequately selected for the measurement task, but the actual va"‘ues of
the influence quantities are not known or not considered during dose evaluation. Becalise the
combirled influence quantity “radiation energy @nd direction of radiation incidence” is most
important, this example will focus on this influence quantity and neglect all the others.|If nec-
essary|other influence quantities can be .included in analogy to the method given Here by
introdugcing further relative responses :\0f correction factors. If the dosemeter fulfils the
requirements of IEC 61526:2010 the-relative response to photon radiation (relative|to the
responge to reference radiation, forsexample, Cs-137) is between 0,71 and 1,67 within the
whole rated range. As this range is*hon-symmetric to unity, a transformation of variabljs from
the relative response to the correction factor, K = 1/R_,, is done. This results in a cofrection
factor petween 1,4 and 0,6: Therefore, all possible values k& of the correction facto] K are
within this range: 0,6 < kx<\1,4. This transformation of variables is done in this case|as the
centre [value of the resulfing variable is closer to the expected value (unity) than the|centre
value df the original variable, see 5.2.

The chpice of thedistribution of £ within the range given above is guided by the following facts
for a mleasuring period of one day:

a) The péerson wearing the dosemeter is changing his orientation in the radiation field|during
wo : ; ' radia-
tion incidence is estimated to be close to the centre of the interval valid for the angle. In
general, the correction factor has its extreme values for extreme values of the angle of
radiation incidence. Therefore, the mean value for the correction factor is expected to be
close to the centre of the interval valid for k.

b) The workplace fields, given for example, by the spectral distribution of the photons, are
broader than the radiation fields used during the type test. This also causes the correction
factor to be close to the centre of the interval valid for %.

c¢) The movement of the person also changes the radiation field he is in. This makes the
range of photon energies impinging on the dosemeter even broader, enhancing the
probability of a correction factor close to the centre of the interval valid for £ even more.

All these statements give rise to a distribution that is even more peaked than the triangular
distribution given in 5.3.2. One possible distribution is a normal (Gaussian) distribution where
99,7 % of all possible k values are within the given interval (the interval half-width is 3 x sy).
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Concerning the normal distribution, there are 0,15 % of the possible k values below the limit
of 0,6 and 0,15 % above the limit of 1,4. This is small enough to be neglected.

The existing knowledge about the correction factor K is given by

06<k<1,4 (9)

and by a Gaussian probability distribution of & peaked at the centre of the interval. The
Gaussian probability distribution was chosen as responses in workplace conditions are often
quite close to 1,0 [11]. As always, the choice of the (Gaussian) probability density distribution
is the decision of the evaluator, other conditions may lead to other distributions.

This ldads to £ =1,0 and to the standard uncertainty of k of s, = % = 0,133:YA fandom

numbef from the corresponding distribution is given by £ = (1 + 0,133 x y) with 'y a draw from
the staphdard Gaussian distribution, see 5.3.6.

5.3.5.3 Example of high level of consideration of workplace conditions

The wdrkplace under consideration is an X-ray testing equipment for aluminium wheel rims for
cars. In the respective energy range, the relative response of'the dosemeter (relative to the
response to reference radiation, for example, Cs-137) is low(_always below unity. Thergfore, it
is assumed that the correction factor is between 1,0 and-1¢(4. Again, the indicated dos¢ value,
the regding, was 500 uSv after one working day. As’this is an unexpected high valye, the
measufed dose value should be determined consideting all knowledge of the workplace|

All pogsible values k of the correction factor<K are within the range: 1,0<k<14. The
argumgnts for the probability distribution of ‘the £ values given above are still valigl for a
working period of one day and will, therefofe, be applied as well.

Therefpre, the existing knowledge about the correction factor K for this example is givefn by

1,0<k<1,4 (10)

and by|la Gaussian probability distribution of £ peaked at the centre of that interval. Again, the
Gaussian probability distribution was chosen as responses in workplace conditions arf often
quite close to 1,0 [4.1].

This Idads {0, % = 1,2 and to the standard uncertainty of £ of s; = % =0,067. A fandom

number ftom the corresponding distribution is given by £ = (1,2 + 0,067 x y) with y a drgw from
the standard Gaussian distribution, see 5.3.6.

The corrected measured value is m = 1,2 x 500 uSv = 600 uSv with an associated uncertainty
smaller than in case of low level consideration of workplace conditions, this is shown in 5.4.

5.3.6 Comparison of probability density distributions for input quantities

For input quantities that were determined as mean value of several measurements the
standard uncertainty is given by the standard deviation of a single measurement divided by
the square root of the number of the measurements — in the GUM called type A evaluation of
uncertainty. To these input quantities usually a t-distribution can be assigned (see 6.4.9.2 and
Table 1 of the GUM S1:2008).

For all the other input quantities the standard uncertainty has to be obtained by other than
statistical methods, i.e. from an assumed probability density function based on the degree of
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belief about the value for the input quantity [often called subjective probability] — in the GUM
called type B evaluation of uncertainty. In most cases one of the following probability density
functions can be assumed: a rectangular, triangular or Gaussian distribution with its half-
width, denoted here by the symbol a. Further distributions are given in table 1 of the GUM S1.
For all these probability distributions, the most probable value, the best estimate, is the centre
of the distribution, denoted here by the symbol x. In practice, either the best estimate, X, is
given and the limits a_ and a, of the distribution have to be chosen symmetrical to this best
estimate as a_ =X —a and a, = X + q, or the limits a_ and a, are given, for example, of the cor-
rection factor discussed in 5.3.5, and the best estimate is the mean value

a_+a,

o

z (11)

‘i':

For comparison purposes, the probability distributions mentioned in this Technical-Report are
summdrized in Figure 4 and the values for the standard uncertainty and the.corresgonding
method of computation are given in Table 2. Other distributions maypalso be used, if
appropfiate. Further examples are given in 6.4 of the GUM S1:2008.

1,5
£ 1,0 -
> L
23 -
e i
85 05—
o L
o
2 |
0,0 . —_ |

Possible value — IEC

Figure 4 — Comparison.ofidifferent probability density distributions of possible values:
rectangular (broken _line), triangular (dotted line) and Gaussian (solid line) distriQution

Table 2 — Standard uncertainty and method to compute
the probability density distributions shown in Figure 4

Type of distribution Standard Computation Remark
uncertainty method’
a 100 % of all possible values are within the
Rectangular T x=a_+2az interval from a_ to a, with the centre at X and
3 a half width of a
a 100 % of all possible values are within the
Triangular T x =a_+a(zq +zp) |interval from a_to a, with the centre at X and
6 a half width of «
p p 99,7 % of all possible values are within the
Gaussian - X=X+ -y interval from a_ to a, with the centre at X and
3 3 a half width of a

Tz z4, and z, denote random numbers out of the interval 0 .. 1 (rectangular distribution);

y denotes a random number from the standard Gaussian distribution.

NOTE Two values of the standard Gaussian distribution can be obtained using two independent draws z; and z,

from the rectangular distribution via y;=,/-2In(z) cos(27z,) and y, =4/~ 2In(zy) sin(2z z, ) .
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5.4 Calculation of the result of a measurement and its standard uncertainty
(uncertainty budget)

5.41 General

The third step of the uncertainty analysis is the calculation of the result of a measurement and
the associated standard uncertainty according to the model function. This is done using
established mathematical methods and may, therefore, also be performed by software, see
5.1.1.

5.4.2 Analytical method

-G ACE 1 P S SSoOCratet—wWitm i~ v goréat e aS—0M Stan-
dard umcertainties, s, of the input quantities. For every input quantity, the “amount” ,0f this de-
penderjce is denoted by the symbol u(m) with a subscript indicating the input quantity, [for ex-
ample,| u,(m), u(m), u,(m) or u,y,(m) for the input quantities given in formula (5). This
“amount” is given by the "extent” to which the output quantity is influenced by,variationg of the
input dquantity multiplied by the standard uncertainty of the input quantitys The “exLent” is
called ['sensitivity coefficient”, denoted by the symbol ¢ with a subscript,indicating the input
quantity, for example, ¢, , ¢, cg OF Cgq for the input quantities,given in formula|(5). In
mathematical language, the “extent” is the change of the output quantity, Am, due to a ghange
of a particular input quantity, for example, An. Their quotient! Am/An is the sensitivity
coefficlent. Using differential calculus, this is the partial derivative of the model function of the
measufement with respect to the particular input quantity.Thus, the sensitivity coefficients
accord|ng to formulas (5) and (6) are:

7

oM f (86—
- A =k(g-8o) (12)
N N =i, K=k, G=8260=¢0
oM n(g—go
e = A =n(g-2o)
N=i\K=k, G=¢, Go=80
oM =ik
- A -
oG N=h, K=k, G=g, Go=8¢
. .
Cgo _ 8 = —nk
0Gy

N=h, K=k, G=g, Go=gp

The contributionsnof*the standard uncertainties of the input quantities to the standard|uncer-
tainty gssociatedywith the output quantity are then given by:

(13)

ug(n) = leggl sg9

NOTE 1 According to the GUM, the values of u,(n) , uy(m) , u,(m) or u,,(ni) are positive, so the absolute values of
the sensitivity coefficients are used in formula (13).

The total standard uncertainty u(m), associated with the output quantity m is given by the
geometrical sum of all these contributions.

() = \Ju2 () + () + 2 () +2 () (14)
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NOTE 2 Formula (13) is valid for uncorrelated quantities only. Sometimes correlations can be eliminated by a
proper choice of the model function. For correlated input quantities, see 5.2 of the GUM:2008.

The corresponding uncertainty budget is given in 5.4.4.

5.4.3 Monte Carlo method

The probability density function (PDF) for the output quantity M and its standard uncertainty
has to be obtained from the PDFs of the input quantities via the following steps:

a) Select the number L of Monte Carlo trials to be made, at least 1 000 000 (this figure
serves as an example for the following), see also 7.9 in GUM S1:2008 and [10]. The
corresponding figures for this example of 1 000 000 trials are given in the following in
curly brackets {};

b) Geperate L vectors, by sampling from the assigned PDFs, as realizations of“the [(set of
i =[1..4) input quantities X;: (N, K, G, and Gy)ty ;;

c) Fon each such vector, form the corresponding model value of M =/(X;): mznkg—go)
whigh is the transformed model function, see discussion in 5.3.5, yielding L model|values

m; vith j = 1..L;

d) Usé¢ the L values m; to form an estimate m= m; =500 pSv of M and the standard

~|—

Jj=1

L
undertainty u(ﬁ1)=\/ﬁ2(mj —ﬁ1)2 = 73 uSv associjated with m.
-14

NOTE wm will in general not agree with the model evaluated at the best estimates of the input gyantities,
sincg, for a non-linear model A(X), the expectation value of i(X), E[h(X)], is usually not equal to the model
valug of the expectation values of the input quantities, A#[E(X)] (see 4.1.4 in the GUM:2008). Irrespgctive of
whether % is linear or non-linear, in the limit as L ténds to infinity, m approaches E[A(X)] when it exists.

5.4.4 Uncertainty budgets

The cgmplete uncertainty analysis_for a measurement — sometimes called the uncegrtainty
budget| of the measurement — shiould include a list of all sources of the uncertainty tggether
with the associated probability density distributions, standard uncertainties and the methods
of evaluating them. For repeated measurements, the number of observations also hag to be
stated.|For the sake of clarity, it is recommended to present the data relevant for this apalysis
in the |form of a table-/An example of such a table for the above example of dose
measufement with an electronic dosemeter using the model function of formula (5) is diven in
Table 3 for low level*of consideration of the workplace conditions and in Table 4 for high level
of considerationyof the workplace conditions. Columns 1, 2, 3, and 4 are relevant [for the
Monte Carlosmethod while columns 1, 2, 3, 5, and 6 are relevant for the analytical methpd.

It can hesseen that in case of high level of consideration of the workplace conditions, tle best
estimate of the dose is enhanced from 500 uSv to 600 uSv. This is accompanied by a reduc-
tion of the standard uncertainty from 73 puSv to 48 uSv, which is equivalent to a relative stan-
dard uncertainty of 15 % and 8 %, respectively.

It can also be seen, that the results from the analytical and the Monte Carlo method are
equivalent. The reason is that a linear approximation of the model function is valid in the
range of the uncertainties of the input quantities. In this case, it would be sufficient to apply
the analytical method for similar cases.
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Table 3 — Example of an uncertainty budget for a measurement with an
electronic dosemeter using the model function M =N K (G- Gy) and
low level of consideration of the workplace conditions, see 5.3.5.2

. Best Absolute D'Str'bUtlon;_ Sensitivity | Uncertainty contribution to
Quantity . . mean value, x; L !
estimate | standard uncertainty N coefficient output quantity
half-width, «
N 1,0 01 Triangular; 500 pSv 0,041 x 500 uSv = 20,5 uSv
—= =0,041 = S =
Jg x=1,0;a=0,1
K 1,0 04 _ Gaussian; 500 puSv 0,133 x 500 uSv = 66,5 uSv
- =0.133 x=1,0;a=0,4
G 500 uSv [0,04 x 500 uSv = 20 uSv|Gaussian with one T,0 20 pSV x 1,0 = 20 SV
reading;
x =500 puSy;
a =60 uSv
Go 0 uSv 0,5uSv Rectangular; -1,0 0,29 puSvx-|—1,0| = 0,R9 uSv
T By x=0,0 uSy;
a=0,5puSv
M 500 pSv 73 uSv (15 %) (Analytical method)
M 500 pSv 73 uSv (15 %) (Monte Carlo method)

Table 4 - Example of an uncertainty budget for a’measurement with an
electronic dosemeter using the model function M =N K (G - Gy) and
high level of consideration of the workplace conditions, see 5.3.5.3

Best Absolute Dlstrlbutlon;. Sensitivity | Uncertainty contribution to
Quantity - . mean(value, x; . .
estimate | standard uncertainty . coefficient output quantity
half-width, «
N 1,0 0.1 Triangular; 600 pSv 0,041 x 600 puSv = 24|6 uSv
ﬁ=0‘041 %=1,0;a=0,1
K 1,2 02 _ Gaussian; 500 pSv 0,067 x 500 puSv = 33|5 uSv
- =0.067 x=12,a=0,2
G 500 uSv |0,04 x 500 pSv = 20 uSv | Gaussian with one 1,2 20 uSv x 1,2 = 24 Sv
reading;
x =500 uSy;
a =60 uSv
Gy 0 uSv 0,5 uSv Rectangular; -1,2 0,29 uSv x |- 1,2| = 0,B5 uSv
T =0,29 uSv x =0,0 uSv;
a=0,5puSv
M 600.nSv 48 uSv (8 %) (Analytical method)
M 600 pSv 48 uSv (8 %) (Monte Carlo method)
5.5 Statement of the measurement result and its expanded uncertainty

5.5.1 General

For Gaussian distributions, the standard uncertainty u(m) defines an interval from m — u(m) to
m + u(m) which covers 68 % of the possible values of the output quantity that could
reasonably be attributed to the measurement. In general, a larger certainty (coverage prob-
ability or level of confidence) is asked for, therefor, typically the 95 % coverage interval is
stated to represent the expanded uncertainty.

For other distributions the percentages mentioned above differ, however, the probability
distribution of output quantities is often quite similar to a Gaussian, see G.2.1 of the
GUM:2008.
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5.5.2 Analytical method

In order to obtain the expanded uncertainty, the standard uncertainty is multiplied by a factor
larger than one. The factor is called 'coverage factor', usually given the symbol & but to
distinguish it from the correction factor the symbol k_,, is used. The expanded uncertainty is
usually given the symbol U (capital letter).

cov

For the case of low level of consideration of the workplace conditions the result is

M =i + U(ni) = 500 uSv £146 pSv (keoy = 2) (15a)

and in fhe case of high level of consideration of the workplace conditions the result is

M =i + U(ni) = 600 pSv + 96 uSv (k.o = 2) (15b)

NOTE [n the example, the increased knowledge leads to a smaller uncertainty. This is_fot’always the cpse, it is
also pospgible that an increase of knowledge leads to an enhanced uncertainty, for example,”because new ipfluence
quantitiels were identified which were ignored previously.

To thid statement an explanation should be added which in the general case will hgve the
following content:

Thg uncertainty stated is the expanded measurement uhcertainty obtained by multiplying
the| standard uncertainty by a coverage factor /sy, =2. It has been determined in
acdordance with the Guide to the Expression of Uncéftainty in Measurement. The vialue of
the| measurand then normally lies, with a probability of approximately 95 %, within the
attrjbuted coverage interval.

As mentioned in 5.5.1 the 95 % (and accordingly k., = 2) are only valid for Gaussian|output
distribdtions which can, however, mostly berassumed. In case other output distributions have
to be assumed, G.6.4 of the GUM:2008 should be considered.

5.5.3 Monte Carlo method
In order to obtain the expanded uncertainty, the following steps have to be applied:

a) Soit the L model values m; (at least L = 1 000 000 values obtained according to 5.4/3) into
incteasing order; use-these sorted model values to provide the distribution function|for the
output quantity @, see Figure 5 for the distribution function of the example;

NOTE 1 As mentioned in 5.4.3, 1 000 000 values is the minimum number of Monte Carlo trials to be|used. In
addition, this\figure serves as an example for the following. The corresponding figures for this example of
1 000 000 are given in the following in curly brackets {}.

b) Asgemble the values m; into a histogram (with suitable cell widths) to form a freguency
distribution normalized to unit area. This distribution provides an approximation to the PDF
for M, see Figure 6 for the distribution of the example. Calculations are not generally
carried out in terms of this histogram, the resolution of which depends on the choice of cell
widths, but in terms of O (see Figure 5). The histogram can, however, be useful as an aid

to understanding the nature of the PDF, e.g. the extent of its asymmetry.

c) Use QO to form an appropriate coverage interval [m,,, mpign] for M, for a chosen coverage
probability p, for example p = 0,95 = 95 % by the following: Let ¢ = pL {= 0,95 x 1 000 000
= 950 000}. If g is no integer it should be rounded to an integer. Then (L — ¢) {= 50 000}
95 % coverage intervals [mq,, mpign] exist for M, where mq,, = m; and mp;gp, = m;,, for any
j=1..(L-¢g) {=1.. 50000}. That means (L —¢) {= 50 000} different coverage intervals
exist. Two of them are of special interest:
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1) The probabilistically symmetric p = 95 % coverage interval is given by taking j = (L —
q) /2 {= (1000 000 — 950 000) / 2 = 25 000} and j+¢q {= (25 000 + 950 000) = 975 000}.
If j or g is no integer it should be rounded to an integer. This Ieads to
m|0W m25 000 — 361 IJSV and mhlgh = m975 000 — 648 IJSV Ieading to UlO A -
Mgy = 139 USv and Upg, = mpign — 7 = 148 pSv. Below and above this mterval 2 5%
of the distribution are located.

2) The shortest p =95 % coverage interval is given by determining ;* such that, for
j=1..(L - ¢q) ={1..50000}, the inequality My — mj*s Miyg =M, is valid, i.e. the
dlfference Mixyy = Mix is smaller than all the others. This leads tgor the shortest interval
to mgy = 35é uSv and Mpigh = 642 PSv.

In th|s case the shortest mterval is onIy 0 3 % shorter than the probablllstlcally symmetric
onsg - 3 - s—ofily one
makimum. In case the PDF is non-symmetric, the Iength of the two coverage intervals can
be significantly different; a corresponding example is given in C.3.4.

For more detailed information, Clause 7 of the GUM S1:2008 may be used as_a guide.
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Figure 5 — Distribution function Q of the measured value
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Figure 6 — Probability density distribution (PDF) of4he’measured value

For thg above example, in the case of low level of consideration of the workplace congitions,
the corpplete result of the measurement is given by

ME *‘Z;igh = (500 *11‘;31) uSv at p = 95 % (shortest interval) (16a1)
~ Ylow -
. +Uhigh — +145 = o A .
MF m Ug = (500 138) uSv at p 2,95 % (probabilistically symmetric interval) |(16a2)
~ Ylow -

and in the case of high level of consideration of the workplace conditions, the complet¢ result
of the measurement is given by

ME *‘Z;igh = (600 *Zi) uSv at p = 95 % (shortest interval) (16b1)
~ Ylow -

ME m *‘Z;igh <1600 *Zg) uSv at p =95 % (probabilistically symmetric interval) |(16b2)
— Hlow -

In both|cases, the two intervals overlap, thus, these results are consistent.

To this an explanation should be added which in the general case will have the following
content:

The uncertainty stated is the expanded measurement uncertainty with a coverage
probability of p = 95 % obtained from the distribution function of the output quantity. It has
been determined in accordance with Supplement 1 of the Guide to the Expression of
Uncertainty in Measurement. The value of the measurand then normally lies, with a
probability of approximately 95 %, within the attributed coverage interval (shortest or
probabilistically symmetric interval).

NOTE 2 In the last line in brackets either the words “probabilistically symmetric interval” or “shortest interval”
depending on which is the case should be given.

Usually, the shortest coverage interval should be stated because the corresponding range of
possible values is smallest.
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5.5.4

Representation of the output distribution function in a simple form (Monte

Carlo method)

In case the result of an uncertainty analysis using the Monte Carlo method is used as input
quantity for another uncertainty analysis using the Monte Carlo method, the arbitrarily formed

distribution function should be used (an example is given in Figure 5).

To represent the

distribution function a simple piecewise linear interpolation as described in Annex D of the
GUM S1:2008 can be used. To sample draws from this distribution function the corresponding
inverse function can be used, see Clause C.2 of the GUM S1:2008.

6 Results below the decision threshold of the measuring device
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m is
ISO 11

In cassd
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on. According to formula (21) and 5.3.3 of ISO 11929:2010 [18], a determined
ement result, m, for a non-negative and Gaussian distributed measurand
ant (assumed to be larger than zero), if m is larger than the decision threshold m

*=kq_, - u(0).
probability to detect an effect (state a result above zero)although in reality ng

ndardized normal distribution k4_, is given in Annex E of ISO 11929:2010.
a value of @ =5 % is used resulting in ky g5 = 1,65((for a =1 % it is ky g9 = 2,38
tandard uncertainty of the measurand for the result zero — to be calculated ac
se 5.

asurands whose probability density distribution cannot assumed to be Gaus
ISO 11929 should be considered. Haewever, as mentioned in 5.5.1, a Gaus
distribution can often be assumed.

According to its scope ISO 11929(2010 is applicable to counting measurements. Therefore
of this report, it is assumed that it can be applied to electronic counting dose(rate) meters
ters and others. In addition, it is @ssumed to be applicable to all kinds of measurements where a g

In the literature « is also called the “probability of the error of the first kind” or “probability
Hecision”.

Saussian _or\'quite similar. In case detailed calculations should be carri
029:2010-should be used.

hould be stated as follows:

ause is applicable for measurements taking into account a gross and a back&;round

rimary
s only

*

(17)

effect

ent (the true value is zero). For a given error probability ‘&'the corresponding quantile of
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). u(0)
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ian (or
ian (or

for the
activity
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of false

(17) represents a simple approximation for the case that the probability distribdition of

ed  out

the~primary measurement result m is smaller than the decision threshold m*, then the

The result of the measurement cannot be stated because the measured value is below the
decision threshold m* = k4_, - u(0) determined for an error probability of « (« is usually
chosen to be 5 %).

The uncertainty at an indicated value of zero, u(0), has been determined in accordance
with Supplement 1 of the Guide to the Expression of Uncertainty in Measurement. k,_, is

the

quantile of the standardized normal distribution.

Only if the measured value exceeded the decision threshold, would the physical effect to
be measured be recognized as detected. If in reality no physical effect is present, then the
measured value is below m* with a probability of 1-« (usually 95 %).

A corresponding example is given in Annex E.
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7 Overview of the annexes

In Annex A and Annex B, examples of uncertainty analysis for an active photon dose rate
meter according to |IEC 60846-1:2009 and for a passive dosimetry system according to
IEC 62387:2012 are given. For each of these instruments, two examples are given. In the first
example, it is only assumed that the instrument fulfils the minimum requirements of the
respective standard (low level of consideration of the workplace conditions, see 5.3.5.2). In
the second example, a special measurement situation is considered, where the values of
some the influence quantities are known and the appropriate corrections are applied using the
results of the type test (high level of consideration of the workplace conditions, see 5.3.5.3).
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Annex A
(informative)

Example of an uncertainty analysis for a measurement with an electronic
ambient dose equivalent rate meter according to IEC 60846-1:2009

AA

General

IEC 60846-1:2009 has the title Radiation protection instrumentation — Ambient and/or
directional dose equivalent(rate) meters and/or monitors for beta, X and gamma radiation —

Part 1:

Fortable workplace and environmental meters and monitors | 19].

For this example, a portable dose equivalent rate meter for the ambient dose equivalgnt rate

H *(10) for photon radiation with a logarithmic analogue display of three ordets ‘of magnitude
is chosen. The lowest range covers 0,1 uSv h=1 to 100 uSv h=1, so the measufing rang¢ starts
accordlng to |IEC 60846-1:2009, 5.4 at 10 % deflection, which~Vis equivalgnt to
Hy=0J1 uSv h=1x 1093 ~ 0,2 uSv h='. This and some arbitrary assumptions lead [to the
followimg measuring range and rated ranges of use for influence quantities:
Measufing range: 0,2 uSv h=' < F%[40) <1 Sv h1
Rated ranges of use:

Phgton energy: 50 keV < Bph < 1,5 MeV

Angle of incidence: 0° < p45°

Power, pressure, geotropism: mipimum rate ranges, see |IEC 60846-1:2009,

Table 7.
Temperature, humidity: minimum rate ranges for outdoor usge, see

IEC 60846-1:2009, Table 7.

Eleftromagnetic compatibility (EMO): minimum rate ranges, see |IEC 60846-1:2009,

Meg¢

Table 8.

hanical disturbances: minimum rate ranges, see IEC 60846-1:2009,

Table 9.

A.2 |Model function

Accord

ng to 5.2 multiplicative influence quantities limited symmetrically in terms of

elative

responge are below the line and those limited symmetrically in terms of correction faqtor are
above [the Jing:" As the standard uncertainty of no influence quantity below the line ekceeds
10 % thesresulting model function can be used for both the analytical and the MontT Carlo
method:

where
H*(10)
No

Kn

KE,(O

Ktemp

. NoK, Kr K KpymK K
H*(10)= 08&n & E pBhtempShumBpress pow

Rg eojrel

[G — Dzero = Demc,1 — Demc,2 = Pemc,3 — Pemc,4 — Demc,5 = Pricr — Ddrop]

is the measuring quantity ambient dose equivalent rate (measured value);

is the reference calibration factor;

is the correction factor for non-linearity;

is the correction factor for photon energy and angle of incidence;
is the correction factor for ambient temperature;

(A1)
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Khum is the correction factor for relative humidity;

Koress is the correction factor for atmospheric pressure;

Koow is the correction factor for power supplies;

Ryeo:rel is the relative response for orientation of the analogue instrument (geotropism)
(includes analogue scale resolution and reading parallax);

G is the indicated value, reading of the dosemeter in units of H *(10);
(includes coefficient of variation);

Dyero is the deviation due to zero drift;

Demc 1 is the deviation due to EMC by electrostatic discharge;

Demc 4 is the deviation due to EMC by radiated electromagnetic fields;

Demc 3 is the deviation due to EMC by radiated electromagnetic fields (mobile(phones
and WLAN);

Demc 4 is the deviation due to EMC by conducted disturbances (radiofrequencies);

Deme 5 is the deviation due to magnetic field (50 Hz/60 Hz);

Diicr is the deviation due to microphonics;

Dyrop is the deviation due to drop on surface.

NOTE |In IEC 60846-1:2009, the deviation is called additional indication.

A.3 |Calculation of the complete result of the measurement (measured value,
probability density distribution, associated standard uncertainty, and the
coverage interval)

A.3.1 General

IEC 60B46-1 gives maximum permissible Values for the relative response, which is the |nverse
of the ¢orrection factor. Almost all the influence quantities have non-symmetrical limits|for the
relativg response leading to symmetrical limits for the correction factor.

For the combined influence quantity "radiation energy and direction of radiation incigence”,
these non-symmetrical limits-for the relative response are 0,71 and 1,67 leading to respective
limits df the correction factar of 0,6 and 1,4 (1,0 £ 40 %). In 5.3.5.2 a Gaussian distribytion of
the cofrection factor for the combined influence quantity ‘radiation energy and diredtion of
radiatign incidence ‘is’ assumed. Only one of the arguments given there is vdlid for
measufements of the*ambient dose equivalent rate treated here, the argument b), sayipg that
“The workplace-fields, given for example, by the spectral distribution of the photons, are
than_the’ test fields used during the type test.”. There is a new argument that|a port-
trument is turned until the maximum indication is given. Both arguments cauyse the
correctjofi“factor to come closer to the centre of the interval, so a triangular distribdtion is

v e i 5-3-€ i ar—cistribution
with an interval half-width of 0,4 leads to the following distribution: £ = (0,6 + 0,4 x (z4+z5))
with the two independent random numbers z, and z, from the interval 0..1, see Table 2.

For the relative response due to orientation of the analogue instrument (geotropism) it is
assumed that it includes the effects of analogue scale resolution and reading parallax. A limit
of £ 2 % of the full scale of maximum angular deflection is given for this. The meaning is
different for linear and logarithmic scales. For a linear scale of 0 uSv h=1 to 100 uSv h-1 this
is equivalent to a constant deviation of + 2 uSv h=1. For a logarithmic scale, this gives a
constant value for the change in relative response. If this scale covers three orders of
magnitude, then a factor of ten (=10') is equivalent to 33 % of the maximum angular
deflection and 2 % of the maximum angular deflection is equivalent to a factor of 102/33 = 1,15
or 15 % change in relative response. A Gaussian distribution is assumed, as three influence
quantities are included, namely, the geotropism, the analogue scale resolution and the
reading parallax. As the relative response is limited symmetrically and the resulting standard
uncertainty is smaller than 10 % (see below) the corresponding distribution is directly used
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without any transformation to the correction factor. According to 5.3.6, a Gaussian distribution
with an interval half-width of 0,15 leads to the following distribution: » = (1,0 + 0,05 x y) with y
a draw from the standard Gaussian distribution, see Table 2.

A triangular distribution is assumed for the correction factor for intrinsic error, as it consists of
two different components, the calibration factor and the non-linearity.

For all other multiplicative influence quantities, a rectangular distribution is used.

For the deviation D, it is assumed that the best estimate is 0 uSv h~! and the interval half-
width is 0,25 x Hy = 0,05 uSv h~1. For the deviations Dgyc 1 t0 Dgyc 50 Dmicr @Nd Dyrop it is
assumégd that the best estimate 1s also U pSv h- ' and the interval hali-widih I1s given|by the
maximym permitted deviation and that the interval of possible values is symmetrical ingluding
negatiye deviations. For all these additive input quantities, a rectangular distribdtion is
assumed.

A.3.2 Low level of consideration of measuring conditions

For low level of consideration of measuring conditions, it is only¢assumed, that thj rated
ranges| of the instrument given above in Clause A.1 totally coverthe ‘corresponding values of
the radiation field to be measured. These assumptions lead/to-a correction factor|of the
indication and to the associated uncertainty valid for these unspécified measuring congitions.
Both values can be provided by the manufacturer from the(results of the type test. A better
specifitation of the measuring conditions will generally, lead to a different value [of the
correctjon factor and to a smaller uncertainty.

In Table A.1, the complete uncertainty budget for’an indicated value of g=7,5uSY h="1 is
given. [The analogue indication has a logarithmié scale from 0,1 uSv h=1 to 100 uSv hf!, see
Clause|l A.1. For an indication of 7,5 uSv.h~! the limit of the statistical fluctuatiop (see
IEC 60B846-1:2009, Table 6) is given by/5'% (for a lower limit of the measuring range of

Hy = 0,2 uSv h1).
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Table A.1 — Example of an uncertainty budget for a dose rate measurement
according to IEC 60846-1:2009 with an instrument having a logarithmic scale and
low level of consideration of the measuring conditions, see text for details

Best Absolute Distribution; Sensitivity Uncertainty
Quantity R . mean value, x; . contribution to
estimate standard uncertainty N coefficient .
half-width, a output quantity
N, 1,00 _ Triangular; 7,5 uSv h-1 0,15 uSv h-1
0 = ,
0,05/4/6 = 0,020 4 ce o o5
K 1,00 - Triangular; 7,5 uSv h-1 0,55 uSv h-1
n 0.18/4/6 = 0,073 5 eo 1o B s
Kg , 1,00 0.40/J6 = 0163 Triangular; 7,5 uSv h-1 1,20 uSv h-1
Y= 1,07 a =074
Kiemp 1,00 0’15/\/5 = 0,0866 Rectangular; 7,5 uSv h-1 0,65.uSy h-1
x=1,0;a=0,15
Kium 1,00 010/3 =0,0577 Rectangular; 7,5 uSv h-1 0,43 pSy h-1
x=1,0;a=0,1
Kiress 1,00 0‘10/‘/5 = 0,0577 Rectangular; 7,5 uSy. h~! 0,43 uSpy h-1
x=1,0;a=0,1
Ko ow 1,00 0,05/J§ = 0,0289 Rectangular; 75 uSv h-1 0,22 uSpy h-1
x=1,0;a=0,05
Reorrel 1,00 0,15/3 = 0,05 Gaussian; -7,5uSvh-1| 0,38 uSy h-1
x=1,0;a=0,15
G 7,5 uSv h-1| 0,05 x 7,5 uSv h-1 = 0,375 uSv h-1 | Gaussiaf,with one 1,0 0,38 uSpy h-1
réading;
x 27,5 uSv h-1;
@=1,125 uSv h-1
D,ero 0 pSv h-1 005 puSvh~'/y3 =0,0289 uSv h-1 Rectangular; -1,0 0,029 u$v h-1
x =0,0 uSv h-1;
a = 0,05 uSv h-1
Deyea| | OnSvh-t | 07x02 pSvh'1/\/§ = 0,081 uSv h-1 Rectangular; -1,0 0,081 u$v h-1
x =0,0 uSv h-1;
a=0,14 pSv h-1
Deyco| | OnSvh-1 | 07x02 usvh~'/{3" = 0,081 uSv h-" Rectangular; -1,0 0,081 u$v h-1
x =0,0 uSv h-1;
a=0,14 uSv h-1
Deyca| | O nSvh-1 | 07x02 pSvh'1/\/§ = 0,081 pSv h-1 Rectangular; -1,0 0,081 u$v h-1
x =0,0 uSv h-1;
a=0,14 pSv h-1
Deyc.a| | O nSv hfl~07x02 pSvh1/J3 =0,081 uSv h-1 Rectangular; -1,0 0,081 p$v h-1
x =0,0 uSv h-1;
a=0,14 uSv h-1
Deyc.s| {00uSv h=1 | 0,7 x 0,2 uSv h‘1/J§ = 0,081 pSv h-1 RenCt:‘ngQUIir;1 -1,0 0,081 p$v h-1
+=0.0uSvh=1;
a=0,14 pSv h-1
D ier 0 uSv h-1 | 07x02uSvh~"/y3 =0,081 pSv h-1 Rectangular; -1,0 0,081 pSv h-1
x =0,0 uSv h-1;
a=0,14 uSv h-1
Dyop | OuSVh1 | 07x02uSvh™"/y3 =0,081 uSvh=' | Rectangular; -1,0 0,081 uSv h-1
x =0,0 uSv h-1;
a=0,14 pSv h-1
H*(10) |7,50 uSv h-1 1,73 uSv h-1 (23 %) (Analytical method)
H*(10) |7,52 uSv h-1 1,75 uSv h-1 (23 %) (Monte Carlo method)

The complete result of the measurement of the ambient dose equivalent rate for photon
radiation according to Table A.1 is:
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H*(10) = (7,5 +35) Sv h-1 (Analytical method) (A.2)
H*(10) = (7,5 + 3,5) uSv h=1 (Monte Carlo method) (A.3)

The two results differ by less than 10 %, therefore, the result of the analytical method can be
used and the corresponding statement is:

The uncertainty stated is the expanded measurement uncertainty obtained by multiplying

the
acc

standard uncertainty by a coverage factor k., =2. It has been determined in
ordance with the “Guide to the Expression of Uncertainty in Measurement”. The value

of
attr]

Using 1

tion fad
will lea

A.3.3

For hig
measu

he measurand normally lies, with a probability of approximately 95 %, within the
buted coverage interval.

he actual results of the type test and the actual measuring conditions both; the forrec-
tor and the uncertainty can be determined for the actual measurement)In geneifal, this
d to a much smaller uncertainty. This is shown in the next subclause.

High level of consideration of measuring conditions

h level of consideration of measuring conditions, it is_ @ssumed that the task |was to
e the radiation of a Co-60 source behind a shield inside*a building. So the energy was

in the
ration
factor

range from 300 keV to 1,3 MeV and the angle of,incidence varies from 0° fof direct
0 45° for the stray radiation. With the results of the(type test, this leads to a coffrection
Eop of 0,92 to 1,08, again with the assumptioh‘of a triangular distribution. THe tem-

peratute was 10 °C + 1 °C leading to a correction factor of Ko, = 1,03+ 0,01. The felative
humidity was 80 % = 10 % leading to a correction factor of K, = 0,99 + 0,005. Powgr sup-

plies
ment,
the reg
analog
maxim
relativd
as bef
neglec
shock

In Tab
given.
of 0,96
factor
from th

ere fresh batteries and the atmosphericZpressure has no influence on the megasure-
s the detector is a GM-tube, so both cerrection factors K,,,, and K55 Were unjity and
pective standard uncertainties can-be neglected. For the geotropism (and irjcluded
lle scale resolution and reading\parallax) the value from the type test is I % of
Um angular deflection, which is-equivalent to a factor of 101/33 = 1,07 or 7 % change in
response, leading to the.interval 1,0 £ 0,07, see above. The zero reading D,{., was
bre, see A.3.2. In that budilding, electromagnetic compatibility (EMC) effects gan be
ed and as the instrument is carried carefully by hand, the effects of vibratipn and
an also be neglected:.

e A.2, the complete uncertainty budget for an indicated value of g =7,5uSy h-1 is
For that indicated value, the type test result shows a correction factor for non-linearity
+ 0,01 and-the calibration (and adjustment) certificate gives a respective correction
bf 1,00.% 0,04. The statistical fluctuation for that indicated value can be interpolated
e type\test result to be 4,5 %.

The a

nnnnnnnn idorationa Inaad A o SHec HEA| fion fontnry ~f I-ln indicaatian ~Af N QO +~ et the
T TTCatoOTT O o;90t0o

act eakrroe a
v oUTTSTO CTatoT IS Icat—to—a opoorar cofrectHontactorortreih

best estimate of the dose rate and give the special uncertainty for that measurement. Both

values

can only be determined by the user of the instrument. Required for this determination

is the knowledge of the special measuring conditions and the results of the type test.
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Table A.2 — Example of an uncertainty budget for a dose rate measurement
according to IEC 60846-1:2009 with an instrument having a logarithmic scale and
high level of consideration of the measuring conditions, see text for details

. Best Absolute DISt"bUtlon;_ Sensitivity | Uncertainty contribution
Quantity . . mean value, x; g !
estimate standard uncertainty N coefficient to output quantity
half-width, a
Ny 1,00 - Triangular; 7,3 uSv h-1 0,12 uSv h-1
0’04/\/3 0,016 x=1,0; a=0,04
K 0,96 - Triangular; 7,6 uSv h-1 0,031 pSv h-1
" 001/46 = 0,004 x=0,96; a = 0,001
Kg 1,00 008/J6 = 0033 Triangular; 7,3 uSv h-1 0,24 uSv h-1
Y= 1,07a =0,08
Kiemp 1,03 - Rectangular; 7,1 uSv h-1 0,041 uSv h!
0‘01/J§ 0,006 x=1,03; a = 0,01
Khum 0,99 - Rectangular; 7,4 uSv h-1 0,21+pSv h-
0,005/J§ 0,003 x=0,99; « = 0,005
Koress 1,00 0 Rectangular; 7,3 uSv h-1 0 uSv h-1
x=1,0;a=0,0
Koow 1,00 0 Rectangular; 7,3 uSv h=t 0 uSv h-1
x=1,0;a=0,0
Rgeorrel 1,00 0,07/3 = 0,023 Gaussian; -7,3.Sv h-1 0,17 uSv h-
x=1,0;a=0,07
G 7,5uSv h-1| 0,045 x 7,5 uSv h-1 = Gaussian with one 0,98 0,33 uSv h-
0,3375 pSv h-1 reading;
x =7,5uSv h&l;
a=1,0125 pSv h-1
Dero 0 uSv h-1 0,05 uSvh’1/\/§ = Rectangular; -0,98 0,028 uSv h!
0,029 uSv h-1 x = Q0 0Sv h;
a = 0,05 pSv h-1
Depic 1 0 uSv h-1 0 uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
Dgmc2| | O uSv h-! 0 uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
Dgmc 3| | O uSv h-! 0\uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
Depc 4 0 uSv h-1 0 uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
Demc sl | OpSv h-1 0 uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
Dicr 0 uSv h-1 0 uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
Dyrop 0 uSv h-1 0 uSv h-1 Rectangular; -0,98 0 uSv h-1
x =0,0 uSv h-1;
a=0,0 uSv h-1
H*(10) |7,34 uSv h-1| 0,46 uSv h-' (6,3 %) (Analytical method)
H*(10) |7,35 uSv h-1| 0,47 uSv h-1 (6,3 %) (Monte Carlo method)

The complete result of the measurement of the ambient dose equivalent rate for photon

radiation according to Table A.2 is:



https://iecnorm.com/api/?name=fd8e30e4f49faaec076fed5c84f16c69

IEC TR 62461:2015 © IEC 2015 -39 -

H*(10) = (7,35 _*g";:)) uSv h=1 (Analytical method) (A.4)
H*(10) = (7,34 £0,92) uSv h=1 (Monte Carlo method) (A.5)

The two results differ by less than 10 %, therefore, the result of the analytical method can be
used and the corresponding statement is:

The uncertainty stated is the expanded measurement uncertainty obtained by multiplying
the standard uncertainty by a coverage factor k., =2. It has been determined in
accordance with the Guide to the Expression of Uncertainty in Measurement. The value of
the[measurand normally lies, with a probability of approximately 95 %, within the attributed
coverage interval.

The twp intervals given by formulas (A.2) and (A.4) overlap, thus, the results are consistent.
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Annex B
(informative)

Example of an uncertainty analysis for a measurement with

a passive integrating dosimetry system according to IEC 62387:2012

B.1

General

IEC 62387:2012 has the title Passive integrating dosimetry systems for personal and
environmental monitoring of photon and beta radiation [20].

For this example, a dosimetry system for the personal dose equivalent Hp(10) for’|photon
radiation is chosen and the following measuring range and rated rangesnof influence
quantitjes:
Measufing range: 0,1 mSyv < Hp(10) <1 Sv
Rated ranges of use:
Phagton energy: 65 keV < Epp < 1,25 MeV
Angle of incidence: 0° < p<60°
Theg dosimetry systems uses only one detector. Therefore; the indicated value is additive.
Temperature, light, time: minimum rate fanges for outdoor use
(<10 °C. o +40°C), see IEC 62387:2012,
Table, 13:
Eleftromagnetic compatibility (EMC): minimum rate ranges, see IEC 62387:2012,
Table 14.
Mec¢hanical disturbances: minimum rate ranges, see |EC 62387:2012,
Table 15.
B.2 |Model function
According to 5.2, multiplicative influence quantities limited symmetrically in terms of felative
responge are below the line' and those limited symmetrically in terms of correction fagtor are
above the line. Thus, the_model function used for the example is:
Hp (1 O) ~ NO Kn KE,(p Kadd KtempKlighthusztabKtempRKlightRKpow X (B 1 )
[G —Demc,1—Demc,2 — Pemc,3 — Demc 4 — Demc,s — Demc,e — Demc,7 _Ddrop]
where
Hp(10) is the measuring quantity personal dose equivalent (measured value);
Ny is the reference calibration factor;
K, is the correction factor for non-linearity;
Kg is the correction factor for photon energy and angle of incidence;
Kaqd is the correction factor for additivity;
Kiemp is the correction factor for ambient temperature and relative humidity of the
dosemeter;
Kjignt is the correction factor for light exposure of the dosemeter;
Kpup is the correction factor for dose build-up, fading, self-irradiation and response to

natural radiation of the dosemeter;
is the correction factor for reader instability;
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Kiempr is the correction factor for ambient temperature of the reader;

Kjigntr is the correction factor for light exposure of the reader;

Koow is the correction factor for power supplies of the reader;

G is the indicated value, reading of the dosemeter in units of Hp(10);

Demc,1 is the deviation due to electrostatic discharge;

Deme,2 is the deviation due to conducted disturbances (fast transients);

Demc 3 is the deviation due to conducted disturbances (surges);

Demc 4 is the deviation due to conducted disturbances (radiofrequencies);

Depmc, is the deviation due to magnetic field (50 Hz/60 Hz):;

INIVIX: is the deviation due to conducted disturbances (voltage dips and interruptions);
Demc.7 is the deviation due to EM by radiated electromagnetic fields;

Dyrop is the deviation due to drop on surface.

B.3 [Calculation of the complete result of the measurement (measured value,

B.3.1

IEC 62
this ca
with a

are ass

IEC 62
inversdg
values

For the
interva
quantit]

B.3.2

For lo
ranges
measu
factor

measu

probability density distribution, associated standard.uncertainty, and the
coverage interval)

General

387:2012 gives no type test requirements for the~reference calibration factor bgcause
hnot be tested in a type test. A dosimetry system iS usually used in a dosimetry gervice
high precision calibration facility. Therefore, limits of +5 % with a triangular distfibution
umed.

387:2012 gives maximum permissible Vvalues for the relative response, which| is the
of the correction factor. For allrinfluence quantities, these maximum pernissible
are non-symmetrical to give symmetrical limits for the correction factor.

deviations Dgyc ; and Dy, it is assumed, that the best estimate is 0 pSv gnd the
of possible values isgsymmetrical including negative deviations. For all thesg input
es, a Gaussian distribution is assumed.

Low level of-consideration of workplace conditions

v level of Gonsideration of workplace conditions, it is only assumed that th¢ rated
of the jnsirument given above in Clause B.1 totally cover the radiation field to be
ed and.the values of the influence quantities. These assumptions lead to a conrection
of the' indication and to the associated uncertainty valid for these unspgecified

the typ ESt—7 ", ato
different value of the correction factor and to a smaller uncertainty.

In Tabl
As the

ing conditions. Both values can be provided by the manufacturer from the regults of
o et A beter—specification—ofthe—meastrint—sonditions_wit—eneratv—tead to a

e B.1, the complete uncertainty budget for an indicated value of g = 10 mSv is given.
model function is linear and the input quantities are limited symmetrically around their

centre value, only the result from the analytical method is given, see 5.1.4.
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Table B.1 — Example of an uncertainty budget for a photon dose measurement
with a passive dosimetry system according to IEC 62387-1:2007 and low level
of consideration of the workplace conditions, see text for details

Distribution; P Uncertainty
. Best Absolute . Sensitivity e,
Quantity . . mean value, x; g contribution to output
estimate standard uncertainty N coefficient .
half-width, a quantity
N, 1,00 _ Triangular; 10 mSv 0,20 mSv
0 ) = ; ,
0,05/4/6 = 0,020 4 cm o 05
K 1,00 - Rectangular; 10 mSyv 0,58 mSv
n 0,10/y/3 = 0,057 7 b
Kg 1,00 0,40/3 = 0,133 Gaussian; 10 mSv 1,33 mSv
X=-1,0,a=-02
Kadq 1,00 0 Rectangular; 10 mSv 0,0'mSV
x=1,0;4=0,0
Kiempl 1,00 0,20/3 = 0,066 7 Gaussian; 10 mSv 0,67 mS
x=1,0;a=0,20
Kiight 1,00 0,1/3 =0,033 3 Gaussian; 10 mSv 0,33 mS
x=1,0;a=0,10
Kyup 1,00 0,1/3 =0,033 3 Gaussian; 10 mSv 0,33 mS
x=1,0;a=0,10
Ksiab 1,00 0,1/3 =0,033 3 Gaussian; 10 mSyv 0,33 mS
x=1,0;a=0,10
KiempH 1,00 0,1/3 =0,033 3 Gaussian; 10 mSv 0,33 mS
x=1,0; a =0,10
Kigntd 1,00 0,1/3 =0,033 3 Gaussian; 10 mSv 0,33 mS
x =1,00a"= 0,10
Koow 1,00 0,1/3 =0,033 3 Gaussian; 10 mSv 0,33 mS
% =1,0; a=0,10
G 10 mSv 0,05 x 10 mSv = 0,50 mSv-[iiGaussian with one 1,00 0,50 mS
reading;
x =10,0 mSy;
a =1,50 mSv
Deye, 0 mSv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 m§v
0,023.8:mSv x = 0,0 mSy;
a = 0,07 mSv
Deye, 0 mSv 0,7\% 0,1 mSv/3 = Gaussian; -1,00 0,023 m§v
0,023 3 mSv x =0,0 mSy;
a = 0,07 mSv
Deye, 0 mSv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 m§v
0,023 3 mSv x = 0,0 mSy;
a = 0,07 mSv
Deye, OsmSyv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 m§v
0,023 3 mSv x =0,0 mSy;
a = 0,07 mSv
DEMQ5 0 mSv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 mSv
0,023 3 mSv x = 0,0 mSy;
a =0,07 mSv
DEMC,6 0 mSv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 mSv
0,023 3 mSv x = 0,0 mSy;
a = 0,07 mSv
Deye 7 0 mSv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 mSv
0,023 3 mSv x = 0,0 mSy;
a = 0,07 mSv
Dyrop 0 mSv 0,7 x 0,1 mSv/3 = Gaussian; -1,00 0,023 mSv
0,023 3 mSv x = 0,0 mSy;
a = 0,07 mSv
10,0 mSv 1,9 mSv (19 %) (Analytical method)

H,(10)
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The complete result of the measurement of the personal dose equivalent for photon radiation

accord

ing to Table B.1 is:

H,(10) = (10,0 + 3,8) mSv

(B.2)

The uncertainty stated is the expanded measurement uncertainty obtained by multiplying

the

standard uncertainty by a coverage factor kg,

= 2. It has been determined in

accordance with the Guide to the Expression of Uncertainty in Measurement. The value of
the measurand normally lies, with a probability of approximately 95 %, within the attributed
coverage interval.

B.3.3

For a
was in
resultin

High level of iderati f workol liti

nigh level of consideration of workplace conditions, it is assumed that the'wo
a test facility for X-ray tubes with operating voltages between 100 kV)'and

the spgctrum and the different angles of radiation incidence at this real werkplace, th

of Kp,

a Gaugsian distribution is justified, see above.

The te

mperature was 22 °C + 6 °C leading to a correction factor of Ky, =1,02+0

other cprrection factors are assumed to be 1,0 £ 0,0. As the typétest showed no effect

EMC a

jnd mechanical influences, Dgyc ; and Dpeq are assumed to be zero as well g

uncertainties.

In Tab
For th
K, =0,
interpo

As the
centre

e B.2, the complete uncertainty budget for an indicated value of g = 10 mSv is

097 +£ 0,05. The measured statistical fluctuation for that indicated value ¢
ated from the type test result to be 2,5 %.

model function is linear and the_input quantities are limited symmetrically arour
value, only the result from the analytical method is given, see 5.1.4.

kplace
P00 kV

g in mean photon energies between 70 keV and 150 keV. Consideringith€ variation of

B limits

are assumed as 1,02 and 1,14, leading to Kg, = 1,08 £ 0,06. Again,the assumption of

04. All
due to
s their

given.

t indicated value the type test result shows a correction factor for non-linearity of

an be

d their
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Table B.2 — Example of an uncertainty budget for a photon dose measurement
with a passive dosimetry system according to IEC 62387-1:2007 and high level
of consideration of the measuring conditions, see text for details

Distribution; P Uncertainty
. Best Absolute . Sensitivity A
Quantity . . mean value, x; . contribution to
estimate standard uncertainty . coefficient .
half-width, « output quantity
Ny 1,00 - Triangular; 11 mSyv 0,22 mSyv
005/46 =0,020 4 em o o
K 0,97 - Rectangular; 11 mSv 0,32 mSv
n 005/4/3 =0,028 9 c=oom 2005
Kg, 1,08 0,06/3 = 0,020 Gaussian; 9,9 mSv 0,20 mSyv
' Y= 1,087 a = 0,06
Kiemp 1,02 - Rectangular; 10 mSv 0,24 mBv
0’04/J§ 0,023 1 x=1,02; 4 =0,04
Kiignt 1,00 0 Gaussian; 11 mSv 0 mSy
x=1,0;4=0,0
Kpup 1,00 0 Gaussian; 11 mSy 0 mSy
x=1,0;a=0,0
Kstap 1,00 0 Gaussian; 1. mSv 0 mSy
x=1,0;a=0,0
Kiempk 1,00 0 Gaussian; 11 mSyv 0 mSy
x=1,0;a=0,0
Kiightd 1,00 0 Gaussian; 11 mSv 0 mSy
x=1,0; a =040
Kpow 1,00 0 Gaussian; 11 mSv 0 mSy
x=1,06a=0,0
G 10 mSv 0,025 x 10 mSyv = Gaussian, with one reading; 1,1 0,27 mpv
0,25 mSv x =10;00mSv; a = 0,75 mSv
Dgpmc, 0 mSv 0 mSv Gaussian; -1,1 0 mSy
X =0,0mSv; a=0,0mSv
Dgmc, 0 mSv 0 mSv Gaussian; -1,1 0 mSy
x=0,0;a=0,0
Dgpc, 0 mSv 0 mSy Gaussian; -1,1 0 mSy
x=0,0;a=0,0
Depc, 0 mSv 0 mSv Gaussian; -1,1 0 mSy
x=0,0;,a=0,0
Dgmc, 0 mSv 0 mSv Gaussian; -1,1 0 mSy
x=0,0;,a=0,0
Dgmc, 0 mSy 0 mSv Gaussian; -1,1 0 mSy
x=0,0;,a=0,0
Dgmc, O\mSv 0 mSv Gaussian; -1,1 0 mSy
x=0,0;a=0,0
Ddrop 0 mSv Q0 mSyvy Gaussian: =11 Q mSkh
x =0,0 mSv; a = 0,0 mSv
H,(10) 10,69 mSv 0,56 mSv (5,3 %) (Analytical method)

The above considerations lead to a special correction factor of the indication of 1,069 to get
the best estimate of the dose and give the special uncertainty for that measurement. Both
values can only be determined by the user of the instrument. Required for this determination
is the knowledge of the special measuring conditions or workplace conditions and the results
of the type test.

The complete result of the measurement of the personal dose equivalent for photon radiation
according to Table B.2 is:

Hy(10) = (10,7 +1,1) mSv (B.3)
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The uncertainty stated is the expanded measurement uncertainty obtained by multiplying
the standard uncertainty by a coverage factor k., =2. It has been determined in
accordance with the Guide to the Expression of Uncertainty in Measurement. The value of
the measurand normally lies, with a probability of approximately 95 %, within the attributed
coverage interval.

The two intervals given by formulas (B.2) and (B.3) overlap, thus, the results are consistent.
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Annex C
(informative)

Example of an uncertainty analysis for a measurement

with an electronic direct reading neutron ambient dose
equivalent meter according to IEC 61005:2003

General

IEC 61005:2003 has the title Radiation protection instrumentation — Neutron ambient dose

equiva

For the

rate H|*(10) for neutron radiation is chosen, which has the following measuting ran

ent (rate) meters [21].

example, an electronic dosemeter with digital display for the ambient dése eqy

ivalent
je and

rated ranges of use for influence quantities:
Measuring range: 10 uSv < H *(10) < 1.Sv
Rated ranges of use:
Neditron energy: 0,025 eV < E <15 MeV
Angle of incidence: 0° < p <607
Power, temperature, humidity, pressure:  minimum-/rate ranges, see IEC 6100%:2003,
Table\3:
Eleftromagnetic compatibility (EMC): minimum rate ranges, see IEC 6100%:2003,
Table 4.
C.2 |Model function
Accordjing to 5.2, multiplicative influence quantities limited symmetrically in terms of felative
responge (which is the case for_all,influence quantities in IEC 61005:2003, even the ones due
to elecfromagnetic disturbances) are below the line. Thus, the resulting model function |s:
H*(10)= NO x G .
Rn;rel RE;reI R;o;rel Rph;rel Rpow;rel Rvibr;rel Rtemp;rel Rtempshock;rel (C. 1 )

1
Renc,1rel REMC,2irel REMC,3yrel REMC 4rel REMC 5irel REMC 6irel

where

H*(10)

Ny is the reference calibration factor;

Ry el is the relative response for non-linearity;

RE el is the relative response for neutron energy;

R, rel is the relative response for angle of incidence;

Ryn:rel is the relative response for the influence of photon radiation;
Rpow:rel is the relative response for power supplies;

Ryiprrel is the relative response for vibration;

Riemp:rel is the relative response for ambient temperature;

Rtempshock;rel

G

is the relative response for temperature shock;
is the indicated value, reading of the dosemeter in units of £4*(10);
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REMC 1:rel is the relative response for EMC by electrostatic discharge;

REMC, 2:rel is the relative response for EMC by radiated electromagnetic fields;

REMC,3:rel is the relative response for EMC by conducted disturbances
(radiofrequencies);

ReMC 4:rel is the relative response for EMC by conducted disturbances (surges);

REMC 5:rel is the relative response for EMC by conducted disturbances (fast

transients/bursts);
RemC 6:rel is the relative response for magnetic field (50 Hz/60 Hz).
As some limits for the influence quantities have standard uncertainties larger than 10 % (see

below) e modael tancton 1o the analytical Tetnoad 1Is 45 TOINOWS (uUsing 10r tnese Jn luence
quantitjes the transformed variables K):

Kn Kg K Kigmp No X G

H*(10) = .
Rph;rel Rpow;rel Rvibr;rel Rtempshock;rel (C.2)
1
Remc, 1rel REMc,2rel REMC,3rel REMC, 4rel REMC,5r6NREMC 6rel
where
K, is the correction factor for non-linearity;
Kp is the correction factor for neutron energy;
K, is the correction factor for angle of incidence;
Kiemp is the correction factor for ambient temperature.

C.3 |[Calculation of the complete result-of the measurement (measured value,
probability density distribution;,*associated standard uncertainty, and the
coverage interval)

C.3.1 General

IEC 61D05:2003 gives no type-test requirements for the reference calibration factor bgecause
this capnot be tested in a_typée test, it can only be tested in a routine test. Therefore, limits of
+10 % pwith a triangular distribution are assumed.

IEC 61D05:2003 gives symmetrical limits for all maximum permissible values for the relative
responge, see tables 2 to 4 of that standard. For the energy dependence no limits are [stated,
therefdre, thexvalue of +50 % is adopted from another international standard for neutron
devices [22].

For both the analytical and the Monte Carlo method, always the maximum permissible ranges
of the influence quantities are assumed (low level of consideration of workplace conditions).

C.3.2 Analytical method

Formula (C.2) is used as model function. The transformation of variables leads, for the
example of the relative response for neutron energy, Rg., from 1 £ 0,5 (which is the interval
0,5...1,5) to 1,33 +£0,67 (which is the interval 0,67 ... 2,0 resulting from the two limits
1/1,56 = 0,67 and 1/0,5 = 2,0) for the corresponding correction factor, Kg. The other response
intervals are transformed to correction factor intervals accordingly in case their standard
uncertainty is beyond 10 %, see below.

In Table C.1, the complete uncertainty budget for an indicated value of g = 10 mSv/h is given.
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Table C.1 — Example of an uncertainty budget for a neutron dose measurement

according to IEC 61005:2003 using the analytical method

Distribution; - Uncertainty
. Best Absolute i Sensitivity . R
Quantity A . mean value, x; . contribution to
estimate standard uncertainty N coefficient .
half-width, « output quantity
Ny 1,00 0,10/1/5 = 0,041 i =Tr1ia(;1_g:l=ar(;) 1 15,4 mSv/h 0,63 mSv/h
G 10 mSv/h 0,20 x 10 mSv/h = Gaussian with one 1,54 3,1 mSv/h
2,0 mSv/h reading;
x =10 mSyv; a = 6 mSv
K, 1,04 0,21/\5: 0,121 _Rdecj\t?_ngu_lafl';'H 14,8 mSv/h 1,8 mSv/h
K 1,33 - Rectangular; 11,5 mSv/h 45 m$v/h
E 0,67/43 = 0,387 Il e
K 1,07 - Rectangular; 14,4 mSv/h 2,2 m$v/h
0 027/43 = 0,156 Bl i
Ronirdi 1,00 0,10/1/5 = 0,058 I'-\:e1c:tg'ngu_la(;';1 -15,4 mSv/h 0,89 mpBv/h
x=10;a=0,
Rpow: el 1,00 0,10/1/5 = 0,058 I'-\:e1c:tg'ngu_la(;';1 -45,4mSv/h 0,89 mpBv/h
x=10;a=0,
Ryibrkl 1,00 0,15/\/5 = 0,087 i =Re1cga_rllggl(a)r;15 -15,4 mSv/h 1,3 m$v/h
Kiemp:fel 1,04 - Rectangulaf; 14,8 mSv/h 1,8 m$v/h
empite 0.21/4/3 = 0,121 IRyl /29
Riempshobk:rel 1,00 0,15/\/5 = 0,087 i Ee;cggr:lgglgr;w -15,4 mSv/h 1,3 m$v/h
Remc el 1,00 0,10/1/5 = 0,058 xl‘\:e;:tg'ngu_la(;';1 -15,4 mSv/h 0,89 mpBv/h
=1,0;a=0,
Remc el 1,00 0,10/1/5 = 0,058 I'-\:e1c:tg'ngu_la(;';1 -15,4 mSv/h 0,89 mpBv/h
x=10;a=0,
Remc 3frel 1,00 0,10/1/5 = 0,058 xR;e::tg_nsu:Iaor;1 -15,4 mSv/h 0,89 mpBv/h
Remc. dhrel 1,00 0’10/‘/5 £0.058 xze;:tg_nsuiaor;1 -15,4 mSv/h 0,89 mBv/h
Remc shrel 1,00 0'10/‘/5 = 0,058 xze;:tg_nsuiaor;1 -15,4 mSv/h 0,89 mBv/h
Remc el 1,00 0,10/1/5 = 0,058 I'-\:e1c:tg'ngu_la(;';1 -15,4 mSv/h 0,89 mpBv/h
x=10;a=0,
H*(1D) 15,4 mSv/h 7,2 mSv/h (47 %) (Analytical method)
The cqgmplete result of the measurement of the ambient dose equivalent rate for npeutron
radiaticr-aceerding-to—Table-C4-is:

H*(10) = (15 + 14) mSv/h

(C.3)

The uncertainty stated is the expanded measurement uncertainty obtained by multiplying

the standard uncertainty by a coverage factor %

cov

= 2.

It has been determined in

accordance with the Guide to the Expression of Uncertainty in Measurement. The value of
the measurand normally lies, with a probability of approximately 95 %, within the attributed
coverage interval.

C.3.3

Monte Carlo method

Formula (C.1) is used as model function. In Table C.2, the complete uncertainty budget for an
indicated value of g = 10 mSv is given.
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Table C.2 — Example of an uncertainty budget for a neutron dose rate

measurement according to IEC 61005:2003 using the Monte Carlo method

Absolute Distribution;
Quantity Best estimate standard uncertaint mean value, x;
y half-width, a
N, 1,00 - Triangular;
0 010/46 = 0,041 Dy e/
G 10 mSv/h 0,20 x 10 mSv/h = 2,0 mSv/h Gaussian with one reading;
x =10 mSyv; a = 6 mSv
1,00 020/43 = 0,115 S0 e 02
Rplel 1,00 0.50/4/3 = 0,289 Rectangular;
x=1LU,a=V,
025/15 - 0,144
R el 1,00 0,10/4/3 = 0,058 astahdulan
Rpo ;rel 1,00 0,10/\/5 = 0,058 xze$t8_nguia(;;1
015043 = 0,087
Riempshockirel 1,00 015/4/3 = 0,087 Rectangular: .
x=1LU,a=V,
Rend el 1,00 0,10/¥3 = 0,068 _Rectangulat
Reu e 1.00 010/¥3  %0,058 My
Reud o 1,00 010/3 = 0,058 My
Reug 41 1,00 010/43 = 0,058 Bl
Remg sirel 1,00 010/43 =0,058 R:e1ctg'ngu_la(;';1
x=1LU,a=V,
Reng 6:rel 1,00 0,10/4/3 = 0,058 _Rectangulat
H *(10) 12,00\mSv/h 6,1 mSv/h (51 %) (Monte Carlo method)
The cgmplete result of the measurement of the ambient dose equivalent rate for neutron
radiatign_dccording to Table C.2 is:
: 12
H*(10) = (12 © (C.4)

The uncertainty stated

is the expanded measurement uncertainty with a coverage

probability of p = 95 % obtained from the distribution function of the output quantity. It has
been determined in accordance with Supplement 1 of the Guide to the Expression of
Uncertainty in Measurement. The value of the measurand normally lies, with a probability
of approximately 95 %, within the attributed coverage interval (shortest interval).

C.3.4

Comparison of the result of the analytical and the Monte Carlo method

In Figure C.1 the resulting probability density function (PDF) from the Monte Carlo method
and the resulting Gaussian PDF according to the analytical method are shown. It can clearly
be seen that the realistic result from the Monte Carlo method is not represented by the result
of the analytical method, neither the mean value nor the coverage interval. This can also be
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